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Preface 

 

 

The present thesis, entitled “Generation of Valuable Products from Carbon Dioxide (CO2) 

using Bismuth-based Reduced Graphene Oxide (rGO) supported Photocatalytic System” 

deals with the synthesis, characterization and photocatalytic performance study of bismuth-based 

reduced graphene oxide (rGO) supported photocatalysts for selective photo-reduction of CO2 to 

renewable fuel.In particular, two unresolved research gaps or challenges are addressed in this thesis: (a) 

achievement of selective photocatalytic CO2 reduction for fuel generation utilizing visible light from 

the solar spectrum; (b) enhancement in yield of CO2-reduced selective fuel for commercialization. In 

the context of alternative renewable fuels like methanol (CH3OH), ethanol (C2H5OH), and formic acid 

(HCOOH) generation, the photocatalytic CO2 reduction system with the appropriate light source giving 

1 sun light intensity is optimized. Photocatalyts, including rGO-supported Bi2S3, Bi2MoO6, and BiVO4-

based composites, are synthesized by hydrothermal treatment. To achieve the highest yield of selective 

fuel generation from photocatalytic CO2 reduction process, rGO/Bi2S3 and rGO/Bi2MoO6 photocatalyts 

are modified by the optimal amount of Cu doping, and rGO/BiVO4 photocatalyts are modified by the 

optimal amount of N-doping. The optimal amount of Cu and N doping in an rGO-supported bismuth-

based photocatalyst actually manifests the smallest band gap, the lowest resistance of charge transfer, 

the lowest recombination rate of electron-hole pair, and the highest absorption edge-red shift for 

achieving the highest yield of selective photocatalytic CO2-reduced fuel generation. In 1% Cu doped 

1D-Bi2S3/rGO photocatalyst, 100% selective methanol (CH3OH) with the highest yield of 719 μmol 

gcat.
-1 h-1 as photocatalytic CO2 reduced product is achieved. The 2%Cu-(2D) Bi2MoO6 nanoribbon/rGO 

composite exhibits a 100% selective ethanol (C2H5OH) with the evolution rate of 133.10 µmol gcat.
-1 h-

1. It is also found that the 1.5% N-(2.5%)rGO/BiVO4 photocatalyst is the active photocatalyst for 

increased photocatalytic reduction of CO2 to selective formic acid (HCOOH), with the productivity of 

592.80 μmol gcat.
-1 h-1. 
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Fig. 4.5 (a) Comparison of XPS scan of Bi 4f among BV, (2.5%)G/BV, and 

1.5%N-(2.5%)G/BV. (b) Comparison of XPS scan of O 1s among BV, 

(2.5%)G/BV, and 1.5%N-(2.5%)G/BV. (c) Comparison of XPS scan of 

Mo 3d among BV, (2.5%)G/BV, and 1.5%N-(2.5%)G/BV. (d) 
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Comparison of XPS scan of C 1s between (2.5%)G/BV and 1.5%N-

(2.5%)G/BV. (e) XPS scan of N 1s of 1.5%N-(2.5%)G/BV. (f) 

Comparison of XPS full survey scan among BV, (2.5%)G/BV, and 

1.5%N-(2.5%)G/BV photocatalysts. 

 

Fig. 4.6 (a) UV-vis absorption spectra, (b) Estimated band gap energy (eV) by 

the Tauc plot of BV, (1.5%, 2%, 2.5%, 3%)G/BV, and (1%, 1.5%, 

2%)N-(2.5%)G/BV photocatalysts, (c) Photoluminescence spectra (PL) 

of BV, (1.5%, 2%, 2.5%, 3%)G/BV, and (1%, 1.5%, 2%)N-(2.5%)G/BV 

photocatalysts an excitation wavelength of 380 nm, (e) EIS curves of 

BV, (2.5%)G/BV, and (1%, 1.5%, 2%)N-(2.5%)G/BV photocatalysts. 
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Fig. 4.7 (a) Nitrogen adsorption-desorption isotherms and (b) pore-size 

distribution plot of BV, (2.5%)G/BV, and (1%, 1.5%)N-(2.5%)G/BV 

photocatalysts. 
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Fig. 4.8 (a) Yield of selective formic acid production rate for BiVO4 (BV), 

(2.5%)rGO/BiVO4 (2.5%)G/BV, and (1%, 1.5%)N-(2.5%)G/BV based 

photocatalytic CO2 reduction system, (b) Mass spectrum analysis 

(GCMS) of the formic acid found over BiVO4 (BV) nanocomposites, (c) 

Mass spectrum analysis (GCMS) of the formic acid found over 

(2.5%)rGO/BiVO4 (2.5%G/BV) nanocomposites, (d) Mass spectrum 

analysis (GCMS) of the formic acid found over 1.5%N-

(2.5%)rGO/BiVO4 (1.5%N-2.5%G/BV) nanocomposites. 
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Fig. 4.9 (a) NMR analysis of the formic acid production over BiVO4 (BV) 

nanocomposites, (b) NMR analysis of the formic acid production over 

(2.5%)rGO/BiVO4(2.5%G/BV) nanocomposites, (c) NMR analysis of 

the formic acid production over 1.5%N-(2.5%)rGO/BiVO4 (1.5%N-

2.5%G/BV) nanocomposites. 
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Fig. 4.10 Schematic portrayal of the mechanism of photocatalytic reduction of 

CO2 to selective formic acid using 1.5% N-doped (2.5%)rGO/BiVO4 

(1.5%N-(2.5%)G/BV) photocatalyst. 
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1.1 Introduction 

Energy is needed to provide both basic necessities and maintain better living conditions. The 

world's fast industrialization and expanding population are driving up the recent 

unsustainable energy demand. Currently, the consumption of global energy is about 1.5 × 

1010 KW and it is estimated to achieve 2.3 × 1010 KW and 4.5 × 1010 KW by 2050 and 2100, 

respectively. To meet this massive energy demands, the excessive use of fossil fuels raise 

serious concerns about the rate of CO2 release into the atmosphere. As a result, a global 

energy gap is created and greenhouse gas CO2 emissions is increased in the world's 

environment, which are accountable for the severe phase of global warming, which is 

recently termed as "Global boiling" according to COP 28, Nov. 2023 [1-5]. CO2 emissions 

are estimated to be ~37 Gigatons annually and are projected to increase to ~43 Gigatons by 

2035.  The atmosphere has been purged of CO2 to levels higher than 420 parts per million 

over the last 150 years. In addition, the Intergovernmental Panel on Climate Change (IPCC) 

projects claim that by the year 2100, the average CO2 emission would increase to 590 parts 

per million. Such CO2 emission levels have the potential to impact sea level and increase the 

planet's average temperature. At COP 28, scientists, policymakers and climate economists 

from 199 countries openly committed to combat climate change, with the ultimate goal of 

limiting the rise in global temperature after industrialization to less than 2°C. India is ranked 

3rd among the top 10 countries in the world (measured in billion tons of CO2 emissions) in 

Fig. 1.1 [6-10].  

It is a crutial topic to capture and transform CO2 into alternative green hydrocarbon fuels, 

thus tackling the energy and environmental crises simultaneously.To protect our environment 

and to maintain the carbon cycle, CO2 emissions can be lowered using a variety of strategies, 

including reduced CO2 emissions at the source, capturing and storing CO2 and repurposing 

CO2 by convertingit into higher-value compounds [11,12]. 

 

There are at least three routes of reducing the amount of CO2 in the atmosphere: 

 Direct reduction of CO2 emission 

 CO2 capture and storage (CCS) 

 CO2 utilization  
 

The most appealing alternative is one that increases our reliance on renewable energy while 

decreasing our dependence on traditional fossil fuels.  
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Fig. 1.1: Top 10 countries with the highest CO2 emissions in the world 

(Unit: Gigatons CO2) [1-5] 

 
 

1.1.1 CO2 reduction processes: 

Carbon dioxide, an oxidised carbon that is linear and incredibly strong, has excellent thermal 

stability. Additionally, it is the result of all combustible ignition processes because of the 

greater band energy of C=O, which has a 750 KJ mol−1 value and is present in carbon. 

Keeping that in mind, scientists have already been taking in different steps to reduce excess 

CO2 through sequestration and other techniques including capturing. But these techniques are 

severely constrained as the amount of CO2 that can be captured or sequestered has saturation 

and permanent limits. Thus, the most effective way to use CO2 without impeding industrial 

growth and urbanisation is to efficiently transform it into fuels, chemical feedstock and 

materials that may be consumed in daily life. Numerous CO2 reduction processes shown in 

Fig. 1.2 can be used to reduce CO2 to other molecules for reducing the accumulation of CO2 

in the environment. The conversion of CO2 may be done in numerous ways that includes 

chemical, biological, thermal, electrochemical and photochemical processes. These 

technologies, however, have constraints, such as the need for high temperatures and potential 

energy to split the very stable CO2 molecule, a scarcity of raw materials, the high cost of 

operation and an unsustainable design. Selecting the appropriate catalysts and process 

technology is crucial for achieving the selectivity and yield of the products [13-17]. 
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Fig. 1.2: Schematic representation of the CO2 reduction processes 

 

1.1.1.1 Photocatalytic reduction of CO2 

Among the several CO2 conversion techniques, photocatalytic reduction of CO2 has been 

acknowledged as a sustainable idea since it uses water and renewable solar energy, both of 

which are readily available and reasonably priced [18-24]. Photocatalytic CO2 reduction is 

often recognized as the most effective renewable approach for reducing CO2 concentrations 

in the environment. This method essentially mimics the basic natural photosynthetic cycle; 

therefore, no additional energy is required because photocatalysis uses just solar light to 

convert CO2 into renewablefuels or other key molecules. Photocatalysis is recognized as the 

most adaptable and sustainable technique due to various advantages, including the utilization 

of a cost-effective reactant (water), low power requirements, reactions at room temperature, 

relatively low pressures and no negative environmental consequences. Furthermore, it 

exceeds competitors in terms of operational expenses, productivity and efficiency [25-

28].Utilising photons from the sun and water as reactants, photo-reduction of CO2 is a 

sustainable and eco-friendly method of producing hydrocarbons. For the purpose of 

photocatalytically converting CO2 into useful chemicals, a broad range of semiconducting 
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materials, including CdS [21], CeO2 [22], TiO2 [23], ZnO [24], Fe2O3 [25], CoO [26-27], 

Co3O4 [28], WO3 [29-30], Bi2S3 [31] and CuO [32], bismuth-based compounds and transition 

metal complexes, have been thoroughly studied [33–34]. Photocatalytic technology-based 

CO2 conversion would alleviate environmental issues while providing the world with needed 

energy but the efficiency of photocatalytic activity and selectivity of photoreduced products 

are the major issues for photocatalytic CO2 conversion technology. To overcome these 

problems, the development of new photocatalysts is a preliminary technique to improve the 

performance of the photocatalytic CO2 reduction process. So, extensive research in the 

modification of photocatalyst has been done for enhancing charge transfer, separation, 

improved CO2 adsorption and activation, faster CO2 reduction kinetics and suppression of 

unfavourable processes for CO2 photoreduction that facilitate yield and selectivity of the 

product formation [227-230].  

This CO2 reduction method actually represents the artificial photosynthesis. 

 Artificial  Photosynthesis: 

Conversion of clean solar to chemical energy by photocatalytic reduction of CO2 to valuable 

chemicals or fuels (such as CO, CH4, CH3OH, C2H4, HCOOH and so on) using 

semiconductors [33,40,42,43]. 

 One of the most promising methodologies: 

 Uses renewable sources (solar energy, water) and conversionof CO2 into 

renewablefuels 

 Operates at normal pressure and temperature without requiring considerable energy 

inputs. 

 No such production of hazardous by-products. 

 Meets the long-term worldwide energy demands without employing further CO2-

producing power sources. 

 

 Renewable energy (RE) sources: 
 

Solar energy (SE) or the radiant ionization energy that the sun emits, is the primary 

sources of energy that is used extensively around the world. Most research attributes 

multiple technologies to improve the SE system's architecture and boost SE 

conversion efficiency [13,16,24,43]. 
 



6 

 

Water is the most precious and economical renewable energy source for hydropower, 

CO2-reduced products, etc. Hydropower has the best conversion efficiency—roughly 

around 90%—among other renewable energy sources when it comes to produce 

electricity. 20% of the electricity generated globally comes from hydropower 

[36,37,39,43]. 
 

Wind energy is the most popular renewable energy source for producing electricity. 

This is because wind energy has a comparatively easy infrastructure, is affordable and 

has mature technology. Wind turbine-based power plants transform wind energy into 

electrical power. Onshore and offshore wind farms are the two varieties [42,43]. 

 

 Renewable fuels: 

The photocatalytic reduction of carbon dioxide to produce valuable fuels like methanol, 

ethanol and formic acid is one way to mitigate the issue of climate change. 

Formic acid as a fuel can be incorporated in Direct Liquid Feed Fuel Cell (DLFC). It is 

also used for producing acetic acid and methanol. Formic Acid can store hydrogen to a 

huge extent, which is about 4.35% of its weight, acting as a hydrogen carrier. 

Moreover, at standard temperature and pressure, formic acid can store about 580 times 

more hydrogen compared to hydrogen gas of the same volume [44]. 

Methanol can be used as a fuel in Direct Methanol Fuel Cells (DMFC), however the 

efficiency is low. At present, 98 million tonnes of methanol are being produced, per 

year from fossil fuels like coal and gas, whereas only 0.2 million tonnes per annum of 

methanol is derived from renewable sources. The production of methanol has increased 

double fold, compared to previous decade.A significant growth has been observed in 

China. Renewable methanol can be produced from renewable feedstock: bio-methanol 

derived from biomass or from carbon dioxide captured by renewable sources. It is 

predicted that the production of methanol could rise to 500 Mt per annum by 2050. 

Methanol along with ethanol have been used as additives in fuel blends to be utilised in 

internal combustion engines [25,32,39,40]. 

It is exhibited from a Life Cycle Assessment (LCA) of methanol production, that a 

reduction of about 59% in greenhouse emission can be achieved by renewable method, 

when compared with the traditional processes from fossil fuels. Renewable methanol 

can be a potential solution in reduction of carbon dioxide emission and in maintaining 
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the global temperature within the threshold of 1.5 °C, as agreed upon in the Paris 

Agreement (2015). By 2050, carbon neutrality emission might be attained by the 

nations through adopting renewable methanol production strategies [5,7,40].  

Ethanol as a fuel has been utilised in Direct Ethanol Fuel Cell (DEFC).In 2022, US 

Government Accountability Office, in coordination with Renewables Fuel Association, 

released a technology assessment on Carbon Capture, Utlization and Storage (CCU). 

According to the report, ethanol can be a plausible solution in achieving sustainable 

CCU. The cost of carbon capture is also the lowest for ethanol: for each metric ton of 

CO2 captured, the estimated cost is between $0-$35 [19,45]. 

Methanol, ethanol and formic acid, as sustainable renewable fuels, has been utilised in 

fuel cells as an alternative aviation and marine fuels. The demand for formic acid, 

methanol and ethanol will increase gradually if impetus is given to the hydrogen-based 

economy, in near future [39,44,45]. 

 

1.1.1.2 Electrocatalytic reduction of CO2 

The electrocatalytic reduction of CO2 is one of the most widely used technologies today; in 

this technique CO2 is reduced to converting CO2 into other compounds or fuels using 

electrical energy. This reduction process has several advantages, including operation under 

mild electrolyzer settings, the ability to employ industrial or municipal wastewaters as 

electrolytes, promising faradaic efficiency. However, understanding the reaction mechanism 

is difficult due to the chemistry of electrocatalytic CO2 reduction. This process likewise 

necessitates a high overpotential, and the electrolyte used is critical for electrocatalytic 

efficacy as well as avoiding catalyst poisoning and deactivation. In an electrocatalytic 

reaction, the catalysts should be able to minimise the competitive H2 production reaction 

anticipated by lowering CO2 at the cathode. This method is also more expensive since more 

power is required. The product's purity is significantly impacted by the hydrogen evolution 

process that goes along with the electrocatalytic reduction of CO2 [41,46-49]. 

 

1.1.1.3 Photoelectrocatalytic reduction of CO2 

Similar to the electrocatalytic approach, photoelectrocatalytic (PEC) CO2 reduction offers a 

real chance to convert CO2 into useful chemicals and fuels. However, in electrocatalytic 
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reduction, the applied current supplies the needed electrons, whereas in photoelectrocatalytic 

reduction, electrons are obtained by excitation of semiconductors under visible light 

irradiation. PEC also uses a larger range of semiconductors than photocatalytic reduction, 

with an overall quantum efficiency of 8-12% and an imposed external bias for product 

selectivity. In terms of research and studies, photoelectrocatalytic reduction of CO2 is still far 

from being comparable to photocatalysis and electrocatalysis, despite the fact that it seems to 

combine some of their benefits. Two major obstacles are photoelectrode stability and kinetics 

[41,46,49]. 

 

1.1.1.4 Thermocatalytic conversion of CO2 

The chemical reduction of CO2 is accomplished mostly through the thermal-CO2 conversion 

of CO2 into carbon monooxide or methane, with reactions occurring at temperatures ranging 

from 500 to 10000 Celsius. Concentrated solar radiation can also be used as an energy source 

to power these extremely endothermic reactions. However, both high-temperature reactors 

and sunlight concentration lenses demand significant upfront investment. Furthermore, our 

understanding of surface chemistry, morphology, chemical, and structural changes remains 

restricted at high temperatures. Higher temperatures are required for the thermocatalytic 

reduction of CO2, which raises energy consumption as well as the necessity for the CO2 

reduction catalysts to remain active at high temperatures [31,49]. 

 

1.1.1.5 Bioelectrocatalytic reduction of CO2 

A unique method of reducing CO2 is called "bioelectrocatalytic reduction," in which 

microorganisms act as catalysts. Because microorganisms need a living environment to 

function, bioelectrocatalytic reduction can only reduce CO2 under certain experimental 

settings, and the conversion of CO2 is relatively low, which restricts its practical 

development.  

However, when compared to these methods, photocatalytic CO2 conversion is more 

environmentally and energy-efficiently friendly and promising since it requires no additional 

energy and creates very little pollution, especially when using solar energy and in a 

photocatalytic reaction, the catalysts must have an appropriate semiconductor with a 

minimum band gap of 1.23 eV [41,46-50]. 
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1.2 Fundamentals of Photocatalytic CO2 reduction: 

The photocatalytic CO2 reduction approach has garnered a lot of interest recently as a 

potential solution to the world's energy and environmental challenges because of its 

exceptional qualities, including low cost and environmental safety. By using solar radiation 

as a sustainable energy source and a semiconductor photoactive material as a photocatalyst, it 

may transform and convert anthropogenic CO2 into useful renewablefuels such as gaseous 

(methane, ethane) and liquid products (methanol, formic acid, formaldehyde, and ethanol). It 

is also known as "artificial photosynthesis," as it turns water and sun light into valuable 

chemicals and fuels. This procedure can be employed under low pressure, low 

temperatureand simple operating conditions with little energy consumption [38-43,51]. It is a 

workable, environment friendly method that avoids all high-temperature reaction conditions 

and offers enhanced resistance to catalyst deactivation.Numerous semiconductor 

photocatalysts, including TiO2 [52], Ga2O3 [53], MgO [54] and [Re(bpy)(CO)3P(OEt)3][55] 

have been used to encourage the photocatalytic CO2 reduction into liquid/gas products.Due to 

number of variables, including solubility and by-product creation, the mechanism for 

photocatalytic CO2 reduction is more complex than that of the other comparable processes, 

including hydrogen production by water splitting. Three steps make up the photocatalytic 

CO2 reduction process: (1) solar light absorption and charge generation, (2) separation of 

charge carriers and (3) CO2 adsorption and redox reactions on the catalystic surface. The 

schematic representation of the photocatalytic CO2 reduction process is presented in Fig. 1.3. 

The minima of conduction band (CB) of the photocatalyst, which controls the energy of the 

photoexcited electrons in photocatalysis, must be less than the reduction potential for the 

particular reaction to occur. Photocatalysts are mostly preferred for their measurable but 

surmountable energy difference between the lowest (unoccupied) conduction band and the 

highest (occupied) valence band. The electrons can travel freely in metals because there isn't 

a "forbidden" gap between the conduction band (CB) minima and valence band (VB) 

maxima. It is the difference in free energy that occurs when an indefinitely vast system gains 

or loses species (electron). The labour needed to incorporate one electron is recognised as the 

Fermi level (EF), which is a related quantity. An essential feature shared by all semiconductor 

photocatalysts is the band gap (Eg). The band gap is the measure of the energy needed to 

excite an electron from the valence band (VB) to the conduction band (CB). The wavelength 

of incident light at which the photocatalytic material responds the best is closely related to the 

band gap [56-60]. The band gap's value does, however, also have additional implications. For 
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instance, a band gap of 1.23 eV is ideal for photocatalytic CO2 reduction applications, 

according to the ultimate efficiency theory, charge carriers like electrons and holes form in 

the conduction band and valence band of photocatalysts when the subjected to photon energy 

greater than the bandgap. Next, the electrons are stimulated to move from the conduction 

band (CB) to the valence band (VB). The highest energy band in which electrons are 

occupied is VB, while the lowest energy band, CB, is empty at the ground state. The intra-

band transitions that occur in electrons and holes are seen in Fig. 1.3. They can proceed by 

radiative or non-radiative paths to reach the surface, where they can recombine at the trap 

sites. Alternatively, if recombination proceeds more slowly than the reactions during 

transitions, these electrons may reach the surface of the semiconductor and interact with 

surface adsorbed species (in this case, CO2). A driving force, sometimes known as an over 

potential, for the anticipated chemical processes can be provided by photogenerated electrons 

at greater reduction potential levels. A chemical species' capacity to acquire electrons is 

measured by its reduction potential. Higher (more negative) reduction potential species will 

lose electrons (i.e., get oxidised), whereas lower (more positive) reduction potential species 

will acquire electrons (i.e., become reduced).  Adsorbed CO2 is really reduced by the 

electrons in the conduction band at the photocatalyst surface and transformed into a number 

of CO2 photo-reduced products, such as CO, HCOOH, CH3OH, C2H5OH, CH4, etc. The 

number of available electrons for the reaction dictates the various product formations. With 

the holes in the valence band, CO2 and water will initiate an oxidation process [60-65]. The 

selectivity of the products from photocatalytic CO2 reduction is greatly influenced by the 

photocatalysts (0D, 1D, 2D). To achieve the enhanced yield of the selective product from 

photocatalytic CO2 reduction process researches are now concentrating on the modification 

of the photocatalyst by introducing heterojunction (Z-scheme, S-scheme, type –II) between 

photocatalysts, doping of transition metals (Cu, Mo, Zn, Ni) or non-metal (N, C, S, P), 

graphene or reduced graphene oxide as 2D-nanosheets. A lot of study has also been done on 

the formation of a single product under visible light to lower the cost of product separation. 

This lowered product's selectivity, however, is very intricate and closely related to the 

chemical pathways and systems [66-68]. For a chemical reaction to proceed, the products' 

Gibbs (or Helmholtz under constant volume) free energy must to be lower than the reactant's. 

In other words, the free energy of the system must decrease. Thus, in addition to the catalyst's 

physical properties, the parameters of the reaction, such as light intensity, reaction system, 

pH, temperature and pressure, have a big impact on the different kinds of products. The 

required reduction potentials for photocatalytic CO2 reduction are listed in Table 1.1 
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[compared to the normal hydrogen electrod (NHE) at pH=7] [69-73]. The high negative 

reduction potential (− 1.90 V against NHE) in comparison to the conduction band potential of 

several semiconductors prevents the one electron reduction from CO2 to CO2
•−. Carbon's 

transition from sp2 to sp3 hybridization is the cause of this extremely negative reduction 

potential. Certain by-products, such HCOOH (-0.61 V), HCHO (-0.48 V), CH3OH (-0.38 V), 

C2H5OH (-0.33 V) and CH4 (-0.24 V), have a lesser reduction potential that is closer to the 

positive of many semiconductors' CB (conduction band) edge potentials. 

 

 

 

Fig. 1.3: Schematic representation of the photocatalytic CO2 reduction process 

 

 



12 

 

Table 1.1: Standard reduction and oxidation potentials of photocatalytic CO2 reduction 

into various products 

 Reaction E° (V) vs. NHE at pH=7 

 

 

 

Reduction 

CO2 + e− → CO2
•− -1.90 

2H+ + 2e− → H2 -0.42 

CO2 + 2H+ + 2e− → CO + H2O -0.52 

CO2 + 2H+ + 2e− → HCOOH -0.61 

CO2 + 4H+ + 4e− → HCHO + H2O -0.48 

CO2 + 6H+ + 6e− → CH3OH + H2O -0.38 

CO2 + 8H+ + 8e− → CH4 + 2H2O -0.24 

2CO2 + 12H+ + 12e− → C2H5OH + 3H2O -0.33 

Oxidation               H2O  → ½ O2  +  2H+ + 2e- +0.81 

 

Thus, the preferable method is proton-coupled electron transfer or electron transfer to 

combine CO2 along with proton transfer. In terms of increasing order of the formation energy 

(ΔG) of the by-products, they can be arranged as follows: HCOOH < CO < HCHO < CH3OH 

< CH4. Reactions having lesser reduction potential (eg. methanol and ethanol) involve more 

electrons (6 and 12 electrons, respectively]. Photocatalytic CO2 reduction seems to be a 

promising pathway for converting CO2 to valuable products considering it to be environment 

friendly and cost-effective process [73,74]. However, the major challenges of this process 

towards commercialization are the appropriate selection and yield of a desired product.  Thus, 

the design of tailor-made photocatalyst is crucial to achieve the selectivity and yield of a 

desirable product. 

1.2.1 Advantages of photocatalytic CO2 reduction (PCR) technology: 

 PCR is a sustainable and environment friendly process. 

 It can use solar energy to minimize CO2 and protect the environment from global 

warming while also producing valuable energy sources like methanol and ethanol etc. 

 The PCR process typically operates at ambient temperatures and pressures. 

 This process can reduce operating expenses by finding a less expensive, more resilient 

catalyst to produce selective C1+, C2+ product (CH3OH, C2H5OH, HCOOH etc). 

1.2.2 Disadvantages of photocatalytic CO2 reduction (PCR) technology: 
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 Proper absorption of visible light from solar spectrum and use of visible light active 

photocatalyst. 

 Selectivity and low yield of CO2 reduced product. 

 

1.3 In context of designing the tailor-made Photocatalysts for CO2 reduction to selective 

valuable product, the following different strategies are adopted and reported in literature:  

 Use of nanomaterials (0D, 1D, 2D) 

 Use of heterostructure (Type II, Z scheme, S Scheme, Schottky) 

 Doping (with noble metal/transition metal/non metal) of the semiconductor 

photocatalyst  

1.3.1 0D, 1D and 2D nanomaterials for photocatalytic CO2 reduction: 

Utilization of nanomaterials, including quantum dots, nanotubes, nanowires, nanorods and 

nanosheets, which are shown in Fig. 1.4, can enhance the photocatalytic effectiveness of 

recent available devices. In order to facilitate the oxidation and reduction process, 

nanostructured materials have the ability to inject electrons and holes at the CO2-

nanomaterial interface as well as transfer charges efficiently. The development of highly 

efficient photocatalysts for CO2 reduction is made possible due to the special abilities of 

nanomaterials. Different synthesis techniques combined with various kinds of nanomaterials 

creates new and efficient photocatalytic components that have the desired properties to 

absorb full spectrum of sunlight [63-74]. 

 

Fig. 1.4: Schematic diagram of the advantages of 0D, 1D, and 2D layered 

nanostructures 



14 

 

1.3.1.1 0D nanomaterials: 

0D nanostructures in the form of quantum dots (QD) and nanoparticles are being used as 

photocatalysts due to their special characteristics in optical, electrical and morphological 

domains for transforming photocatalytic CO2 reduction to renewable fuels under the 

influence of sunlight. These properties which are mostly size-dependent, allows QDs and 

nanoparticles to be employed as co-catalysts as well as pure photocatalysts. The primary 

reason for QDs' efficacy as photocatalysts is their ability to absorb and scatter sunlight due to 

their optical characteristics. Notably, as generated electron-hole pairs are in a restricted 

volume, a decrease in QD size increases the likelihood of charge recombination [74-78]. 

Furthermore, by creating ideal nanocomposite materials altered by QDs, their usage as 

efficient photocatalysts in the visible spectrum of sunlight can be made possible by avoiding 

QDs' effect on charge recombination. In addition to enabling effective charge separation, the 

usage of QDs as co-catalysts lowers the energy barrier for photocatalytic water splitting. The 

entire range of noble metal nanoparticles and metal oxide nanoparticles are instances of QDs 

that can be utilized as co-catalysts in photocatalytic settings. An examination of the literature 

exhibits that the synthesized process, composition, surface morphology and size of the QDs 

affects the photocatalytic activity of composite photocatalysts containing QDs. By using QDs 

as an example, it can easily be pinpointed that the approach to use QDs in the advancement of 

photocatalytic systems produces hydrogen through solar radiation. The development of 

composites with nanoscale architectures is the only way that solar hydrogen power 

engineering can advance further. Moreover, features of 0D nanomaterials that govern the 

activity of photocatalysts can be changed by functionalized or modified nanomaterials. These 

characteristics include the band gap, the mobility of photogenerated charges and the 

absorption and scattering of sunlight [79-83]. 

1.3.1.2 1D nanomaterials: 

Since 1D nanostructures have a high length to diameter ratio along with high absorption and 

scattering efficiency, they are commonly utilized in photocatalytic CO2 reduction processes 

that produce renewable fuels in the presence of sunlight. Utilizing these 1D structures as 

hollow nanoparticles, porous spheres, nanowires, nanorods (NR), and nanofibres is of great 

interest to researchers. Faster phototransfer with a photoconversion efficiency of 0.098% is 

achieved by using nanorods. The creation of intricate photocatalytic heterostructures based on 

1D nanomaterials modified with metals has garnered a lot of attention lately [84-86].For 
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instance, adding metal particles of Ag and Au, Cu, and Fe to photocatalysts improved their 

effectiveness in reducing CO2 to renewable fuels. Compared to the utilization of QD and 

nanoparticles, such sophisticated photocatalytic systems based on 1D nanostructures provides 

a number of advantages. 1D nanostructures efficiently absorb and disperse sunlight, forming 

active centers for photocatalytic processes due to their large specific surface area. 

Additionally, 1D nanostructures facilitate the effective transfer of charges generated upon the 

absorption of a quantum of light, hence favorably impacting the rate of CO2 reduction by 

photocatalysis. According to reports in, the charge transfer for 1D nanostructures such 

nanowires, nanorods and nanotubes was more than 200 times higher than that of 

nanoparticles. Likely with 0D nanostructures, the current techniques for creating and 

employing 1D nanostructures as co- or photocatalysts need to be improved in order to use 

profitably in the manufacturing large-scale desired renewable fuels [87-97]. 

1.3.1.3 2D nanomaterials: 

Two-dimensional (2D) nanomaterials are a family of nanomaterials that have a large specific 

surface area, exceptional mechanical qualities, high activity and photochemical stability, 

making it potential candidates for effective photocatalytic systems. Graphene, layered double 

hydroxides, graphite carbon nitride (g-C3N4), metal oxides, carbides, nitrides and other 

materials have been used to make progress.The primary challenges in employing 2D 

nanostructures as photocatalysts are related to mass transfer enhancement and photocatalytic 

CO2 reduction efficiency enhancement. The photocatalyst's efficiency is closely correlated 

with the width of the semiconductor band gap; this gap needs to be larger than 1.23 eV for H+ 

ions generation, which means light in the infrared spectrum cannot be used. In, multilayered 

structures of 2D chalcogenides of group III elements, such as Bi2S3, Bi2O3, Bi2Se3 and other 

Bi-based 2D nanostructures such as Bi2MoO6, BiVO4are being successfully employed as 

photocatalysts for photocatalytic CO2 reduction, suggesting a potential solution to this issue 

[98-104]. 

On the other hand, renewable fuels are also impacted by the separation of photoinduced 

charges. Several investigations have demonstrated that the effective separation of photo-

induced charges can boost the effectiveness of photocatalytic CO2 reduction under solar 

radiation by hundredtimes. 2D nanostructures offer some benefits over 0D and 1D 

nanomaterials in the research and construction of efficient photocatalytic devices for CO2 

reduction under solar radiation. Firstly, the depth of light penetration is correlated with the 
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efficiency of 2D materials to absorb sunlight. 2D nanostructures interact with photons by 

reflecting and scattering them repeatedly. As mentioned previously, photocatalysts based on 

2D nanostructures currently exist and can enhance the range of sunlight absorbed [104-108]. 

Secondly, the margins of the conduction and valence bands can be shifted through the 

fabrication of heterostructures from 2D nanomaterials, which changes the potential for 

oxygen oxidation and CO2 reduction. Thirdly, photocatalysts based on 2D nanomaterials 

have multiple directions for the transfer of photoinduced charges, which can greatly increase 

the efficiency of photo-reduction of CO2, as opposed to photocatalysts based on 0D and 1D 

nanostructures, for which there is only one direction for the transfer of photoinduced charges. 

It is important to highlight that thickness of 2D nanomaterials play a crucial role in 

photocatalysts because photo-induced electrons need to be mobile enough to reach the 

photocatalyst's surface. This is the primary drawback of 2D nanostructure-based 

photocatalytic devices. Recently, authors have investigated that local heating of photocatalyst 

improved the mobility of photoinduced charges [96-108]. 

 

1.3.2  Different types of heterostructures for photocatalytic CO2 reduction: 

During light stimulation, electron–hole pairs are created and separated for the photocatalytic 

process of a pure semiconductor.Subsequently, a redox process takes place to produce fuel 

products as CO2which is adsorbed on the surface using semiconductor photocatalyst. 

Ultimately, the catalyst surface releases the CO2 reduced products. As a result, in 

photocatalytic reactions, photocatalysts can primarily create four different types of 

heterojunctions: Type-II, Z-scheme, S-scheme and Schottky, respectively. The variations in 

photocatalytic performances are directly caused by these changes in response processes 

which have a significant effect on the overall photocatalysis process [109-112].The schematic 

diagram of the photocatalytic principle for the four different types of heterojunction 

structures is displayed in Fig. 1.5. 

1.3.2.1 Type-II heterojunction: 

Most semiconductors have fast electron and hole recombination, which makes photocatalytic 

processes unlikely to occur. Fig. 1.5(a) displays the schematic diagram of type-II 

heterostructure's reaction mechanism. In semiconductor-I, a lot of electrons are stimulated 

from the valence band (VB) to the conduction band (CB) under light irradiation leaving holes 

in the VB. There is a transfer of electrons from semiconductor-II's CB to semiconductor-I's 
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CB and of holes from semiconductor-I's VB to semiconductor-II's VB. The effectiveness of 

photocatalysis is increased by the type-II heterojunction's rapid charge separation which 

prevents photogenerated excitons from recombining and transports them in space. But 

substantial reduction and oxidation capacities of the carriers are sacrificed in the process. 

Furthermore, semiconductor-I can operate as the electron or hole acceptor when 

semiconductor-II can only be activated by photonic radiation. It is widely acknowledged that 

charge carriers can accumulate spatially in both scenarios. The type-II heterojunction 

provides the ideal band locations for the effective separation of photogenerated electron-hole 

pairs [113-117]. 

1.3.2.2 Z-scheme heterojunction: 

The Z-scheme heterostructure's photocatalytic process exhibits a high photocatalytic 

efficiency. Fig. 1.5(b) illustrates the unique reaction mechanism of it. Electrons in both 

semiconductors are stimulated from the VB to the CB when exposed to light, leaving holes in 

the VB. After that, the weakly reducible electrons are moved from semiconductor-I's CB to 

semiconductor-II's VB and recombined with the weakly oxidizing holes in the VB. Strong 

oxidizing and reducing capabilities of the electrons and holes are thus preserved. On 

semiconductor-II's CB, the reduction reaction will then continue. The oxidation process takes 

place on semiconductor-I's VB, and the CO2 will be converted to hydrocarbon fuels (CO, 

CH4, HCOOH, etc.). The product is created when the semiconductor's band gap has the 

generating potential, and its composition is determined by the catalyst's inherent properties. 

Hybrid photocatalysts can follow the Z-scheme when the mediator is arranged in a 

heterojunction. On the other hand, without a mediator, type II and direct Z-scheme 

heterojunction are both feasible. Subsequently, in order to support the charge transfer 

mechanism, a thorough strategy is essential. The electronic transportation path of Z-scheme 

photocatalysts resembles the letter "Z," and it consists of two semiconductors in close 

proximity to one another. Z-scheme photocatalysts have an optimal redox potential and a 

high exciton separation efficiency. Furthermore, the creation of an internal electric field (IEF) 

at the junction of two semiconductors creates a favorable pathway for electron transport, 

preserving the electron-hole pairs with stronger redox capacities and facilitating the 

recombination of photogenerated carriers with lower redox potentials. Generally speaking, 

the difference in the semiconductor work function (Wf) causes IEF creation. In particular, 

when electrons are brought into contact, they have a tendency to go from one semiconductor 

with a smaller Wf to another with a larger Wf in order to balance their Fermi levels (Ef). As a 
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result, the IEF is formed by the positively and negatively charged sides that give and accept 

electrons, respectively. For semiconductor-II, semiconductor-II should have a smaller Wf and 

a higher position of the CB and VB than those of semiconductor-I in order to successfully 

produce a Z-scheme composite photocatalyst [93,94,116]. 

1.3.2.3 S-scheme heterojunction:  

Prominent scientists have proposed a novel sort of heterostructure called an S-scheme (or 

Step-scheme) heterojunction. A reduction photocatalyst and an oxidation photocatalyst with 

staggered band topologies results in S-scheme heterojunction. Although the charge-transfer 

pathway in the S-scheme is very different, its reaction mechanism is comparable to that of the 

type-II heterojunction. The electrons in semiconductor-II spontaneously diffuse to 

semiconductor-I when two semiconductors are in close proximity, as seen in Fig. 1.5(c). This 

results in the creation of electron accumulation layer and electron depletion layer near the 

interfaces in semiconductor-II and semiconductor-I, respectively. Consequently, 

semiconductor-I has a negative charge while semiconductor-II has a positive charge. 

Simultaneously, an IEF is generated that leads from semiconductor-II to semiconductor-I. 

The photogenerated electrons in semiconductor-I's CB and the holes in semiconductor-II's 

VB at the interface area are encouraged to recombine by the band bending. As a result, the 

absent charge carrier is released by recombination, but the holes in semiconductor-I's VB and 

the photogenerated electrons in semiconductor-II's CB, have a higher capacity for reduction, 

that are retained to take part in photocatalytic processes. High redox ability and charge 

separation are both accomplished in this instance. Mutually beneficial results include strong 

redox potentials, widespread light adsorption, and effective charge separation. Consequently, 

S-scheme heterojunctions currently outperform type-II and Z-scheme heterojunctions in 

photocatalytic CO2 reduction to renewable fuels processes [111,136]. 

1.3.2.4 Schottky heterojunction: 

The schematic diagram of the Schottky heterojunction's photocatalysis mechanism is 

displayed in Fig. 1.5(d). Photogenerated electron–hole pairs are produced when the catalyst is 

exposed to light. This process excites a lot of photogenerated electrons from semiconductor-

II's VB to its CB while leaving holes on the VB. The electrons then move from 

semiconductor-II's CB to metal-I, where they undergo a reduction process. The Schottky 

heterojunction can regulate the production and flow of photogenerated electrons because of 

its reduced interface voltage and rectification properties. They improve the photocatalytic 
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performance by more successfully promoting their separations. Additionally, by 

synchronizing the Fermi energy level, the photon-generated carrier can undergo extremely 

limited recombination, that enhances the photocatalytic performance [88,98,99]. 

 

 

Fig. 1.5: Schematic picture of the photocatalytic principle of four different types of 

heterojunction structures 

 

The most conventional and widely used heterojunction system is the Type-II. This type 

features the electron transfer on the CB and the hole migration on the VB, respectively also 

the redox reactions take place on the CB and the VB. Low redox performance is the result of 

this electron and hole transfer mechanism. The Z-scheme and S-scheme heterojunctions' 

electron transport mode allows the composite photocatalyst to hold on to the electrons that 

have greater reducing power and holes with greater oxidizing power. When compared to the 
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type-II heterojunction system, the Z-scheme photocatalytic system considerably increases the 

catalytic effect by transferring electrons from the CB of semiconductor-I to the VB of 

semiconductor-II where they consume the oxidizing holes and weakly reducing electrons. 

Because of their special charge carrier transfer mechanism, S-scheme photocatalysts possess 

greater reduction and oxidation ability as well as strong driving force. With the Schottky 

heterojunction, a reduction reaction occurs rapidly as the electrons go straight from 

semiconductor-II to the conductor. Consequently, when compared to type-II heterojunctions, 

Z-scheme, S-scheme, and Schottky heterojunctions have far better redox capacities [118-

120]. 

 

1.3.3  Effect of Doping in Photocatalysts: 

Doping is the intentional introduction of foreign elements into an ultra-pure semiconductor to 

add impurities and manipulate its various characteristics and attributes. The band gap and 

band structure alignment of a photocatalyst can be adjusted by the strategic doping of 

transition metals and non-metals. The quantity and distribution of products in a photocatalyst 

system are controlled by the surface charge and charge transfer mechanism. Unmodified 

semiconductor photocatalysts with photon energies between 1.7 and 3.1 eV are unable to 

absorb solar light efficiently due to their higher band gaps. An attempt to lower the band gap 

energy, surface modification of the photocatalysts has been tried by the incorporation of 

foreign elements i.e. the introduction of oxygen vacancies in semiconductors or the 

application of stress along the soft direction of a multilayer semiconductor. Recent 

developments in semiconductor-incorporated doped metal and non-metal materials have been 

investigated in a number of studies to improve the efficiency of photocatalytic CO2 

conversion to renewable fuels [118-126,136]. 

1.3.3.1 Noble metal doped semiconductors: 

CO2 receives electron from doping metal on semiconductors through an electron trap. To 

escape the holes on the semiconductor surface, the photogenerated electrons are moved from 

the conduction band of the semiconductor to the doped metal. Due to their Fermi 

level/electron-accepting areas at an energy slightly below the CB of semiconductors, noble 

metals such as Cu, Rh, Pd, Ru, Ni, Ag, Pt, and Au are frequently used as dopants with 

semiconductors for the photocatalytic reduction of CO2 and to aid in visible light response. Pt 

is one of such metals that are employed extensively in numerous studies. As an illustration, 
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the TiO2 semiconductor are wet impregnated with 0.5 weight percent Pt in order to prevent 

extremely poor photocatalytic activity. The reaction rate is accelerated in both the liquid and 

gas phases by a more uniform dispersion of 0.5 wt% Pt on the TiO2 surface [127]. 

1.3.3.2 Transition metal doped semiconductors: 

Several studies reveal that transition metals possess the ability to increase photocatalytic 

activity and efficiency because of the high visible light conversion of CO2 to renewable fuels. 

Transition metals are fascinating as their valence electrons can exhibit a variety of common 

oxidation states. In photocatalytic technology, transition metals such as Cu, Mo, Co, Ni, Ti, 

Mn, V and Fe are frequently employed as doping elements to improve semiconductor 

performance in visible light. A thorough analysis of multiple studies exhibited that excess 

percentages of dopant metal below the ideal level reduced the photocatalytic performances 

due to charge recombination for that an appropriate percentage of metal doping on 

semiconductors increased photocatalytic activity to reach the selectivity. It is well 

acknowledged that the increased efficiency is attributed to the transition metals in three ways: 

By trapping photogenerated conduction band electrons that (i) prevent electron-hole 

recombination; (ii) increase photoreduction efficiency due to Fermi level equilibration; and 

(iii) offer catalytic sites (thermal) for adsorbed ingredients and intermediates of CO2 

conversion reaction. One frequent technique to increase the high dispersion of transitional 

metal species is to load them onto the framework nanostructure. To enhance the rate of 

photocatalytic activities of various photocatalysts, transition metal doping is also useful in 

creating surface reactive sites for increased CO2 adsorption [33,45,66,107,119]. 

1.3.3.3 Non-metal doped semiconductors: 

Several literatures suggests that co-doping of semiconductor photocatalysts with non-metals 

like C, N, S, B and F results in a significantly lower band gap energy than metal doping 

which is important for effective photocatalytic activity under visible light irradiation. 

Nitrogen-doped semiconductors have the most active results when compared to other non-

metals because of their narrow band gap. Nitrogen-doped photocatalysts convert carbon 

dioxide at a faster rate in the presence of water vapor to methane and other hydrocarbons by 

solar energy. In particular, the transfer of effective carriers to the adsorbing species is 

facilitated by reduced wall thickness in nanotube arrays. Non-metals also have an impact on 

the rate of charge transfer and lower electron-hole recombination. In order to attain a high 

surface area and the immobilization of the catalysts during the photocatalytic irradiation, 
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other substrate materials are also employed. It is evident that recent methods are not 

sufficient to be used for the industrial production of fuels. For industrial renewable fuel 

harvesting from CO2 choosing photocatalysts driven by the sun is therefore crucial [108,109]. 

 

1.4 Research Gap and/or Process bottlenecks:  

Based on literature review the following research gap and /or process bottlenecks are 

identified. 

 Selectivity and low yield of CO2 reduced product are the main drawbacks of 

photocatalytic CO2 reduction process for commercialization. 

 Use of visible light active photocatalyst and proper absorption of visible light 

from solar spectrum.  

 Improper separation and migration of the electrons and holes to the reduction and 

oxidation sites at the surface of the semiconductor photocatalyst and their 

recombination. 

 Insufficient surface reactivity, the process by which molecules of CO2 and H2O 

are adsorbed to an excited semiconductor surface and then reduced and oxidized 

by exchanging electrons. 

 

Goal of the present resarch: 

Design and Development of visible light active Bismuth-based rGO supported 

photocatalysts (Bi2S3, BiVO4, Bi2MoO6) to promote the photoreduction of CO2 to selective 

valuable products. 

 

1.5 Bismuth (Bi)-based photocatalysts: 

The chemical element bismuth has the atomic number 83 (Group 15) with the symbol Bi. 

Bismuth, which is categorized as a post-transition metal is in solid state at ambient 

temperature. It has been observed that bismuth is a delicate element that occurs in both free 

metal and minerals. The spiral staircase-like structure of bismuth crystals results from the 

stronger development of bismuth on the outer edges compared to the inner ones. When 

bismuth is exposed to air, it interacts with oxygen to form layers of bismuth oxide on the 

crystal surface that vary in thickness and produce different wavelengths and intensities of 
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scattered light. This is the main reason for the multicolored bismuth crystal's perimeter and its 

crystal lattice. In comparison to mercury, its heat conductivity is minimal. It seems that 

bismuth has a boiling point of 1560oC and a melting temperature of 271oC. Compared to 

solid bismuth, which is equal to water, liquid bismuth has a higher density. However, among 

the other chemical elements, bismuth is believed to be the heaviest and most stable [61]. 

Bismuth is not as toxic as nearby elements. Bi (V) and Bi (III) are the two main oxidation 

states of bismuth. Bi (III) is a well-liked and stable chemical that readily hydrolyzes in 

solutions containing water [127-143] 

Bismuth-based photocatalysts have emerged as interesting research for novel photocatalysts 

in recent years due to their exceptional visible-light photocatalytic characteristics, appropriate 

energy band structure and distinctive physical and chemical features. Photocatalytic 

technology will be benefitted from research as most of these semiconductor materials have 

superior photocatalytic capabilities than TiO2 photocatalysts. Additionally, there has been a 

clear increase trend in the number of publications on Bi-based photocatalysts in recent years. 

Numerous bismuth-based photocatalysts have been created thus far by researchers, including 

BiOCl (0D), BiOBr (1D/2D), BiOI (2D) [76,77], Bi2S3 (1D) [79], Bi2MoO6 (1D/2D) [80], 

BiVO4 (0D/1D) [81], Bi2O3 (1D/2D) [82], and others. From a synthesis standpoint, the most 

widely used synthetic techniques at the moment for creating bismuth-based photocatalysts are 

chemical deposition, photoreduction, hydrothermal, solvothermal, ultrasonic synthesis, etc. 

The main advantages of using bismuth-based photocatalysts are given below: 

 The band gap of bismuth-based photocatalysts is typically between 1.0 and 3.0 eV 

from the perspective of electronic structure.  

 The hybridization of the O 2p orbital and the Bi 6s orbital is responsible for the small 

band gap.  

 It helps to increase the migration rate of charge carriers and the separation efficiency 

of photogenerated electron-hole pairs by moving the valence band (VB) electrons 

upward.  

 Bi-based photocatalysts can be used for hydrogen production, denitrification, CO2 

reduction and the degradation of dyes, alcohols, heavy metals and other pollutants 

from the standpoint of photocatalytic performance.  

However, the use of Bi-based photocatalysts in the field of photocatalysis is somewhat 

restricted because of their short conduction band and relatively low charge carrier separation 
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efficiency [118,136]. Currently, numerous techniques, including element doping, 

heterojunction construction, surface precious metal deposition, surface flaws engineering, etc. 

are being used to increase the photocatalytic activity of bi-based photocatalysts. Element 

doping can be classified as either metallic or non-metallic based on the characteristics of the 

elements. Electrons and holes can be attracted to doped metal components and subsequently 

moved to the reaction contact. The photocatalyst's band gap can be shortened and visible light 

usage increased by doping it with non-metallic materials. To improve photocatalytic 

performance, heterojunction can be created by introducing one or more semiconductor 

photocatalysts to form a structure that promotes the migration of photogenerated charge 

carriers and effectively reduces the recombination of photogenerated electron-hole pairs. The 

migration of electrons from the catalyst's surface to the precious metals occurs when the 

precious metals are deposited on the photocatalyst's surface, creating the Schottky potential 

barrier. The recombination of photogenerated electron-hole pairs can be efficiently inhibited 

by the development of a Schottky potential barrier [130-137]. 

 

1.5.1 Selection of Bismuth(III) Sulfide (Bi2S3) as photocatalyst: 

Bi2S3 is a common semiconductor photocatalytic material based on bismuth (Eg = 1.3–1.7 

eV) due to its widely used spectrum of applications in photocatalysis, photoelectricity and 

electrochemical hydrogen storage, its benefits include low cost, minimal toxicity and superior 

photosensitivity. However, Bi2S3's use in photocatalysis is restricted because of its high 

electron-hole pair recombination ratio and poor stability. To address the drawbacks of Bi2S3, 

alternative semiconductor materials that are suited for constructing heterojunction structures 

and element doping can be employed to address the aforementioned issues. Bi2S3 has been 

thoroughly researched in the fields of energy and the environment and the hydrothermal 

method is typically used to manufacture the compound. By intentionally creating surface 

defects in Bi2S3, the electronic structure can be modified to increase the number of surface-

active sites on the catalyst surface, which promotes photocatalytic CO2 reduction. With 

increase in the conductivity of Bi2S3 and by accelerateing electron transfer, the catalyst 

photocorrosion can be reduced. This will increase the effectiveness of charge carrier 

separation from photogenerated sources and enhance the performance of photocatalytic 

degradation. A series of heterojunction structure can be formed with other appropriate 

semiconductor photocatalysts. Furthermore, literature has exhibited that Bi2S3 possesses a 

strong photothermal impact as well. The combination of photocatalysis and photothermal 
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catalysis can have a synergistic effect that expands the potential applications of 

Bi2S3[31,41,78,111,138]. 

 

1.5.2 Selection of Bismuth Molybdate (Bi2MoO6) as photocatalyst: 

Despite having a narrow band gap (2.4–2.8 eV), Bi2MoO6's strong electron-hole pair 

recombination rate and slow charge transfer rate prevents it from being used widely in 

photocatalysis. MoO6's octahedral structure and [Bi2O2]2þ nanosheets make up Bi2MoO6. 

Bi2MoO6's multilayer structure encourages the extension of its visible light absorption 

wavelength to 500 nm. It also possesses strong thermal and chemical stability at the same 

time. The literature demonstrates that photocatalytic CO2 reduction and photocatalytic 

pollutant degradation are achieved by the application of element doping, self-doping, surface 

defect creation, and heterojunction structure development. The specific surface area of 

Bi2MoO6 may change as a result of element doping altering the lattice structure. In order to 

increase the band gap energy, self doping can alter the catalyst's crystallinity as well as the 

locations of CB and VB. The development of surface imperfections may exhibit additional 

active sites on the catalyst's surface, hence enhancing the efficiency of photocatalytic 

degradation. Additionally, by creating a heterojunction structure with other semiconductor 

materials, the efficiency of electron-hole pair separation can be increased. Furthermore, 

modifying the shape of Bi2MoO6 during heterojunction formation is another way to enhance 

its photocatalytic activity. By adding surfactants and adjusting the calcination duration and 

temperature, the morphology can be manipulated. While current Bi2MoO6 modification 

procedures have demonstrated excellent efficacy in pollutant degradation, future research 

should focus more on water splitting and CO2 photoreduction of Bi2MoO6[80,113,114]. 

 

1.5.3 Selection of Bismuth Vanadate (BiVO4) as photocatalyst: 

BiVO4 is a representative of the Bi-based photocatalyst family and a non-toxic semiconductor 

photocatalyst. Tetragonal zircon (z-t), monoclinic scheelite (s-m), and orthoclinic scheelite 

(s-t) are its three crystal phases. Because of its narrow band gap (2.4–2.5 eV), monoclinic 

scheelite is superior to the other two crystal phases in photocatalytic applications and light 

absorption. BiVO4 can be produced by a variety of techniques, including solvothermal, 

hydrothermal and impregnation calcination. Due to its ease of usage, the hydrothermal 

technique is frequently employed in the synthesis of BiVO4. A viable method to increase 
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photocatalytic activity is to build a heterojunction device using BiVO4 and other 

semiconductors with narrow band gaps. The band bending at the heterojunction structure's 

interface in the heterojunction system is a result of the potential difference between the two 

types of photocatalysts, which differs in their CB and VB positions. In order to facilitate the 

migration and separation of photogenerated carriers, a new electric field is created. However, 

different photocatalytic pathways can also be provided by defect engineering, facet 

engineering and element doping, which increase the photocatalytic performance of BiVO4 

and expand its light absorption spectrum. Simultaneously, BiVO4 photocatalyst stability is 

ofgeat concern. While many techniques can enhance the photocatalytic potential of BiVO4-

based photocatalysts, photocorrosion is an inescapable occurrence that necessitates the 

development of novel photocatalysts capable of mitigating its effects [81,115]. 

However, the use of Bi-based photocatalysts in the field of photocatalysis is somewhat 

restricted because of their short conduction band and relatively low charge carrier separation 

efficiency. Currently, numerous techniques, including element doping, heterojunction 

construction, surface precious metal deposition, surface flaws engineering, etc. are being used 

to increase the photocatalytic activity of bi-based photocatalysts. Element doping is classified 

as either metallic or non-metallic based on the characteristics of the elements. Electrons and 

holes are attracted to doped metal components and subsequently moved to the reaction 

contact. The photocatalyst's band gap can be shortened and visible light usage are increased 

by doping it with non-metallic materials. To improve photocatalytic performance, 

heterojunction can be created by introducing one or more semiconductor photocatalysts to 

form a structure that promotes the migration of photogenerated charge carriers and effectively 

reduces the recombination of photogenerated electron-hole pairs [116]. 

 

1.6 Graphene/reduced Graphene Oxide (rGO) based photocatalysts: 

Graphene is a two-dimensional (2D) nanomaterial that has garnered significant attention as a 

potential candidate for photocatalytic activities due to its unique properties, including its high 

specific surface area (2630 m2 g-1), high adsorption capacity, excellent electron mobility 

(200,000 cm2V-1s-1), exceptional optical transparency (~97.7%), excellent thermal 

conductivity (3000-5000 W m-1K-1), ease of chemical modification and electrochemical 

stability. Graphene and its modifications, such as functionalized graphene (rGO) and 

graphene composites are now understood to offer a wide range of potential benefits for 

environmental applications as a result of multiple research efforts. Given their benefits (such 
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as stability, recyclability, high CO2 adsorption capacity and the presence of functional groups 

on graphene-based materials), these materials have proven to be superior when it comes to 

photocatalytic CO2 reduction for its useagerenewable fuel applications. Typically, graphene 

is a single-atomically thick sp2 hybridized carbon material. However, this functionalized 

graphene demonstrated stronger electrostatic interaction with adsorbates and larger surface 

area (π-π) interaction, which lead towards preferred adsorption. The advantages of rGO-based 

photocatalysts for CO2 reduction can be categorized in to six aspects: 

 Increasing visible light absorption power. 

 Suppressing photoinduced charge carrier recombination 

 Increasing specific surface areas 

 Enhancing CO2 adsoprtion and activation power   

 Increasing nanoparticles-dispersion and decreasing nanoparticles-size 

 Enhancing photo-stability 

The amount of graphene loading has a significant impact on the photocatalytic activity of 

reduced graphene oxide (rGO) based photocatalysts. The best catalytic outcome can be 

achieved with the optimal rGO loading because excessive rGO loading may impede visible 

light from reaching the catalytic surface that decreases photocatalytic CO2 reduction 

efficiency [36,68,71,85-87,92,124]. 

 

1.7 Selection of Copper (Cu) as transition metal doping element: 

In the effort to increase the yields of renewable fuels, transition metals and metal oxides that 

are prevalent on Earth have been thoroughly studied. Several Cu-based photocatalysts 

produce solar products at tolerable production rates (up to a certain millimoles per hour), 

indicating significant development in this direction. For longer reaction times, these 

photocatalysts exhibit a sun to fuel (STF) efficiency of less than 1.0%, which is insufficient 

for use in commercial settings. Thus, either the STF efficiency should be raised or its 

selectivity should be shifted toward C1+ products, especially those with higher market value 

(such as methanol and ethanol), for financial gains, in order to improve these photocatalysts' 

compatibility with solar photovoltaics. Through C–C coupling, Cu-based photocatalysts 

direct the selectivity toward C2+ products and Cu regulates this reaction. In order to stabilize 

the reaction intermediates and link them to create the final C2 + products, Cu must be in an 

appropriate oxidation state. Because of their intriguing characteristics, Cu-based 
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photocatalysts with appropriate Cu oxidation states are therefore quite attractive. Cu interacts 

with CO2 and H2O because it is a three-dimensional transition metal with various oxidation 

states. Depending on its oxidation state, it can interact with these reactants by one- or two-

electron routes to form adsorbates with various topologies and adsorption strengths. The 

adsorbates' selectivity to different adsorbents is impacted by these arrangements. This is due 

to the fact that these adsorbates undergo several reaction processes under illumination, 

resulting in the transformation of diverse products. Cu-based nanocatalysts are employed in 

many different catalytic reactions due to their distinctive properties. Controlling the oxidation 

states of Cu2O/CuO is difficult, though, when light is present. This is because the stability of 

Cu2O is decreased by the irreversible redox disproportionation process (Cu2O → Cu + CuO). 

Therefore, to achieve their commercial uses, Cu-based photocatalysts should have their 

stability increased in addition to their selectivity, even though they show high photoactivity, 

earth abundanceand non-toxicity [32,118,120,126]. 

1.8 Selection of Nitrogen (N) as non-metal doping element: 

Doping of nitrogen is the most efficient and extensive investigation as nitrogen and oxygen 

shares equivalent structural, electrical and chemical properties like polarizability, 

electronegativity, coordination numbers and ionic radii. A visible light-driven photocatalyst 

with band edge potentials appropriate for the photocatalytic CO2 reduction can be created 

when other elements, like N-2p, with atomic orbitals having potential energy higher than O-

2p atomic orbitals are introduced. New VBs are formed in place of O-2p atomic orbitals, 

resulting in smaller Eg without changing the CB level. The functional material that interests 

us, N-doped graphene oxide (N-GO), serves as a dual promoter by increasing CO2 adsorption 

and offering a reactive site for the photocatalytic reaction [121,122]. 

 

In view of the present state of the art, the proposed research aims and objectives of the thesis 

are mentioned below: 

 

1.9 Research Objectives:  

This thesis addresses the following research goals in linked domains, taking into account the 

entirety of the research gap: 
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 Design and synthesis of visible light responsive reduced graphene oxide (rGO) 

supported Bismuth (Bi)-based (Bi2S3, Bi2MoO6, BiVO4) nano-composites.  

 

 Transition metal (Cu)/non-metal (N) doping of rGO supported Bi2S3 and 

Bi2MoO6/BiVO4 nano-composites to achieve specific product 

(Mthanol/Ethanol/Formic acid)-selective   CO2 reduction. 

 

 Characetrization (crystallinity, chemical state, morphological, optical, electrochemical 

etc.) of synthesized nanocomposites. 

 

 Study of the performance of synthesized doped and undoped nano-composite 

photocatalysts: determination of optimum doping to maximize the yield of specific 

product selective CO2 reduction. 

 

 Prediction of mechanism of CO2 photo-reduction.  

 

1.10 Methodology 

1.10.1 Synthesis of photocatalysts 

1.10.1.1 Synthesis of Graphene Oxide (GO): 

The process of synthesizing graphene oxide (GO) involves using the 

Improved/modifiedHummer’s method [85,86]. Concentrated H2SO4 and H3PO4 are mixed in 

a 9:1 (360 ml: 40 ml) ratio and added to graphite flakes (3.0 g, 1 wt. equiv.). Since the 

reaction is exothermic, KMnO4 (18.0 g, 6 wt. equiv.) is added gradually to the mixture while 

stirring continuously. The mixture is then cooled at room temperature, diluted with deionized 

water (400 ml) and treated with 30% H2O2 to reduce any remaining permanganate and 

manganese dioxide. The resulting solution is centrifuged multiple times and treated with 

ethanol and HCl and ethanol. Following centrifugation and washing with deionized water, a 

chocolate brown residue is obtained. Then it is dried, stored and used as per requirement. 

1.10.1.2 Synthesis of rGO-Bi2S3/CuO: 

Copper oxide (CuO) loaded rGO-Bi2S3 nano-hollow flower composites (rGO-Bi2S3/CuO) are 

created by mixing rGO solution with Bi2S3 nano-hollow flower composites at a constant 

concentration with 2 weight percent of CuO loading [88]. The purpose of this is to look at 

how CuO loading affects the yield of the CO2 reduction product produced by photocatalysis. 
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In this work, rGO-Bi2S3/CuO nanostructures are formed by hydrothermal treatment in order 

to yield a high yield of products. Independently made Cu(NO3)2.5H2O solutions are added to 

this standard procedure and stirred continuously for two hours in order to attain two weight 

percent of CuO loading in the rGO-Bi2S3 solution. The mixture's pH is also adjusted to 10 

using a 2 M NaOH solution. After that, the mixture is placed into a 100 ml Teflon-lined 

container that is sealed inside a stainless-steel autoclave. It is then placed in the muffle 

furnace and heated to 180°C for 16 hours to undergo hydrothermal treatment. Following 

centrifugation, the products are collected, allowed to naturally cool to room temperature, 

repeatedly cleaned in ethanol and double-distilled water, dried for 12 hours in a heated 

chamber under vacuum at 70°C, and then calcined for an additional 4 hours at 400°C. CuO 

loaded Bi2S3 nano-hollow flower composites are prepared using similar procedures so that 

their characteristics can be compared. Fig. 1.6 depicts the schematic representation of the 

synthesis process. 

 

Fig. 1.6: Schematic representation of the synthesis process of rGO-Bi2S3/CuO S-scheme 

heterojunction photocatalyst 

 

1.10.1.3 Synthesis of Cu-doped-Bi2S3/rGO: 

By varying the percentages of Cu loading of 0.5, 1, and 2 weight percent, respectively, with 

the fixed concentration of Bi2S3 rod-shaped nanocapsule and rGO solution, the synthesis of 

copper-doped (1D) Bi2S3 rod-shaped nanocapsules/rGO has been carried out in order to 

investigate the impact of Cu doping on the selectivity of the CO2 reduced product. Cu-doped-
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Bi2S3/rGO nanostructures are prepared using hydrothermal treatment in this study in order to 

produce a highly selective product with a high yield. In this typical procedure, Cu loading 

into the Bi2S3/rGO solution is achieved by adding varying volumes of separately dissolved 

Cu(NO3)2.5H2O to get 0.5, 1, and 2 weight percent of Cu doping. A 3 M NaOH solution was 

used to bring the mixture's pH down to 8. An additional hour has been spent for stirring the 

entire concentration. The entire combination was then put inside a 100 ml. stainless steel 

autoclave with a Teflon lining, sealed, and kept at 160°C for 18 hours. The products are 

collected after centrifugation and allowed to naturally cool to room temperature. They are 

then repeatedly cleaned with ethanol and double-distilled water before being vacuum-dried 

for 12 hours at 70°C in a heated chamber. Cu-doped (1D) Bi2S3 rod-shaped nanocapsules are 

manufactured using a similar process for property comparison. Schematic representation of 

the synthesis process of Cu doped-Bi2S3/rGO photocatalyst is shown in Fig. 1.7. 

 

Fig. 1.7: Schematic representation of the synthesis process of Cu doped-Bi2S3/rGO 

photocatalyst 

 

1.10.1.4 Synthesis of Cu doped 2D-Bi2MoO6nanoribbon/rGO: 

In this present work the doping of Cu with different percentages is performed in a fixed 

weight ratio of 2D-Bi2MoO6nanoribbon/rGO (1:0.016) composites. To study the performance 
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of photocatalytic reduction of CO2 to C2-based product based on selectivity and yield of 

selective product, Cu doped 2D-Bi2MoO6nanoribbon/rGO composites aresynthesised with 

different percentages of Cu loading of 1, 2, 3 and 4 wt%, respectively. In this work as the 

source of Cu different weight of Cu(NO3)2.5H2O are dissolved in 2D-

Bi2MoO6nanoribbon/rGO solution separately to get 1, 2, 3 and 4 wt% Cu doping, 

respectively.The pH of the mixed solution is maintained to 10 using a 2M NaOH solution. 

After 1 hour stirring the mixture is poured in an autoclave (Teflon lined stainless steel – 

100ml) and the autoclave is transferred into a furnace for hydrothermal heating at 180°C for 

20 hours.When the temperature of the Teflon lined stainless steel autoclave reached to the 

room temperature, the formed product is collected, centrifuged and washed several times with 

ethanol and deionized water repeatedly and finally dried at 80°C for 14 hours in a hot 

chamber to acquire Cu doped 2D-Bi2MoO6nanoribbon/rGO photocatalysts. The above-

mentioned synthesis process is showed in Fig. 1.8. 

 

 

 

Fig. 1.8: Schematic representation of synthesis process of 2%Cu doped 2D-

Bi2MoO6nanoribbon/rGO photocatalyst 

 

1.10.1.5 Synthesis of N doped BiVO4/rGO: 

In the current work, fixed weight ratio BiVO4/rGO (1:0.025) nanocomposites are doped with 

varying amounts of nitrogen (N). In order to investigate the effectiveness of photocatalytic 

reduction of CO2 to C1-based product, N doped rGO/BiVO4 nanocomposites are synthesized 

with varying percentages of N loading of 1, 1.5, and 2 wt%, respectively, based on selectivity 

and yield of selected product. In this work, various weights of urea are independently 

dissolved in (2.5%)rGO/BiVO4 solution as the source of N to obtain 1, 1.5, and 2 weight 

percent N doping, respectively. Using a 2M NaOH solution, the pH of the combined solution 
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is kept at 9. Following a 1.5-hour stirring period, the mixture is transferred to a 100ml 

Teflon-lined stainless-steel autoclave. The autoclave is then placed inside a furnace and 

heated hydrothermally for a full 24-hour period at 180°C. The formed product is collected, 

centrifuged, and repeatedly washed with ethanol and deionized water before being dried at 

70°C for 12 hours in a hot chamber to obtain N doped rGO/BiVO4 photocatalysts. This 

process continues until the temperature of the Teflon-lined stainless-steel autoclave reaches 

room temperature. Fig. 1.9 depicts the synthesis process previously discussed. 

 

 

Fig. 1.9: Schematic representation of synthesis process of 1.5%N-doped 

(2.5%)rGO/BiVO4 photocatalyst 

 

1.10.2 Characterization Study 

In this thesis the below mentioned characterization analysis of synthesised photocatalysts 

(rGO-Bi2S3/CuO, Cu-doped-Bi2S3/rGO, Cu doped 2D-Bi2MoO6nanoribbon/rGO and N 

doped BiVO4/rGO) have been performed. 

 

1.10.2.1 Morphological analysis: 

The morphological analysis of the photocatalysts has been done by utilizing Scanning 

Electron Microcopy and Transmission Electron Microscopy Scanning Electron Microscopy 

(SEM) involves the scanning of the sample surface with high energy beam of electrons to 
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produce high resolution images. The samples are studied using scanning electron microscope 

utilizing 15.0 kV of voltage, for charging electrons. Energy Dispersive X-ray spectroscopy 

(EDS) set up attached with the SEM instrument is used to detect the elemental composition 

of the samples. Transmission Electron Microscopy (TEM) involves the transmission of 

electrons through sample to form an image. The TEM micrographs are obtained by utilizing 

anelectron beam at a voltage of 200 kV.  

1.10.2.2 Identification of bonds: 

The identification of bonds and the detection of the functional groups present in the 

synthesized photocatalysts has been determined by Fourier Transform Infrared Spectroscopy 

(FTIR) in the 400-4000 cm-1wavenumber region of FTIR spectrophotometer by forming 

KBR pellets. 

1.10.2.3 Crystallinity Study: 

The purity and crystalline structure of the synthesized photocatalysts has been studied by 

using X-ray Diffraction (XRD) in Xpert-PRO diffractometer with Cu K radiation of 

=0.154060 wavelength applying 40 kV voltages, 30 mA current, 1.2 kW power in the 2θ 

range for all samples from 10 to 90o. The crystallite size is determined by Scherrer equation 

[87-90], which is as follows: 

                                                          𝐷 = 𝐾𝜆 ⁄ 𝛽𝑐𝑜𝑠𝜃                                                            (1.1) 

where θ is the Bragg's diffraction angle, D is the average crystallite size, k= 0.9 is the shape 

factor, and λ is the X-ray radiation wavelength (1.5406 Å). 

1.10.2.4 Surface Chemical State Analysis:  

The surface chemical states of the different elements present in the photocatalyst composites 

are studied using X-ray Photoelectron Spectroscopy (XPS) The binding energy of the 

elements are analysed and the shift of the electron clouds signifies the formation of 

heterostructures in these nanocomposites. XPS is done employing mono-energetic Al kα x-

rays. X-ray photoelectron spectroscopy (XPS: AXIS Supra Model with Al K-1486.6 eV Dual 

Al K/Mg K Achromatic X-ray Source) is used to examine the chemical state composition, 

defect type, concentration and variation in band structure in the sample. 

1.10.2.5 Surface area and thermogravimetricanalysis: 
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The N2 adsorption and desorption isotherms, specific surface area, and pore diameter of 

synthesised samples have been evaluated by Brunauer-Emmett-Teller (BET) Instrument 

(QuantachromeR ASiQwin™, Quantachrome Instruments version 3.01 at 77.35 K. 

PerkinElmer TGA 4000 has been used to conduct thermogravimetric analysis (TGA) in 

nitrogen atmosphere at a temperature of 850°C with a scan rate of 15°C. 

1.10.2.6 Optical property measurement 

1.10.2.6.1 UV-Vis Spectrocopy 

The optical nature of the samples is analysed using UV-Vis Spectroscopy using UV-Vis 

Spectrophotometer. UV-Vis Spectroscopy is a type of spectroscopy technique where the 

electronic transitions are studied when the sample is exposed to light. The band gap of the 

synthesized photocatalysts is determined by Tauc plot [100-105] analysis following the 

equation:  

                                        [αhν] =  A[hν − Eg]
n

2                                                                         (1.2) 

Where ‘Eg’ (eV) is the bandgap of the photocatalyst, ‘h’ is Planck’s constant, ‘c’ is the speed 

of light, ‘ν’ is the frequency of light, ‘A’ is the absorption coefficient, ‘n’ is 1 for direct 

bandgap and ‘4’ for indirect bandgap of semiconductors. 

1.10.2.6.2 Photoluminescence Spectroscopy (PL) 

The photoluminescence spectroscopy (PL) of the samples is carried out to study the degree of 

rate of recombination between the photogenerated electrons and holes. The PL spectroscopy 

is done using a Fluorescence Spectrophotometer. 

1.10.2.6.3 Electrochemical Impedance Spectroscopy (EIS) analysis: 

Electrochemical-measurements have been performed at room temperature by an 

electrochemical workstation of AUTO204-FRA32M-S with a standard three-electrode cell. 

Glassy Carbon coated in the synthesised sample, an Ag/AgCl electrode -saturated KCl, and a 

Pt wire have been utilised as working, reference, and counter electrodes, respectively. 

Electrochemical impedance spectroscopy (EIS) has been performed in the 0.2 M aqueous 

KCl medium (pH: 7.0) with an applied potential of -0.5V vs. Ag/AgCl in 3 M KCl by 

introducing an AC voltage of 10 mV amplitude in the frequency range of 0.1 to 100000 Hz.  
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1.10.2.6.4 Mott Schottky analysis (MS): 

M-S plots analysis provides an estimation of the flat-band potentials (EFB) of photocatalysts 

at potential V vs. Ag/AgCl. The EFB values of photocatalysts are calculated as a certain 

potential V vs. NHE, respectively using the Nernst equation: ENHE (V) = EAg/AgCl + 0.197. 

Actually, for the n-type photocatalyst the ECB is essentially ~0.1 higher than EFB [89]. 

Therefore, the ECB of photocatalysts can be determined based on the equation: 

                                                           EVB – ECB = Eg                                                       (1.3) 

 

1.10.3 Performance Study and analysis 

1.10.3.1 Photocatalytic reactor set-up: 

Two different photocatalytic CO2 reduction reactors are used to assess the photocatalytic 

activity of the synthesized  photocatalysts: the first one is based on a 125-watt high-pressure 

visible lamp (Fig. 1.10(a)) and the second one is based on  a 100-watt Xenon lamp of a solar 

simulator (Newport Oriel LCS 100, Manual Shutter, 94011A), (Fig. 1.10(b)) supported by an 

AM-1.5G air mass filter, where the light intensity is 100 mW/cm2 and the light area is 16.82 

cm2. To evaluate the photocatalytic activity, 0.025 g of every photocatalyst is used in a 100-

mL hollow-quartz reactor separately. Prior to visible light irradiation, CO2 gas (99.9% pure) 

with a low flow rate is supplied into the degassed reactor to reach 1 atm pressure. The 80 ml 

of ultrapure water consisting of 0.5 M NaHCO3 as hole-scavengers is used in the quartz 

reactor to make a CO2 absorbed solution (saturated) and to achieve the maximum CO2 

adsorption on the photocatalyst's active sites. The entire process is carried out in the dark for 

60 minutes under magnetic stirring conditions to eliminate all oxygen dissolved in the 

saturated solution. 0.025 g of photocatalysts are added to the aforesaid saturated solution, and 

the photocatalytic reaction is implemented for 8 hours at 20°C, under the visible light 

irradiation of the prescribed 125-watt high-pressure visible lamp and 100-watt Xenon lamp 

with constant stirring speed. In the both cases UV-protector arrangement is also used to allow 

visible light to enter the photocatalytic reactor. After 8 h illumination of light the 

photocatalytic CO2-reduced products are collected from the reactor solution by a thin pipe 

connected to the syringe, and the concentration of each product is determined by gas 

chromatography mass spectrometry (GCMS) equipment: Agilent-7890A system and GC 

(FID) and GC (TCD), with helium as the carrier gas.  
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Three different types of blank reactions are carried out to ensure that the products are 

generated only as a result of photocatalytic CO2 reduction.  

 In the absence of a photocatalyst, the whole experiment is carried out under the same 

operating circumstances.  

 The entire experiment is carried out in complete darkness in the presence of a 

photocatalyst under identical working circumstances.  

 The blank experiment is performed under the illumination of a Xenon lamp and the 

presence of a photocatalyst in the photocatalytic quartz-reactor without purging CO2 

gas.  

The pure grades of ethanol and methanol are also utilised for analysis to ensure the quality of 

the CO2-reduced product. In this thesis the photocatalytic activity study has been performed 

for all synthesised photocatalysts.  

 The photocatalytic performance study of all synthesised Bi2S3-based photocatalysts 

(rGO-Bi2S3/CuO S-scheme heterojunction and Cu doped-1D Bi2S3/rGO) are 

performed in the photoreactor containing 125-watt high-pressure visible lamp, which 

is shown in Fig. 1.10(a). 

 The photocatalytic performance study of all synthesised 2D-Bi2MoO6 nanoribbon-

based photocatalysts and BiVO4based photocatalysts (Cu doped 2D-Bi2MoO6 

nanoribbon/rGO and N doped BiVO4/rGO) are performed in the photoreactor 

containing 100-watt Xenon lamp (Solar simulator), which is shown in Fig. 1.10(b). 

 

1.10.3.1.1 Identification of Photocatalytic CO2 reduced products: 

In this thesis the photocatalytic CO2 reduced selective product like methanol (CH3OH), 

ethanol (C2H5OH) and formic acid (HCOOH) for all synthesised rGO supported Bi-based 

photocatalyst have been identified and analysed by NMR and GCMS analysis. 

 NMR: Using nuclear magnetic resonance (NMR) spectroscopy is a sophisticated method 

of characterization. It is employed to ascertain a sample's molecular structure down to the 

atomic level. NMR spectroscopy may identify phase shifts, conformational and 

configurational changes, solubility, and diffusion potential in addition to the molecular 

structure. The primary application of NMR spectroscopy has been in the study of atom 

nuclei rather than electrons. NMR spectroscopy are used to map the chemical 
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surroundings of typical nuclei based on the information it provides. Here 13C NMR is 

used to detect photocatalytic CO2 reduced products in liquid phase [90,91]. 

 

 

Fig. 1.10 (a): Photocatalytic CO2 reduction-reactor set-up (125-watt high-pressure 

visible lamp) 

 

Fig. 1.10 (b): Photocatalytic CO2 reduction-reactor set-up (100-watt Xenon lamp of 

solar simulator) 
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 GCMS: Using gas chromatography mass spectrometry (GCMS) to examine the 

production of compounds throughout the reduction/oxidation process is an additional 

method for product detection. Fast time response may be possible as a result, essentially 

providing real-time information regarding reaction products. GCMS is therefore 

frequently used for CO2 photoreduction.  However, mass spectrometry can often be time-

consuming and require high mass resolution to identify and measure the different 

components when working with mixtures of hydrocarbons. Here each product is 

determined by gas chromatography equipment: Agilent-7890A system and GC-FID and 

GC-TCD, with helium as the carrier gas. Blank reactions are also carried out to ensure 

that the products are generated only as a result of photocatalytic CO2 reduction [92,93]. 

 

 

1.10.3.2 Performance Analysis of Photocatalytic CO2 reduction: 

The performance of a specific photocatalyst is analysed in terms of (i) photocatalytic activity 

and (ii) apparent quantum efficiency (AQE) [94-100]. This is applicable for systems when the 

source of irradiation is solar energy.The AQE of the synthesised photocatalysytys are 

measured under the irradiation of single band 420 nm by using 420 nm band pass filter. 

 

 

1.10.3.2.1 Photocatalytic Activity (mol gcat.
-1 h-1): 

 

The efficiency of a photocatalyst in a particular reaction over a predetermined amount of time 

is essentially represented by photocatalytic activity (mol gcat.
-1 h-1), a unit used to measure the 

rate of a photocatalytic reaction. Specifically, it indicates how many moles of a reactant are 

converted per gram of catalyst per hour under light exposure. 

 

Photocatalytic Activity (mol gcat.
-1 h-1) = 

𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑐𝑎𝑡𝑎𝑙𝑦𝑡𝑖𝑐 𝐶𝑂2 𝑟𝑒𝑑𝑢𝑐𝑒𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑔 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 × 𝑡𝑖𝑚𝑒 (ℎ)
          (1.4.1) 

 

 

1.10.3.2.2 Apparent Quantum Efficiency (%): 

Quantum yield is a factor to determine the performance of photocatalysts during 

photocatalytic CO2 reduction. It can be defined as: 

Q.Y. (%) = (𝑁𝑢𝑚𝑏𝑒𝑟𝑜𝑓𝑟𝑒𝑎𝑐𝑡𝑒𝑑𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 / 𝑁𝑢𝑚𝑏𝑒𝑟𝑜𝑓𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡𝑝ℎ𝑜𝑡𝑜𝑛𝑠 )× 100       (1.4.2) 
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If a photon (Ephoton) of wavelength of λinc (nm) is incident during a photocatalytic CO2 

reduction reaction, the energy of this one photon calculated using the equation: 

                                                      𝐸𝑝ℎ𝑜𝑡𝑜𝑛 = ℎ𝑐/𝜆𝑖𝑛𝑐                                                                                                                      (1.5) 

where h (J·s) is Planck’s constant, c (m·s-1) is the speed of light , λinc (m) is the wavelength of 

the monochromatic light that is incident. The energy of the incident monochromatic light 

(Etotal) is calculated using the following equation: 

                                                       𝐸𝑡𝑜𝑡𝑎𝑙 = 𝑃𝑠𝑡                                                                          (1.6) 

here P (W·m-2) is the power density of that incident monochromatic light, S (m2) is area that 

is being irradiated, t (s) is the duration of the exposure of the incident light 

The total number of incident photons can be determined from the given equation: 

                        Number of incident photons = 𝐸𝑡𝑜𝑡𝑎𝑙/𝐸𝑝ℎ = 𝑃𝑠 𝜆𝑖𝑛𝑐𝑡/ ℎ𝑐                                   (1.7) 

 

Apparent Quantum Yield is twice the ratio between numbers of CO2 reduced product 

molecules evolved by number of incident photons multiplied by 100. 

A.Q.Y (%) = [(2 × 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 CO2 reduced product molecules)/𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 

𝑝ℎ𝑜𝑡𝑜𝑛𝑠] × 100                                                                                                                    (1.8) 

This can be seen from the equation 

A.Q.Y(%) = [(2×𝑛[CH3OH/C2H5OH/HCOOH],t×𝑁𝐴×ℎ×𝑐)/(𝑃×𝑠×𝜆𝑖𝑛𝑐×𝑡)] × 100                            (1.9) 

Where 𝑛[CH3OH/C2H5OH/HCOOH],t (mol) is number of molecules of hydrocarbons evolved over the 

duration t of the incident light, NA (mol-1) is Avogadro’s constant. 

 

1.11 Overview of Research 

The primary focus of this research is the selective photocatalytic reduction of CO2 to a 

specific desirable product and increase the yield of selective photocatalytic CO2 reduction to 

renewable fuel, by utilizing doping method. The optimum amount of transition metal 

(Cu)/non-metal (N) is used in the design of reduced graphene oxide (rGO) supported Bismuth 

based photocatalytic systems to achieve the highest yields of selective CO2 reduced product.  
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 Design and synthesis of Cu-doped 1D-Bi2S3/rGO photocatalyst for selective 

photocatalytic reduction of CO2 to Methanol (CH3OH). 

 

 

 Design and synthesis of Cu-doped 2D-Bi2MoO6/rGO photocatalyst for selective 

photocatalytic reduction of CO2 to Ethanol (C2H5OH). 

 

 

 Design and synthesis of N-doped rGO/BiVO4 photocatalyst for selective 

photocatalytic reduction of CO2 to Formic acid (HCOOH). 

 

The overall outlook of the thesis is presented in Fig. 1.11 and the schematic of the entire 

research work is presented in Fig. 1.12. 

 

 

Fig 1.11 Overall outlook of the thesis. 
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Fig. 1.12 Schematic of overall research work of the thesis 

 

1.11.1 Brief description of entire research work 

Subsequent few paragraphs are dedicated to brief on the chapters presented in this thesis. 

Chapter-2comprises two problems. Problem-1 focuses on visible light-induced rGO-

Bi2S3/CuO S-scheme heterojunction photocatalyst which is explored for the production of 

methanol and formic acid through photocatalytic CO2 reduction. In this work, the effect of 

CuO loading on rGO-Bi2S3 nano-hollow flower composite are investigated to improve the 

yield and selectivity of methanol production. Hydrothermal treatment is used to prepare the 

rGO-Bi2S3/CuO S-scheme heterojunction photocatalyst. In UV-vis spectroscopy, the 

combined actions of rGO and CuO expands the photo-absorbance power of the Bi2S3 nano-

hollow flower to the visible portion of the solar spectrum. Amongst all the synthesised 

photocatalysts, rGO-Bi2S3/CuO exhibits a promising band gap (1.75 eV), remarkably reduced 

charge transfer resistance, and increased conductivity for enhancing the separation efficiency 

of the photo-generated charge carriers by S-scheme, the least rate of recombination 

ofelectron–hole pairs, higher thermal stability, and an enhanced specific surface area with a 

small pore diameter. So rGO-Bi2S3/CuO S-scheme heterojunction photocatalyst is also 



43 

 

discovered as the best active photocatalyst for enhanced photocatalytic reduction of CO2 to 

methanol at about 423.52 μmol gcat.
-1 h-1 and also minimise the formic acid production. 

 

 

 

Fig. 1.13 Overall representation of Chapter-2 
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Additionally,rGO and CuO produce new photoinduced reactive zones for charge carriers 

within the band gap and enhance photocatalytic activity, which may be evidenced by the 

shifting of the absorption edge (652.4 nm) to the visible spectrum and the effective charge 

carrier separation. More CO2 capturing sites are generated due to CuO loading in rGO-Bi2S3 

for increased photocatalytic CO2 reduction to methanol, and the selectivity of methanol is 

further improved to 98.6% by the rGO-Bi2S3/CuO S-scheme heterojunction photocatalyst. 

The GCMS analysis of the photocatalytic CO2 reduction to methanol also demonstrats the 

purity of the product.  

Problem-2 focuses in order to convert CO2 selectively to methanol, a novel Cu-doped one-

dimensional (1D) Bi2S3 rod-shaped nanocapsule/rGO composite is being studied as a 

photocatalyst. In particular, the effects of Cu doping on product selectivity and band gap 

tuning are investigated in the context of rGO aided Bi2S3. Bi2S3 rod-shaped nanocapsules and 

0.5, 1, and 2 weight percent Cu-doped (1D) Bi2S3 rod-shaped nanocapsules/rGO 

nanocomposites are synthesized by the hydrothermal technique. The procedure involves 

converting GO to rGO and adding Cu to (1D) Bi2S3 rod-shaped nanocapsules at the same 

time. The photocatalysts are characterized using XRD, FTIR, UV-Vis, photoluminescence, 

X-ray photoelectron, SEM, TEM, and EDX investigations. The combined impacts of Cu and 

rGO enhanced the spectral responsiveness of (1D)Bi2S3 nanocapsules to the visible section of 

the solar spectrum, as demonstrated by UV-vis spectroscopy. Further evidenced that both Cu 

doping and the presence of rGO lower the rate of electron hole pair recombination is shown 

by photoluminescence spectra. The best active photocatalyst for selective photoreduction of 

CO2 to methanol is determined to be (1%)Cu-doped (1D) Bi2S3/rGO, which exhibits the 

lowest band gap (1.36 eV) and least rate of recombination among all the synthesized 

photocatalysts. It is demonstrated that Cu-doped (1D) Bi2S3/rGO, for all compositions, allows 

selective and enhanced synthesis of methanol, in contrast to undoped Bi2S3/rGO, pure Bi2S3, 

and Cu-doped Bi2S3, which likewise generate formic acid.The improved light absorption and 

efficient charge carrier separation may be indicators of the enhanced photocatalytic activity 

because of the loading of rGO and Cu, which is crucial to the doping process in order to 

create new reactive sites for charge carriers within the band gap. Furthermore, the increased 

CO2 photoreduction brought about by the band gap tuning achieved by the Cu doping in rGO 

results in the creation of CO2 trapping sites. The maximum yield of selective photoreduction 

of CO2 to methanol at around 719 μmol gcat.
-1 h-1 is achieved through increased hybridization 
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and proper adjustment of the Cu-doped photocatalyst, as demonstrated in this present work. 

The purity and selectivity of the product are further demonstrated by GCMS measurement of 

the photoreduction of CO2 to methanol. The overall description of Chapter-2 is depicted in 

Fig. 1.13. 

 

So Cu (transition metal) doping in rGO supported Bi2S3 based photocatalytic system is 

more effective than the S-scheme heterojunction based photocatalytic system for the 

highest yield of selective methanol (CH3OH) production. 

 

 Achievements:  
 

The photocatalytic reduction of CO2 to 100% selective methanol with highest yield of 719 

μmol gcat.
-1 h-1 is discovered only for 1%Cu-doped (1D)Bi2S3/rGO photocatalyst. The 

apparent quantum yield of methanol (AQYCH3OH) of 1.62% is determined for (1%) Cu-doped 

(1D) Bi2S3/rGO photocatalyst at 420 nm.  

 

 

Achievement and schematic representation of mechanism of photocatalytic CO2 reduction of 

Chapter-2 is shown in Fig. 1.14. 

 

Fig. 1.14Schematic portrayal of achievement and the mechanism of photocatalytic 

reduction of CO2 to selective methanol using (1%) Cu-doped (1D)-Bi2S3/rGO 

photocatalyst 
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Fig. 1.15  Overall representation of Chapter-3 

Chapter-3 focuses on a novel Cu-doped hydrothermally-produced two-dimensional (2D) 

Bi2MoO6nanoribbon/rGO composite is explored as the photocatalyst for selective reduction 

of CO2 to ethanol. In particular, role of Cu doping of rGO supported Bi2MoO6 on C2 product 

selectivity is investigated.  Long nanoribbon types pristine 2D-Bi2MoO6, 2D-

Bi2MoO6nanoribbon/rGO and that doped with varying weight percentages of copper (Cu) are 

synthesized and characterized by XRD, FTIR, UV-Vis spectroscopy, photoluminescence 

spectroscopy, X-ray photoelectron spectroscopy, SEM, TEM, EDX, EIS and BET analysis. 

The photocatalysts with different doping concentrations of Cu (1%, 2%, 3% and 4 wt%) in 

2D-Bi2MoO6nanoribbon/rGO identified as 1%Cu-BMONR/G, 2%Cu-BMONR/G, 3%Cu-

BMONR/G, and 4%Cu-BMONR/G, respectively, have been synthesised using hydrothermal 

treatment. The chemical bonding among Cu, rGO and 2D- Bi2MoO6nanoribbon (BMONR) 

forming a two-dimensional (2D) nanoribbon like structure in the case of 2%Cu-BMONR/G 

as compared to other photocatalysts manifests higher crystallinity, as confirmed by XRD and 

XPS. Moreover, due to the presence of Cu and rGO the increased absorption edge (730 nm) 

to the visible spectrum of the solar illumination and the decreased PL intensity for 2%Cu-

BMONR/G photocatalyst indicates the enhanced number of photo generated charge carriers 
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and greater charge separation with lowest rate of recombination, thereby promoting the 

efficient photocatalytic CO2 reduction. The analysis of selectivity and yield of products of 

photocatalytic reduction of CO2 using GCMS as well as the quantum efficiency calculations, 

suggest that Cu doping of Bi2MoO6-rGO promote the 100% selective ethanol production 

while both pristine Bi2MoO6, Bi2MoO6-rGO photocatalyst produces mixture of methanol and 

ethanol that means absence of either Cu doping or rGO leads to formation of mixture of 

methanol and ethanol. The optimum 2%Cu-BMONR/G exhibit an excellent CO2 reduction to 

selective ethanol production rate of 133.10 µmol gcat.
-1 h-1 with a high selectivity of 100% and 

apparent quantum yield on the order of 0.337%, as compared to other synthesised 

photocatalysts in this work. Notably, the introduction of 2%Cu in BMONR/G controls the 

electronic composition of copper active sites via Mo-C-Cu/Mo-O-Cu bridge accelerating the 

charge transfer from BMONR to CO2 trapping sites on rGO-Cu interface and at the same 

time promoting excellent charge transfer. A band gap value of 2.02 eV, which is estimated 

using experimental UV-vis data. Therefore, the photogenerated electrons from Bi2MoO6 (a n-

type semi-conductor) will be transported through rGO (an electron acceptor) and taken away 

by the Cu atom to fulfil its electron vacancy in 3d9 orbital; rGO being an electron acceptor, 

separates the photo-excited electrons and holes at the interface of the junction and facilitates 

the adsorption of chemical molecules on the surface of the photocatalyst. The mechanism 

indicates that the formation of C2H5OH via the formaldehyde pathway, promotes the 

synthesis of selective ethanol and thereby decreases the energy barrier of C-C interaction. 

This study serves as a motivation for further refining the photocatalytic system to achieve 

effective, sustainable, and commercially feasible photocatalytic CO2 reduction. It describes a 

photocatalytic system that efficiently delivers the surface activation and selective reduction of 

CO2 to ethanol. The overall representation of chapter-3 is shown schematically in Fig. 1.15 

 

So the 2% Cu (transition metal) doped rGO supported Bi2MoO6 based photocatalytic 

system is one of the best photocatalytic CO2 reduction process for the highest yield of 

selective ethanol (C2H5OH) production. 

 

 Achievements:  
 

The photocatalytic reduction of CO2 to 100% selective ethanol with highest yield of 133.10 

µmol gcat.
-1 h-1 is discovered only for 2%Cu doped 2D-Bi2MoO6nanoribbon/rGO (2%Cu-
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BMONR/G) photocatalyst. The apparent quantum yield of ethanol (AQYC2H5OH) of 0.337% is 

also determined for 2%Cu doped 2D-Bi2MoO6nanoribbon/rGO photocatalyst at 420 nm.  

 

Achievement and schematic representation of mechanism of photocatalytic CO2 reduction to 

selective ethanol of Chapter-3 is shown in Fig. 1.16. 

 

 

 

Fig. 1.16 Schematic portrayal of achievement and the mechanism of photocatalytic 

reduction of CO2 to selective ethanol using 2%Cu doped 2D-Bi2MoO6nanoribbon/rGO 

(2%Cu-BMONR/G) photocatalyst 
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Fig. 1.17  Overall representation of Chapter-4 

 

Chapter-4  focuses on a N-doped rGO/BiVO4 nanocomposite, is explored as the 

photocatalyst for selective reduction of CO2 to formic acid. Specifically, the impact of N 

doping on C1 product selectivity in rGO-supported BiVO4 is examined. XRD, FTIR, UV-

Vis, photoluminescence, X-ray photoelectron, SEM, TEM, EDX, EIS, and BET analysis are 

used to synthesize and describe the lamellar structure of pure BiVO4, the ideal quantity of 

rGO/BiVO4, and that doped with varied weight percentages of Nitrogen (N). Hydrothermal 

treatment was used to synthesize the photocatalysts with varying N doping concentrations 

(1%, 1.5%, and 2 wt%) in rGO/BiVO4, which are identified as 1%N-(2.5%)G/BV, 1.5%N-

(2.5%)G/BV, and 2%N-(2.5%)G/BV, respectively. In comparison to other photocatalysts, the 

chemical interaction between N, rGO, and BiVO4 in the 1.5%N-(2.5%)G/BV instance forms 

a hexagonal-like structure that exhibits superior crystallinity, as demonstrated by XRD and 

XPS. Furthermore, because N and rGO are present, the visible spectrum of solar illumination 

has an increased absorption edge (659.39 nm), and the 1.5%N-(2.5%)G/BV photocatalyst has 

a decreased PL intensity. These results suggest that there are more photogenerated charge 

carriers and greater charge separation with a lower rate of recombination, which will facilitate 

the efficient reduction of CO2 through photocatalysis. N doping rGO/BiVO4 appears to 

enhance the 100% selectivity of formic acid generation, according to GCMS and NMR 
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analyses of the selectivity and yield of products of photocatalytic reduction of CO2. In 

comparison to other synthesized photocatalysts in this work, the optimal 1.5%N-(2.5%)G/BV 

exhibits a good CO2 reduction to selective formic acid production rate of 592.80 µmol gcat.
-1 

h-1 with a high selectivity. The extensive experimental research exhibits the mechanism 

underlying 1.5%N-(2.5%)G/BV's exceptional performance. The addition of 1.5% nitrogen 

(N) to (2.5%)G/BV is noteworthy because it promotes excellent charge transfer while also 

speeding up the charge transfer from BiVO4 to CO2 trapping sites on the N-rGO interface by 

controlling the electronic composition of nitrogen active sites via the C=N/C-N bridge. Based 

on experimental UV-vis data, a band gap value of 2.06 eV is estimated, which indicates that 

N doping narrows the band gap and facilitates substantial visible light absorption. As a result, 

the photogenerated electrons from BiVO4 will be transferred to N-rGO. As an electron 

acceptor, N-rGO helps to adsorb CO2 on the surface of the photocatalyst by separating photo-

excited electrons and holes at the junction interface. According to the mechanism, N's 

presence in this photocatalytic system boosts the yield of selective formic acid. In order to 

obtain efficient, long-lasting, and economically viable photocatalytic CO2 removal, this study 

provides incentive for additional improvements to the photocatalytic system. In order to 

facilitate the selective reduction of CO2 to formic acid, it provides a photocatalytic system 

that effectively lowers the charge transfer barrier. Fig. 1.17 provides a schematic illustration 

of the total chapter-4 representation. 

 

So the 1.5% N (non-metal) doped rGO supported BiVO4 based photocatalytic system is one 

of the best photocatalytic CO2 reduction process for the highest yield of selective formic 

acid (HCOOH) production. 

 

 Achievements:  

 

The photocatalytic reduction of CO2 to 100% selective formic acid with highest yield of 

592.80 µmol gcat.
-1 h-1 is discovered only for 1.5%N doped (2.5%) rGO/BiVO4 (1.5%N-

(2.5%)G/BV) photocatalyst. The apparent quantum yield of formic acid (AQYHCOOH) of 

0.0148% is determined for 1.5%N-(2.5%)rGO/BiVO4 photocatalyst at 420 nm.  
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Achievement and schematic representation of mechanism of photocatalytic CO2 reduction to 

selective formic acid of Chapter-4 is shown in Fig. 1.18. 

 

 

 
 

Fig. 1.18 Schematic portrayal of achievement and the mechanism of photocatalytic 

reduction of CO2 to selective formic acid using 1.5% N-doped (2.5%)rGO/BiVO4 

(1.5%N-(2.5%)G/BV) photocatalyst 

 

 

 

Chapter 5 concludes the outcomes of the research work presented in this thesis and mentions 

the future scope of research in the related field. 
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Chapter 2 

 

Synthesis, characterization and photocatalytic 

performance study of rGO-Bi2S3/CuO S-scheme 

heterojunction photocatalyst and Cu doped (1D)-Bi2S3 

rod-shaped nanocapsule/rGO photocatalyst for photo-

reduction of CO2 to methanol. 

 

Highlights: 

 

 rGO-Bi2S3 nano-hollo flower/CuO S-scheme heterojunction and Cu-doped one-

dimensional (1D) Bi2S3 rod-shaped nanocapsule/rGO photocatalyst are prepared using 

hydrothermal treatment. 

 

 The synthesised rGO-Bi2S3/CuO nanocomposite being an efficient, robust, S-scheme 

heterojunction photocatalyst exhibits the maximum methanol yields of 423.52 μmol 

gcat.
-1 h-1 along with formic acid (17.48 μmol gcat.

-1 h-1), as photocatalytic CO2 reduced 

products with a CH3OH -selectivity of 98.6% . 

 

 The optimum 1 weight percent Cu-doped (1D) Bi2S3/rGO photocatalyst exhibiting the 

least band gap energy and electron hole pair recombination rate, diaplays the 

maximum photocatalytic activity of 719 μmol gcat.
-1 h-1 of methanol as a 

photocatalytic CO2 reduced product with a selectivity of 100%. 
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2.1.1 Introduction: 

Bismuth sulphide (Bi2S3) is a valuable metal chalcogenide with a wide range of embryonic 

photocatalytic applications because of its high dielectric permittivity, lamellar structure, 

broad visible light absorption capacity, low bandgap (Eg) (1.3 eV), and notably variable 

energy band levels [143–146]. As one of the most beneficial semiconductors in the healthcare 

sector, Bi2S3 nanoparticles are known for their unique properties of low toxicity and a high 

bismuth electron count [147–157]. Researchers have also been interested in Bi2S3 

nanostructures because of their unique shape and tubular crystal structure, which show a 

larger charge capacity and change their physical characteristics. However, due to its small 

band gap energy, which accelerates the rate at which photogenerated electron hole pairs 

recombine and reduces its utility, Bi2S3 has a low separation efficiency [155–163]. To 

provide the required photocatalytic activity, Bi2S3 can be combined with other 

semiconductors that have appropriate energy band topologies [157–165].It has been also 

noted that when morphological and structural modifications are made, Bi2S3 nanomaterials 

exhibit distinct characteristics. For instance, under UV light irradiation, zero-dimension (0D) 

Bi2S3 quantum dots exhibit a potent quantum confinement effect, and 1D and 2D Bi2S3 

nanomaterials are able to capture large amounts of solar energy through the absorption of 

visible (Vis) light [193–200]. The strongest and shortest bonds in Bi2S3 nanomaterials are Bi-

S bonds, which also show a 1D growth nature along [001]. These 1D nanorod-shaped 

photocatalysts can improve photocatalytic performance by increasing charge capacity, 

creating pathways for electron transfer, and increasing the probability of reactions on surface 

active sites for photoreduction [201-209]. Bi2S3 nanomaterials often take the form of 1D 

nanowires, 1D nanoribbons, 1D nanorods, or 3D nanoflowers made up of 1D units [209-215]. 

1D photocatalysts, as opposed to other, differently shaped photocatalysts, produce controlled 

and aligned channels for electron transport. Bi2S3 nanorod-shaped photocatalysts in particular 

are more palatable because of their distinctive tubular structure, which can demonstrate an 

enhanced charge capacity [215-221]. Additionally, the tubular nanorods' various contact 

areas—such as their borders and inner and outer surfaces—can aid in boosting the likelihood 

of reactions during photocatalytic CO2 conversion.  

Under certain conditions, a variety of two-dimensional materials exhibit photocatalytic 

behaviour, such as MOFs [133], exfoliated WS2 [169], MoS2& g-C3N4 [178], and graphene 

[186]. In order to promote photocatalytic activity, two-dimensional nanosheet graphene or 

reduced graphene oxide (rGO) can be used as an efficient electron acceptor [143, 154, 164, 
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168, 170]. It has enormous potential for use in a variety of applications, including as drug 

delivery, energy storage devices, sensors, transistors, optoelectronics, hydrogen generation, 

CO2 reduction, lubrication, and catalysis [184,197]. Due to their special qualities—such as 

high specific surface area, high electrical conductivity, high mechanical flexibility, optical 

transparency, high adsorption capacity, excellent electron mobility, and electrochemical 

stability—graphene or rGO-based nanomaterials have recently sparked a lot of interest for 

photocatalytic performance studies [185,186,197]. By efficiently trapping the excited 

electrons in one-dimensional (1D) semiconductor materials under light irradiation and 

boosting the photocatalytic activity, mostly reduced graphene oxide forms a barrier for the 

recombination process [183,184,197].  

Due to its exceptional chemical and physical characteristics, such as its large surface area, 

excellent solar light absorption capacity, and small band gap (1.2 to 1.9 eV), copper oxide 

(CuO) is among the best p-type semiconductor metal oxides [165–170]. Different 

morphologies of CuO, including nanosheets, nanotubes, nanorods, nanospheres, and nano-

hollow flowers, are especially appealing because of their exceptional stability, high thermal 

conductivity, photovoltaic qualities, and antibacterial activity. CuO nanoparticles have 

garnered significant interest for their potential industrial uses because of their distinctive 

qualities. Photo-catalysis, catalytic applications, solar cells, fuel cells, hydrogen storage 

systems, super capacitors, and hydrogen storage systems are some of these disciplines [171–

180]. For CO2 photoreduction, a light-transporting CuO nanomaterial has shown to be an 

extremely efficient photocatalyst. A common method for improving visible light energy 

collection and conversion, raising photocarrier separation efficiency, and adding active sites 

is to combine p-type CuO with other semiconductor materials [180–190]. As p-type is added 

to n-type, a p-n junction really forms at the particle surface. This changes the band-gap 

structure, raises the concentration of charge carriers, and stops charge recombination. 

Consequently, compared to a single n or p component, loading of p-type CuO [171, 174, 177, 

180] on n-type Bi2S3 [127, 128] should greatly enhance the photocatalytic CO2 reduction 

performance. Using CuO nanoparticles with a large surface area and uniform morphologies 

would further increase the capacity and conductivity of these nanomaterials [179–183].  

By creating potent active adsorption sites that speed up the selective photo-reduction of CO2, 

transition metal Cu is added to metal oxide photocatalysts to boost their ability to capture 

CO2. Usually, the transition metal Cu can start moderate binding sites to increase CO2 

adsorption and activate the photocatalyst for CO2 reduction, unlike other metal oxide sites. 



55 

 

Since metal copper (Cu) is widely distributed throughout the earth's crust, a lot of research is 

being done on low-cost copper-based semiconductors. These might be thought of as the most 

promising options for selective photocatalytic conversion of CO2 into methanol, formic acid, 

etc. This occurs because there is a chance that copper ions will trap electrons since the 

reduction potential difference of Cu2+ is greater than the photocatalysts' conduction band 

edge. In order to get a better yield of selectivity in the renewable fuel generation, the 

photocatalyst's trapped Cu2+ electrons can then donate their electrons to the reaction of CO2 

with the reductant [215–217,221]. 

This chapter suggests two photocatalysts for the photocatalytic reduction of CO2 into 

renewable fuels in the presence of visible light. Hydrothermally synthesised Bi2S3/CuO 

nanocomposites wrapped with rGO promotes the photoconversion of CO2 to CH3OH (96% 

selective) and formic acid (HCOOH); but 100% selective CH3OH production is not achieved. 

Selectively converting CO2 to a desired hydrocarbon remains one of the main obstacles 

facing photocatalysis. In this study, this is achieved using Cu doped 1D-Bi2S3 rod-shaped 

nanocapsules/rGO photocatalyst. Selectivity for CO2 reduction in a photocatalyst is 

frequently influenced by several elements, including photon energy, photogenerated charges, 

catalyst active sites, reactant and intermediate adsorption and stability, and the photocatalyst's 

suitable CB and VB edges [200-210]. The photogenerated charge density in 1D-Bi2S3 rod-

shaped nanocapsules/rGO photocatalyst, which is mostly supplied by catalytic active sites 

with improved reactant adsorption and stabilisation of intermediate products, improves 

selectivity in the photo-reduction of CO2 [210-225]. 

 

The definition of major research problems addressed in this chapter are as follows: 

 Problem definition: 

Problem 2.1:- Synthesis, characterization and photocatalytic performance study of rGO-

Bi2S3/CuO S-scheme heterojunction photocatalyst for photocatalytic CO2 reduction to 

methanol. 

Problem 2.2:-Synthesis, characterization and photocatalytic performance study of Cu 

doped (1D)-Bi2S3 rod-shaped nanocapsule/rGO photocatalyst for selective photo-reduction 

of CO2 to methanol. 
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The specific objectives of Problem 2.1 are enlisted below: 

 

i. Design and synthesis of visible light responsiveBi2S3 nano-hollow flower 

photocatalysts by incorporating rGO for enhancing the yield of CO2 reduced products. 
 

ii. Modification of rGO-Bi2S3 photocatalysts by CuO to obtain best photoactive S-

scheme heterojunction photocatalyst for achieving the yield of selective CO2 reduced 

product. 
 

iii. Characterization of all synthesized photocatalysts by XRD, SEM, TEM, EDX, FTIR, 

EIS, BET, TGA, and XPS. 
 

iv. Photocatalytic performance study of all synthesized nano-composite photocatalysts. 
 

v. Prediction of mechanism of CO2 photo-reduction.  

 

2.1.2 Experimental 

2.1.2.1 Materials: 

The chemicals used are all of analytical quality, and they are not further purified before 

usage. L-ascorbic acid, sodium bicarbonate (NaHCO3), copper nitrate trihydrate 

(Cu(NO3)2.3H2O), bismuth nitrate pentahydrate (Bi(NO3)3.5H2O), thiourea (CH4N2S), and 

other compounds have been acquired from Sigma-Aldrich. Other chemicals (reagent grade) 

acquired from Merck include ethylene glycol (C2H6O2), graphite flakes, potassium 

permanganate (KMnO4), sulphuric acid (H2SO4), hydrogen peroxide (H2O2), phosphoric acid 

(H3PO4), sodium hydroxide (NaOH), hydrochloric acid, and ethanol. 

 

2.1.2.2  Synthesis of rGO-Bi2S3/CuO 

2.1.2.2.1  Synthesis of pristine Bi2S3: 

This synthesis process involves mixing 1.5 g of Bi(NO3)3.5H2O and 0.45 g of thiourea 

separately in 50 ml of ethylene glycol and stirring constantly for 60 minutes. 2 (M) NaOH 

solution is added to the blended liquid to bring its pH to 10 after it has been agitated for a 

further 60 minutes after the two solutions have been blended. The whole mixture is then 

transferred to a 100 ml teflon-lined container, sealed in a stainless steel autoclave, and 

maintained for 16 h at 180°C in a muffle furnace for hydrothermal operation. The synthesised 
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black solid products are recovered after centrifugation and the teflon-lined stainless steel 

autoclave has cooled. The black precipitate is then repeatedly washed with ethanol and 

double-distilled water. Following washing, it is vacuum-dried for 12 h at 70°C in a hot air 

oven. Pure Bi2S3 nano-hollow floral composites have been found after drying [153, 155, 

160]. 

2.1.2.2.2  Synthesis of rGO-Bi2S3: 

Graphene oxides (GO) are synthesized using a modified Hummers process [166]. Using this 

standard procedure, the GO sheets are exfoliated by ultrasonicating 5 weight percent of the 

synthesised GO solution for 90 minutes. The ultrasonicated GO solution is simultaneously 

supplemented with separately produced solutions containing 1.5 g of Bi(NO3)3.5H2O and 

0.45 g of thiourea, while being continuously stirred for an additional 60 minutes. Next, using 

a 2 (M) NaOH solution, the pH of the stirring solution is adjusted to 10. Following 16 h of 

hydrothermal treatment of the previously mentioned stirring solution in a 100-ml Teflon-

lined container enclosed in a stainless steel autoclave, rGO-incorporated Bi2S3 nano-hollow 

flower composites are produced following cooling, multiple washing, and drying processes  

[155,176]. 

2.1.2.2.3  Synthesis of rGO-Bi2S3/CuO: 

Copper oxide (CuO) loaded rGO-Bi2S3 nano-hollow flower composites (rGO-Bi2S3/CuO) are 

created by mixing rGO solution with Bi2S3 nano-hollow flower composites at a constant 

concentration with 2 weight percent of CuO loading. The purpose of this is to look at how 

CuO loading affects the yield of the CO2 reduction product produced by photocatalysis. In 

this work, rGO-Bi2S3/CuO nanostructures are formed by hydrothermal treatment in order to 

yield a high yield of products. Independently made Cu(NO3)2.5H2O solutions are added to 

this standard procedure and stirred continuously for two h in order to attain two weight 

percent of CuO loading in the rGO-Bi2S3 solution. The mixture's pH is also adjusted to 10 

using a 2 (M) NaOH solution. After that, the mixture is placed into a 100 ml Teflon-lined 

container that is sealed inside a stainless steel autoclave. It is then placed in the muffle 

furnace and heated to 180°C for 16 h to undergo hydrothermal treatment. Following 

centrifugation, the products are collected, allowed to naturally cool to room temperature, 

repeatedly cleaned in ethanol and double-distilled water, dried for 12 h in a heated chamber 

under vacuum at 70°C, and then calcined for an additional 4 h at 400°C. CuO loaded Bi2S3 

nano-hollow flower composites are prepared using similar procedures so that their 



58 

 

characteristics can be compared. Fig. 2.1.1 depicts the schematic representation of the 

synthesis process. 

 

Fig. 2.1.1: Schematic representation of synthesis process of rGO-Bi2S3/CuO 

heterojunction photocatalyst 

2.1.2.3  Photocatalytic activity evaluation: 

A 125-watt high-pressure visible vapour-lamp is used to evaluate the photocatalytic activity 

of the generated photocatalysts, rGO-Bi2S3/CuO, rGO-Bi2S3, Bi2S3/CuO, and Bi2S3, under 

visible light irradiation. In a 150 mL hollow quartz tube reactor, 0.025 g of each photocatalyst 

is employed independently to assess the photocatalytic activity. In order to create a saturated 

CO2 absorbed solution and maximize CO2 adsorption on the photocatalyst's active sites, 80 

ml of water containing 0.5 M NaHCO3 as hole scavengers is filled with 99.9% pure CO2 gas 

at a low flow rate before the quartz reactor is exposed to visible light. To completely remove 

all of the dissolved oxygen in the saturated solution, the entire procedure is run under 

magnetic stirring conditions for 60 minutes in the dark. After that, 0.025 g of photocatalysts 

are added to the previously saturated solution, and the reaction is carried out for 8 h at 20°C, 

monitored by a chiller, and exposed to visible light from the high-pressure mercury vapour 

lamp as directed. The stirring speed is kept constant during this time. In order to let visible 

light into the photocatalytic reactor, UV-protector liquor is also utilized [Fig. 2.1.2] [145]. 

Next, using helium as the carrier gas and gas chromatography equipment (Agilent-7890A 

system, GC-FID, and GC-TCD) to measure the concentration of each product, the 
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photocatalytic CO2-reduced products are collected from the reactor solution via a thin pipe 

attached to the syringe. 

 

 

Fig. 2.1.2: Schematic representation of the experimental reactor setup for photocatalytic 

activity study of rGO-Bi2S3/CuO heterojunction photocatalyst 

 

To make sure that the products are solely produced as a result of photocatalytic CO2 

reduction, blank reactions are conducted. The entire experiment is conducted using the 

identical operating conditions in the absence of a photocatalyst. Second, under the same 

operating conditions, the entire experiment is conducted in total darkness with a photocatalyst 

present. Thirdly, a high-pressure mercury vapour lamp is used to illuminate the blank 

experiment, and the photocatalyst in the photocatalytic quartz reactor is present without any 

CO2 gas being purged. To guarantee the quality of the CO2-reduced product, analysis is also 

conducted using the pure grades of formic acid and methanol. The number of reacting 

electrons divided by the number of incident photons is known as apparent quantum yield, or 

AQY [146]. 

                  AQY = 
 (Number of reacted electrons)

Number of incident photons
 × 100                                                       (2.1.1) 
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2.1.3 Results and discussion: 

2.1.3.1   Structural and Morphological characterization: 

2.1.3.1.1 XRD analysis: 

Fig. 2.1.3(a) displays the XRD patterns of the Bi2S3, rGO-Bi2S3, and rGO-Bi2S3/CuO 

nanocomposites. The XRD patterns of Bi2S3 and rGO-Bi2S3 exhibit similar peaks, mainly in 

the crystal planes (130), (021), (211), (301), (431), and (060). These peaks are consistent with 

the usual orthorhombic phase of Bi2S3 (JCPDS card No. 017-0320) [159]. The XRD pattern 

of rGO synthesized from GO during the hydrothermal process is also analysed, where the full 

conversion of GO to rGO is exhibited by the (002) crystalline plane, which corresponds to the 

distinctive diffraction peak of rGO at approximately 24.3° [158]. The large peaks at 35.75° 

and 38.88°, respectively, are caused by the (0 0 2) and (1 1 1) planes [139], which show the 

monoclinic crystallinity of CuO (JCPDS card No. 05-0661) [Fig. 2.1.3(a)] in the rGO-

Bi2S3/CuO heterojunction photocatalyst. The absence of a GO diffraction peak in the other 

nanocomposites suggests that GO has entirely transformed into rGO throughout the 

hydrothermal treatment procedure. The XRD characteristics further demonstrate that the low 

concentration of rGO nanosheets and the CuO and Bi2S3 diffraction patterns prevent the rGO 

diffraction peaks at 24.3° from being clearly apparent in the XRD patterns of the rGO-

Bi2S3/CuO heterojunction photocatalyst. Orthorhombic Bi2S3 crystal planes (021), (301), 

(431), and (060) are visible in the XRD patterns of the rGO-Bi2S3/CuO photocatalyst. Thus, 

the combination of the rGO, Bi2S3, and CuO phases is visible in the XRD pattern of the rGO-

Bi2S3/CuO heterojunction photocatalyst [Fig. 2.1.3(g)]. In the samples as prepared, no 

additional phase is detectable, including metallic Cu or cuprous oxide (Cu2O). The average 

crystallite size (L) of rGO-Bi2S3/CuO is found to be 16.90 nm using the Debye-Scherrer 

equation [159]. 

[L = 0.9λ 
βcosθ⁄ ]                                                                         (2.1.2) 

where θ is the Bragg angle, β is the full line width at half maximum height of the peak 

(FWHM), and λ is the X-ray wavelength (0.15406 nm). Bi2S3, rGO-Bi2S3, and Bi2S3/CuO are 

also found to have typical crystallite sizes of 12.46 nm, 10.17 nm, and 14.40 nm, 

respectively. Because of the CuO loading in rGO-Bi2S3, the usual crystallite diameters of 

rGO-Bi2S3/CuO are slightly enhanced. 
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2.1.3.1.2 XPS analysis 

X-ray photoelectron spectroscopy (XPS) has been used to explain the purity, electronic state, 

and chemical state of the components of the rGO-Bi2S3/CuO heterojunction photocatalyst. 

The rGO-Bi2S3/CuO photocatalyst's survey XPS spectrum is shown in Fig. 2.1.3(f), and it 

shows the peak of each of the expected constituents—Bi, S, Cu, C, and O. Fig. 2.1.3(b-e) 

displays narrow XPS scans for the constituents Bi, S, Cu, C, and O. As demonstrated in Fig. 

2.1.3, the combination of rGO and copper oxide excited the electrons more readily and 

provided greater efficiency. In the Bi 4f and S 2p XPS studies (Fig. 2.1.3(b)), the entire 

spectrum may be further deconvoluted into four different peaks, where the peaks present at 

binding energies of 159.60 eV and 164.90 eV correspond to the 4f7/2 and 4f5/2 orbital 

splittings of the Bi3+ state, respectively [146]. Moreover, the orbital splittings of S 2p3/2 and S 

2p1/2 are matched by the two minor peaks at 162.05 eV and 163.54 eV, respectively. One may 

deconvolve the high-resolution Cu 2p photoelectrons' spectra in Fig. 2.1.3(c) into seven 

peaks. The distinctive peaks can be detected at 933.02 eV and 953.12 eV, respectively, and 

they are associated with Cu2+ oxidation state of the photocatalyst. Moreover, the XRD results 

are consistent with the satellite peaks discovered at 939.32 eV and 941.11 eV, which offer 

clear evidence of the existence of the Cu2+ oxidation state as CuO [147, 150, 174, 175]. The 

distinctive peaks of Cu 2p shift dramatically in the direction of low binding energy when 

compared to CuO, suggesting that the Cu element facilitates the rGO-Bi2S3/CuO interface 

contact. Electron transfer between semiconductors with differing Fermi levels affected the 

surface electron density, and the electrons went from a high-energy level to a low-energy 

level when the binding energy changed. Additionally, it shows that during the contact, one 

electron is transferred from Bi2S3 to CuO. The peaks that correspond to the Cu 2p3/2 and Cu 

2p1/2 that arose at 930.5 eV and 950.4 eV, respectively, are caused by the Cu1+ species. The 

X-ray irradiation of the XPS source throughout the study may have reduced Cu2+ to Cu1+, 

which is why Cu1+ species peaks may have developed [176,177]. The high-resolution XPS 

spectra of C 1s can be deconvoluted into three peaks, as shown in Fig. 2.1.3(d). CuO and 

rGO-Bi2S3 interactions are responsible for the two further peaks, which are located at 283.51 

eV and 286.07 eV, respectively, and represent the C-O and C=O species in the photocatalyst. 

C-C bonding is indicated by the altered XPS  
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Fig. 2.1.3: (a) XRD analysis of Bi2S3, rGO/Bi2S3, Bi2S3/CuO and rGO-Bi2S3/CuO 

photocatalysts. Core level XPS scan of (b) Bi 4f and S 2p, (c) Cu 2p, (d) C 1s, and (e) O 

1s, (f) survey scan of X-ray photoelectron spectra (XPS) of the rGO-Bi2S3/CuO 

heterojunction photocatalyst 
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Fig. 2.1.3 (g): 2D XRD diffraction image of rGO-Bi2S3/CuO heterojunction 

photocatalyst 

 

peak of C1s to a lower binding energy at 282.02 eV. The CuO lattice of O is indicated by the 

peak at 527.19 eV in the high-resolution O 1s XPS spectra, which are displayed in Fig. 

2.1.3(e). C-O bonding is indicated by the peak at 528.83 eV. The XPS spectra of S 2p have 

been shifted to a lower binding energy, which has increased the catalytic activity of the 

process. Fig. 2.1.3(f) shows the survey scan of the X-ray photoelectron spectra (XPS) of the 

rGO-Bi2S3/CuO heterojunction photocatalyst. 

2.1.3.1.3 SEM & TEM analysis: 

SEM and TEM are used to study the morphological properties of synthesized nanoparticles. 

The nano-hollow flower-like structure of Bi2S3 and CuO nanoparticles is seen in Fig. 2.1.4(a) 

and 2.1.4(b), respectively, based on SEM images. The heterojunction that forms between 

Bi2S3 and CuO nanoparticles is shown in Fig. 2.1.4(c) via SEM, and it is also visible in Fig. 

2.1.4(e) via TEM. The Bi2S3/CuO heterojunction nanocomposites are embedded in the rGO 

sheet, as seen in the TEM picture of Fig. 2.1.4(f-g) and the SEM image of Fig. 2.1.4(d). The 

XRD analysis and the lattice fringe spacing (dspacing) of 0.356 nm and 0.251 nm, 

respectively, in the inset HR-TEM image of Fig. 2.1.4(g) confirm heterojunction formation in 

the rGO-Bi2S3/CuO photocatalyst. These values represent the (130) crystal plane of 

orthorhombic Bi2S3 and the (002) crystal plane of CuO. When compared to Bi2S3 and rGO-

Bi2S3, the heterojunction that is created can offer improved electron transfer and efficient 

charge separation inside the rGO-Bi2S3/CuO photocatalyst, which facilitates the 

photocatalytic reduction of CO2 to methanol.The Bi2S3 nano-hollow flower and CuO 

nanoparticles have a strong attachment, as seen in SEM and TEM images, and together they 

form a strong interconnected network with rGO. This would increase interfacial charge 

transfer upon visible light irradiation and may be the cause of enhanced photocatalytic 

reduction of CO2 to methanol and formic acid. A rGO-Bi2S3/CuO heterojunction 

photocatalyst with an atomic ratio of Bi:Cu (1:3) is shown in Fig. 2.1.4(h) for elemental 
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analysis by EDX. The proper integration of CuO and rGO into the Bi2S3nano-hollow flower 

is ensured by the presence of C, O, and Cu. In the inset of Fig. 2.1.4(a), a synthetic Bi2S3 

nano-hollow flower is shown [161, 163, 170, 176]. 

 

 

Fig. 2.1.4: SEM image of (a) Bi2S3 nano-hollow flower, (b) CuO nanoparticles (c) 

Bi2S3/CuO heterojunction, (d) rGO-Bi2S3/CuO heterojunction photocatalyst. TEM 

image of (e) Bi2S3/CuO heterojunction, (f-g) rGO-Bi2S3/CuO heterojunction 

photocatalyst, (h) the corresponding EDX chemical analysis of rGO-Bi2S3/CuO 

heterojunction photocatalyst 

 

2.1.3.2   Optical characterization 

2.1.3.2.1 UV-Vis analysis:   

The UV-vis absorption study data for the synthesized Bi2S3, rGO- Bi2S3, Bi2S3/CuO, and 

rGO- Bi2S3/CuO photocatalysts are displayed in Fig. 2.1.5(a). In rGO-Bi2S3 nanocomposites, 
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CuO loading raises absorbance in the visible spectrum. Fig. 2.1.5(a) also illustrates the 

increase in absorbance in the visible area, which goes as follows: rGO-Bi2S3/CuO> 

Bi2S3/CuO> rGO-Bi2S3> Bi2S3. Furthermore, the absorption edge of rGO-Bi2S3/CuO 

heterojunction photocatalyst is observed to be 652.4 nm. Fig. 2.1.5(b) shows that the bandgap 

energy of rGO-Bi2S3/CuO heterojunction photocatalyst is 1.75 eV, which is loared as a result 

of CuO loading in rGO- Bi2S3 nanocomposites. The synthesised nano-photocatalysts' 

bandgap energies are estimated using the tauc plot equation (2.1.3), as shown below [176]. 

[αhν] =  A[hν − Eg]
n

2                                                                         (2.1.3) 

where "Eg" (eV) is the bandgap of the photocatalyst, "h" is Planck's constant, "c" is the speed 

of light, "v" is its frequency, "A" is the absorption coefficient, and "n" is 1 for 

semiconductors' direct bandgap and "4" for their indirect bandgap. For every synthesized 

photocatalyst, Table 2.1.1 shows the estimated bandgap energies and absorption edge (nm) 

values. 

 

Table 2.1.1 - Estimation of band gap energy and absorption edge values of 

synthesized nanomaterials 

 

 Photocatalyst Absorption edge 

(nm) 

Band gap energy (eV) 

(i) Bi2S3 500.0 1.90 

(ii) rGO-Bi2S3 525.9 1.80 

(iii) Bi2S3/CuO 560.5 2.24 

(iv) rGO-Bi2S3/CuO 652.4 1.75 

 

2.1.3.2.2 FTIR analysis: 

The FTIR spectra of the photocatalysts Bi2S3, rGO-Bi2S3, Bi2S3/CuO, and rGO-Bi2S3/CuO 

are displayed in Fig. 2.1.5(c). The presence of rGO is confirmed by the O-H stretching 

vibration at 3433 cm-1 of the FTIR spectra of rGO-Bi2S3, which indicates that GO [176] is 

reduced as the hydrothermal reaction proceeds. The distinctive vibrations at 3401, 1639, 

1260, and 1103 cm-1 in the FTIR spectra of the rGO-Bi2S3/CuO heterojunction photocatalyst 

are attributed to the O-H, C=C, C–O–C, and C-O stretching vibrations, respectively, as 

shown in Fig. 2.1.5(c). It is believed that the hydroxyl form of water, which is adsorbed on 

the surface of sample, is responsible for the broad peak of rGO- Bi2S3/CuO at about 3401 cm-

1. In the FTIR spectra of the Bi2S3/CuO heterojunction, the weak vibrational bands at 2961, 
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1403, and 615 cm-1 may be attributed to the interaction between CuO and the Bi2S3 nano-

hollow flower. CuO loading in rGO-Bi2S3 nanocomposites causes a decrease in the peak 

intensity of the oxygenic groups in the rGO-Bi2S3/CuO heterojunction photocatalyst [152, 

159, 161, 166, 180]. The strong interaction between rGO and the Bi2S3 nano-hollow flower in 

rGO-Bi2S3/CuO may be the cause of the broad absorption peak observed at 1103, 873, and 

801 cm-1 [152]. CuO may be the cause of the broad vibrational bands at 592 and 522 cm-1 in 

the rGO-Bi2S3/CuO heterojunction photocatalyst. 

2.1.3.2.3 Photoluminescence (PL) spectra & EIS analysis:  

Photoluminescence (PL) spectroscopy has been utilized to study the recombination, 

separation, and transfer of photo-generated charge carriers to the reaction site for all 

synthesised samples exposed to light. The photocatalysts Bi2S3, rGO-Bi2S3, Bi2S3/CuO, and 

rGO-Bi2S3/CuO are subjected to PL analysis at an excitation wavelength of 330 nm. The 

emission spectra are displayed in Fig. 2.1.5(d). The emission spectra of pure materials and 

composites have been examined between 340 and 650 nm. It is commonly known that 

photogenerated charge carriers recombine more quickly with increasing PL emission 

intensity [154, 162]. The PL emission band of Bi2S3 at 423 nm is caused by the 

recombination of free carriers. Bi2S3 charge carrier recombination results in emission bands 

in the visible spectrum in all samples. A less prominent peak can be seen in Fig. 2.1.5(d) 

when comparing the rGO- Bi2S3/CuO photocatalyst to their counterparts, the CuO loaded and 

unloaded Bi2S3 nano-hollo flowers. The result suggests that photogenerated electron-hole 

pairs are significantly reduced by the interface produced between Bi2S3/CuO and rGO, which 

facilitates electron transportation and minimizes charge carrier recombination [152, 177]. In 

this instance, copper oxide also has a major impact on the decrease in charge carriers [165, 

183]. Effective charge separation has increased the lifetime of photogenerated charge carriers 

and enhanced the interfacial charge transfer between rGO and Bi2S3/CuO. Consequently, 

reduced electron-hole pair recombination rates enhance the photocatalytic activity of the 

rGO-Bi2S3/CuO heterojunction photocatalyst. 

The rGO-Bi2S3 photocatalyst has a smaller arc radius than Bi2S3 and Bi2S3/CuO, as shown in 

Fig. 2.1.5(e). Of all the Bi2S3, rGO-Bi2S3, and Bi2S3/CuO samples, the arc radius of the rGO- 

Bi2S3/CuO heterojunction photocatalyst is the smallest semicircle, indicating how much the 

charge transfer resistance may be reduced by adding CuO. The higher conductivity of the 

photocatalyst, which raises the separation efficiency of the photo-generated electrons and  
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Fig. 2.1.5: (a) UV-vis absorption spectra, (b) Estimated band gap energy (eV) by the 

Tauc plot of Bi2S3, rGO-Bi2S3, Bi2S3/CuO, & rGO-Bi2S3/CuO photocatalysts, (c) FTIR 

spectra of Bi2S3, rGO-Bi2S3, Bi2S3/CuO & rGO-Bi2S3/CuO photocatalysts, (d) 

photoluminescence spectra (PL) of Bi2S3, rGO-Bi2S3, Bi2S3/CuO & rGO-Bi2S3/CuO 

photocatalysts an excitation wavelength of 330 nm, (e) EIS curves of Bi2S3, rGO-Bi2S3, 

Bi2S3/CuO & rGO-Bi2S3/CuO photocatalysts and artificial circuit (inset of e), (f) 

Nitrogen adsorption-desorption isotherms and the corresponding pore size distribution 

curves (inset) of Bi2S3, rGO-Bi2S3& rGO-Bi2S3/CuO photocatalyst 
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holes, exhibits the improved photocatalytic performance caused by heterojunction formation 

in the rGO-Bi2S3/CuO photocatalyst [159, 160]. 

2.1.3.2.4 Nitrogen adsorption-desorption isotherms: BET surface area 

Fig. 2.1.5(f) displays the matching pore size distribution map of the Bi2S3, rGO-Bi2S3, and 

rGO-Bi2S3/CuO photocatalysts, as well as the N2 adsorption desorption isotherm for BET 

surface area.All of the samples had slit pores, as evidenced by the isotherms of pure Bi2S3, 

rGO-Bi2S3, and rGO-Bi2S3/CuO, which display typical H3 hysteresis loops. The synthesised 

materials' pore size distributions, which range from 3 to 6 nm and are displayed in the inset of 

Fig. 2.1.5(f), lend support to the theory that the high surface adsorption is caused by a large 

number of mesopores. Pure Bi2S3 has a BET surface area of 2.260 m2/g, while the rGO-Bi2S3 

photocatalyst has a specific surface area of 5.012 m2/g. It is evident that the overall specific 

surface area of the rGO-Bi2S3photocatalyst increases as a result of rGO loading in Bi2S3. 

Among all the synthesized photocatalysts, the rGO-Bi2S3/CuO heterojunction photocatalyst 

in Fig. 2.1.5(f) has the largest specific surface area of 7.398 m2/g. This indicates that the 

rGO-Bi2S3/CuO heterojunction photocatalyst's overall specific surface area is increased as a 

result of CuO loading in rGO-Bi2S3. Furthermore, there are more surface active sites 

accessible for the adsorption of reactant molecules (CO2) since rGO-Bi2S3/CuO has the 

greatest BET surface area. By decreasing the rate of charge carrier recombination, this raises 

the yield of photocatalytic CO2 reduction products. 

        As illustrated in Fig. 2.1.5(g), thermogravimetric analysis (TGA) of pristine Bi2S3, rGO-

Bi2S3, and rGO-Bi2S3/CuO has been carried out under N2 from room temperature to 900°C. 

Here, the TGA study of pure Bi2S3exhibits a sharp breakdown with a weight drop of 17.66%, 

about from 450 to 750°C. The loss of sulfur in the form of SO2 is responsible for this weight 

decrease, and the leftover product finally turns into Bi2O3 residue. TGA analysis of rGO-

Bi2S3 shows that, in comparison to pristine Bi2S3, the composite is stable up to 500°C. 

However, between 500 and 550°C, a very sharp decomposition occurs with an 8.41% weight 

reduction, primarily representing the combustion of rGO sheets or the breakdown of the 

graphitic substrate of rGO. The rGO-Bi2S3/CuO S-scheme heterojunction photocatalyst 

exhibits the best thermal stability of all the synthesized photocatalysts, according to 

additional TGA analysis. This is because there is very little decomposition between room 

temperature and 325°C, with a 3.07% weight reduction. This decomposition is actually the 

result of the breakdown of oxygen-containing functional groups in rGO sheets and the 
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removal of adsorbed water. Fig. 2.1.5(g) shows that the rGO-Bi2S3/CuO heterojunction 

photocatalyst maintains its thermal stability from 325°C to 900°C. This indicates that there is 

no more rGO sheet combustion or breakdown, and it is likely that Cu-S and Cu-C interact to 

limit the further breakdown of Bi2S3 and rGO, respectively, after 325°C. 

 

Fig. 2.1.5 (g): TGA analysis of pristine Bi2S3, rGO-Bi2S3& rGO-Bi2S3/CuO 

photocatalyst 

 

2.1.3.3   Photocatalytic activity 

In this work, the photocatalytic activities of rGO-Bi2S3, Bi2S3/CuO, and pure Bi2S3 nano-

hollow floral nanocomposites are examined. Under 10 h of visible light irradiation, 

photocatalytic CO2-reduced products are identified using the GCMS analytical method. 

Different synthesized nanocomposites are used to make methanol and formic acid during the 

photocatalytic CO2 reduction process; these are depicted in Fig. 2.1.6. No further CO2-

reduced products, such as formaldehyde, ethanol, or propanol, are present in the liquid phase 

of the synthesized nanoparticles. No gaseous products are produced during CO2 

photoreduction because of the low potential conduction band of Bi2S3 nano-hollow flower. 

Using the rGO-Bi2S3/CuO heterojunction photocatalyst, the GCMS analysis of photocatalytic 

CO2 reduced products comprising methanol (423.52 μmol gcat.
-1 h-1) and formic acid (17.48 
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μmol gcat.
-1 h-1) is shown in Fig. 2.1.6(c). The m/z readings of 32.92 and 46.84, respectively, 

at the retention period of 1.50 min, clearly show the production of methanol and formic acid. 

The production rates of formic acid and methanol for the Bi2S3 nano-hollow flower are 25.92 

μmol gcat.
-1 h-1 and 71.38 μmol gcat.

-1 h-1, respectively. By adding rGO, the production of 

methanol in Bi2S3 increases to 91.93 μmol gcat.
-1 h-1, but the production of formic acid 

decreases to 14.84 μmol gcat.
-1 h-1.  

 

 

Fig. 2.1.6: (a) Analysis of the yield of methanol and formic acid production for different 

photocatalysts, (b) Methanol and Formic acid yields obtained on rGO-Bi2S3/CuO 

photocatalysts in four cycling tests 

 

For comparative purposes, the photocatalytic activity of Bi2S3/CuO is also examined. GCMS 

analysis exhibits that pristine Bi2S3 and rGO-Bi2S3 exhibit lower liquid phase concentrations 

of photocatalytic CO2 reduced products, methanol and formic acid, as a result of CuO loading 

(see Table 2.1.2). The main product found in higher concentrations at the conclusion of the 

photocatalytic CO2 reduction processes is methanol. Table 2.1.2 shows that the amounts of 

methanol created increase as follows: rGO-Bi2S3/CuO <Bi2S3/CuO < rGO-Bi2S3/CuO <Bi2S3. 

These results also demonstrate that when exposed to visible light, the rGO-Bi2S3/CuO 

heterojunction photocatalyst has a remarkable 98.6% selectivity for the photocatalytic 

conversion of CO2 into CH3OH (i.e., SCH3OH = 98.6%). The purity of pure methanol (shown 

by the red curve in Fig. 2.1.6(d) is contrasted with that of the photocatalytic CO2 reduction 

product of methanol (m/z = 32.83). For the rGO-Bi2S3/CuO heterojunction photocatalyst at 

420 nm, an apparent quantum yield of 0.93% and 0.013%, respectively, for methanol and 

formic acid (AQYCH3OH and AQYHCOOH) is found. 
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Fig. 2.1.6(c): GCMS analysis of Photocatalytic CO2 reduced products containing 

methanol (423.52 μmol gcat.
-1 h-1) and formic acid (17.48 μmol gcat.

-1 h-1) using the rGO-

Bi2S3/CuO heterojunction photocatalyst 

 

 
 

Fig. 2.1.6(d): Comparison between photocatalytic CO2 reduced methanol (m/z = 32.83) 

with the pure methanol and the red curve showing the pure methanol 

 

The yield is defined as the highest amount of CO2-reduced product generated. The high 

retained methanol production after four cycle testing, as shown in Fig. 2.1.6(b), indicates that 

the rGO-Bi2S3/CuO photocatalyst exhibits both good catalytic stability and high 
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photocatalytic CO2reduction to methanol. The amount of electrons (e-) transmitted in this 

work for HCOOH and CH3OH is 2 and 6, respectively, based on the number of electrons 

required to make 1 mol of each product. The following formula is used to determine the 

selectivity of methanol (SCH3OH):   

           𝑆CH3OH = 6𝑅CH3OH / (6𝑅CH3OH + 2𝑅HCOOH)..........................................................  (2.1.4) 

Where R manifests the productive rates of CO2 reduced products. 

A tiny rate of formic acid and methanol synthesis is attained because of several flaws in the 

pure Bi2S3 nano-hollow flower. Here, rGO increases the number of active sites on the catalyst 

surface, while CuO loading, which lowers the charge recombination process and traps 

electrons from the pure Bi2S3 conduction band, increases the photocatalytic activity of the 

nano-hollow flower. This allows the rGO-Bi2S3/CuO heterojunction photocatalyst produce 

less formic acid while simultaneously facilitating a larger methanol yield.  

Table-2.1.2 Photocatalytic CO2 reduced products and yield of synthesised 

photocatalysts and selectivity of methanol to formic acid production. 

Photocatalyst Products & Yield 

( μmol gcat.
-1 h-1) 

SCH3OH 

(%) 

CH3OH HCOOH  

Bi2S3 71.38 25.92 89.2 

rGO-Bi2S3 91.93 14.84 94.8 

Bi2S3/CuO 207.75 55.89 91.7 

rGO-Bi2S3/CuO 423.52 17.48 98.6 

 

2.1.3.4 Mechanism 

The initial stage of the photocatalytic CO2 reduction mechanism is the creation of a surface-

bound metastable radical anion (·CO2¯), which is caused by the activation of CO2 on the 

photocatalyst surface through the absorption of photons from visible light. The complete 

reduction process then occurs through a number of following phases. Protons and electrons 

are transferred, hydrogen radicals (·H) are produced, C-O bonds are broken, and new C-H 

bonds are formed, among other processes. In this case, the formaldehyde production pathway 

is actually followed by the photocatalytic CO2 reduction to methanol and formic acid [144, 
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147, 192]. According to the formaldehyde route, formic acid (HCOOH) is created when 

·CO2¯ (ad.) recombines with H+ and electron. After that, the HCOOH recombines with H+ 

and an electron to create an intermediate formaldehyde (HCHO), which is further reduced to 

create an H2CHO intermediate. After the generated H2·CHO intermediate recombines with 

H+ and electrons, photocatalytic CO2 reduction products CH3OH and HCOOH are produced. 

rGO/Bi2S3/CuO 
hν

h+ (𝑉𝐵, CuO) + e− (𝐶𝐵,
Bi2S3
rGO

)                                                   (2.1.5) 

H2O + h+  →  ∙ OH + H+                                                                                                      (2.1.6)    

H+ + e−  →   ∙ H                                                                                                                   (2.1.7)  

CO2 +  e− →  ∙ CO2
−(ad. )                                                                                                    (2.1.8)     

∙ CO2
−(ad. ) + 2H+ + e−  →  HCOOH                                                                                (2.1.9)        

CO2 +  2H+ + 2e−  →  HCOOH                                                                                                      

HCOOH + 2H+ + 2e−  →  HCHO + H2O                                                                   (2.1.10) 

HCHO + H+ + e−  →  H2  ∙ COH                                                                                    (2.1.11) 

H2  ∙ COH + H+ + e−  → CH3OH                                                                                 (2.1.12) 

CO2 +  6H+ + 6e−  →  CH3OH + H2O                                                                                        

 

It has been determined that the absorption edges of rGO-Bi2S3/CuO and Bi2S3/CuO are 

around 560.5 nm and 652.4 nm, respectively. The incorporation of rGO in the Bi2S3/CuO 

heterojunction exhibits a broader spectrum of light absorption, suggesting a strong potential 

for light harvesting. The energy bandgap (Eg) of rGO-Bi2S3/CuO is 1.75 eV, as determined 

using the tauc plot equation [Fig. 2.1.5(b)]. The flat-band potentials (EFB) of the rGO-Bi2S3, 

Bi2S3/CuO, rGO-Bi2S3/CuO, and Bi2S3 photocatalysts are estimated using the Mott-Schottky 

(M–S) plots presented in Fig. 2.1.6(e) at -0.65 V, -0.85 V, -0.93 V, and -0.62 V vs. Ag/AgCl, 

respectively. Using the Nernst equation ENHE (V) = EAg/AgCl + 0.197, the EFB values of rGO-

Bi2S3, Bi2S3/CuO, rGO-Bi2S3/CuO, and Bi2S3 are computed as -0.45 V, -0.65 V, -0.73 V, and 

-0.42 V vs. NHE, respectively [161–162].  
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Fig. 2.1.6(e): Mott-Schottky (M-S) plots of rGO-Bi2S3, Bi2S3/CuO, rGO-Bi2S3/CuO and Bi2S3 

photocatalysts 

 

The ECB is practically ~0.1 higher than EFB for the n-type photocatalyst [132–133]. Thus, -

0.55 V, -0.75 V, -0.83 V, and -0.52 V vs. NHE may be found as the ECB of rGO-Bi2S3, 

Bi2S3/CuO, rGO-Bi2S3/CuO, and Bi2S3, respectively. The EVB of rGO-Bi2S3, Bi2S3/CuO, 

rGO-Bi2S3/CuO, and Bi2S3 are found to be +1.25 V, +1.49 V, +0.92 V, and +1.38 V vs. 

NHE, respectively, based on the equation: EVB – ECB = Eg [134-135, 159-160]. 

EIS measurements in Fig. 2.1.5(e) exhibit the smallest semicircle of rGO-Bi2S3/CuO with the 

lowest charge trapping resistance among all samples, and they also illustrate the interfacial 

charge transfer capacity as a result of rGO incorporation into Bi2S3/CuO [152, 158, 162]. 

Furthermore, the smallest photoluminescence (PL) intensity of rGO-Bi2S3/CuO in Fig. 

2.1.5(d) [156, 158] confirms the lowest e--h+ recombination efficiency. As shown by EIS, M-

S, and PL, the combination of CuO and rGO/Bi2S3 to create a rGO assisted S-scheme 

heterojunction photocatalyst ensures a notable enhancement in charge separation and 

migration as well as maximum photo-redox energy to achieve the superior photocatalytic 

activity. With more photo-induced charge carriers available, the photocatalytic reduction of 

CO2 to methanol and formic acid can be enhanced [Fig. 2.1.6(a-b)]. 
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Fig. 2.1.7:  Schematic portrayal of the mechanism of photocatalytic reduction of CO2 to 

methanol and formic acid using rGO-Bi2S3/CuO heterojunction photocatalyst under 

visible light irradiation 

 

When exposed to visible light, the photo-induced electrons in the CuO-CB move to the Bi2S3-

VB and recombine with its VB holes, confirming the system's unimpaired superior redox 

power and efficient consumption of low energy electrons/holes [161–165]. Furthermore, 

strong reductive capabilities of the Bi2S3-CB allow the electrons to accumulate on the surface 

and transfer them to the rGO nanosheets, reducing electron-hole pair recombination and 

facilitating electron transport to the active catalytic zones for photocatalytic carbon dioxide 

reduction. The rGO's large surface area allows it to absorb CO2. The photo-induced electrons 

that reduce the adsorbed CO2 into methanol and formic acid are accumulated in the catalytic 

zones of rGO. Here, rGO serves as an excellent charge migration channel to promote the S-

scheme photo-carrier separation [Fig. 2.1.7] and as a favorable photosensitizer to enhance the 

light response capability of the heterostructure [Fig. 2.1.5(a)] [167,169-171,191,192]. Better 

sunlight absorption and the separation of photo-carriers with higher redox power are made 

possible by the rGO supported S-scheme arrangement of Bi2S3/CuO, which leads to 

improved photocatalytic performance toward the synthesis of methanol and formic acid. As 
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illustrated in Fig. 2.1.7, the electrons collected on the CB of rGO-Bi2S3/CuO are sufficiently 

negative to reduce CO2, in contrast to the reduction potential of CH3OH (− 0.38 V vs NHE), 

and the assembled photo-induced holes typically oxidize water molecules to produce protons 

(H+). In this case, one mole of CO2 and two moles of H+ are reduced to one mole of formic 

acid by interacting with two moles of photoinduced electrons; likewise, one mole of CO2 and 

six moles of H+ are reduced to one mole of methanol and 1.5 moles of oxygen by interacting 

with six moles of photoinduced electrons. The photocatalytic activity of a number of 

heterojunction photocatalysts reported in the literature is contrasted with the findings of the 

current study in Table 2.1.3. 

 

Table-2.1.3 Comparison of the yield of methanol and formic acid as photocatalytic CO2 

reduced products for various photocatalyst with the performance of the photocatalyst of 

the present investigation 

Photocatalyst 

 

Reaction 

medium 

Products and 

yield 

(μmol gcat.
-1 h-1) 

Ref. 

Bi2S3/TiO2 water  CH3OH: 44.92 145 

Bi2S3 QD/TiO2 isopropanol  CH3OH: 1169.15 182 

Cu-(1D) Bi2S3/rGO  water  CH3OH: 719.0 183 

Bi2S3/CdS  water  CH3OH: 122.6 184 

Bi2S3-SAR  water  CH3OH: 25.94 184 

rGO–CuO  DMF/water  CH3OH: 51.167 186 

In2O3–CuO Na2SO3  CH3OH: 8.87 

        CO: 5.23 

187 

Er-doped 

CeO2/rGO/CuO 

NaHCO3  CH3OH: 135.6 188 

ZnO/CuO water HCOOH: 238.68 

 CH3OH:  0.30 

189 

N-TiO2/CuO water HCOOH: 1980 190 

rGO-Bi2S3/CuO water  CH3OH: 423.52 

HCOOH: 17.48 

This 

work 
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2.2.1 The specific objectives of Problem 2.2 are enlisted below: 

i. Design and synthesis of visible light responsive(1D) Bi2S3 photocatalysts by 

incorporating fixed rGO concentration for enhancing the yield of CO2 reduced 

products. 

ii. Modification of rGO-(1D) Bi2S3 photocatalysts by different percentage of Cu doping 

(0.5%, 1%, 2%) to get optimal Cu doping for achieving the highest yield of specific 

product selective CO2 reduction. 

iii. Characterization of all synthesized photocatalysts by XRD, SEM, TEM, EDX, FTIR, 

EIS, BET, and XPS. 

iv. Photocatalytic performance study of synthesized doped and undoped nano-composite 

photocatalysts. 

v. Prediction of mechanism of CO2 photo-reduction.  

 

2.2.2 Experimental 

 

2.2.2.1 Materials: 

All of the chemicals utilised are analytical grade, and no additional purification is 

required. Sigma-Aldrich is the source of the employed chemicals, which include 

copper nitrate trihydrate (Cu(NO3)2.3H2O), sodium bicarbonate (NaHCO3), 

thioacetamide (C2H5NS), and bismuth nitrate pentahydrate (Bi(NO3)3.5H2O). The 

additional chemicals (reagent grade) utilised in this experiment are acquired from 

Merck and include ethanol, hydrochloric acid, graphite flakes, potassium 

permanganate (KMnO4), sulphuric acid (H2SO4), phosphoric acid (H3PO4), hydrogen 

peroxide (H2O2), and sodium hydroxide (NaOH). 

 

2.2.2.2 Synthesis of Cu-doped 1D-Bi2S3/rGO 

2.2.2.2.1 Synthesis of pristine 1D-Bi2S3: 

In this synthesis procedure, 25 ml of ethylene glycol, 2 g of Bi(NO3)3.5H2O, and 0.6 g of 

thioacetamide (TAA) have been individually combined with constant stirring for 30 minutes. 

After mixing the two solutions, a 3 M NaOH solution is added to bring the pH of the mixture 

down to 8. After that, the mixture is stirred for 1 h. Subsequently, the entire mixture is placed 

into a 100 ml. stainless-steel autoclave that is lined with Teflon, sealed, and allowed to 
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operate hydrothermally at 160°C for 18 h. Following centrifugation and a natural cooling of 

the autoclave to room temperature, the black solid products are collected. The black 

precipitate is then repeatedly cleaned with ethanol and double-distilled water before being 

vacuum-dried for 12 h at 70°C in a heated chamber. Once dried, pure (1D) rod-shaped Bi2S3 

nanocapsules (BSNC) are discovered [193,194]. 

2.2.2.2.2 Synthesis of 1D-Bi2S3/rGO: 

The modified Hummers technique has been used to synthesise graphene oxides (GO) 

[191]. To fully exfoliate the GO sheets in this usual procedure, 10 weight percent of 

the synthesised GO solution is first subjected to ultrasonication for 120 min. After 

that, the ultrasonicated GO solution is continuously stirred for an additional 60 min. 

while a separately prepared solution containing 2 g of Bi(NO3)3.5H2O and 0.6 g of 

TAA is added. The pH of the mixture is then brought to 8 using a 3M solution of 

NaOH. rGO-incorporated (1D) Bi2S3 rod-shaped nanocapsules are discovered after 

hydrothermally treating the aforementioned combination for 18 h at 160°C in a 100 

ml. sealed Teflon-lined stainless steel autoclave. This is done after doing many washes 

and dryings [193, 204]. 

2.2.2.2.3 Synthesis of Cu-doped 1D-Bi2S3/rGO: 

By varying the percentages of Cu loading of 0.5, 1, and 2 weight percent, respectively, with 

the fixed concentration of Bi2S3 rod-shaped nanocapsule (BSNC) and rGO solution, the 

synthesis of copper-doped (1D) Bi2S3 rod-shaped nanocapsules/rGO (Cu-BSNC/rGO) has 

been carried out in order to investigate the impact of Cu doping on the selectivity of the CO2 

reduced product. Cu-BSNC/rGO nanostructures are prepared using hydrothermal treatment in 

this study in order to produce a highly selective product with a high yield. In this typical 

procedure, Cu loading into the Bi2S3/rGO solution is achieved by adding varying volumes of 

separately dissolved Cu(NO3)2.5H2O to get 0.5, 1, and 2 weight percent of Cu doping. A 3 M 

NaOH solution is used to bring the pH of mixture down to 8. An additional hour has been 

spent stirring the entire concoction. The entire combination is then put inside a 100 ml. 

stainless steel autoclave with a Teflon lining, sealed, and kept at 160°C for 18 h. The 

products are collected after centrifugation and allowed to naturally cool to room temperature. 

They are then repeatedly cleaned with ethanol and double-distilled water before being 

vacuum-dried for 12 h at 70°C in a heated chamber. Cu-doped (1D) Bi2S3 rod-shaped 

nanocapsules (Cu-BSNC) are manufactured using a similar process for property comparison. 
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Fig. 2.2.1: Schematic representation of synthesis process of Cu-doped 1D-Bi2S3/rGO 

photocatalyst 

 

2.2.2.3 Photo-reduction of CO2 and Photocatalytic activity evaluation: 

Using a 125-watt high pressure mercury vapour lamp-seen in Fig. 2.2.2-the photocatalytic 

activity of the produced photocatalysts Cu-BSNC/rGO, BSNC/rGO, and BSNC are examined 

under visible light irradiation. To investigate the photocatalytic activity, 30 mg of each 

photocatalyst is separately added to a 150 ml quartz tube reactor in this typical experiment.  

 

 

Fig. 2.2.2: (a) Schematic representation of the experimental set up for performance 

study of photocatalytic activity of (0.5%, 1% & 2%) Cu-doped BSNC/rGO, BSNC/rGO, 

BSNC nanocomposites respectively & (b) Real-life Photocatalytic Reactor Setup 
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To create a saturated solution and maximize the amount of CO2 molecules that adsorb on the 

photocatalyst's active sites, pure CO2 gas is fed through 100 milliliters of water that contains 

0.5 M NaHCO3 as hole scavengers inside the reactor at the lowest possible flow rate prior to 

irradiation [194]. To eliminate all dissolved oxygen from the solution, the entire procedure is 

done in the dark for 40 minutes while magnetic stirring is in place. Subsequently, 30 mg of 

photocatalyst powder is added to the solution mentioned above. The reaction is then allowed 

to proceed for 10 h at a temperature controlled by a chiller, while being continuously stirred 

and illuminated by the designated high pressure mercury vapour lamp. Subsequently, the 

products of the photocatalytic reduction of CO2 are collected using a needle-type probe that is 

inserted into the solution of the reactor. Helium is used as the carrier gas in gas 

chromatographyequipment (Agilent 7890A system) to analyze the products' methanol 

concentration using GC-FID and GC-TCD. To make sure that the photocatalytic reduction of 

CO2 is the only source of the product methanol, blank reactions are carried out. Without a 

photocatalyst, the experiment is carried out using the same setup parameters. Second, under 

the identical operating conditions, the entire experiment is carried out in complete darkness 

with a photocatalyst present. Thirdly, the catalyst and high-pressure mercury vapour lamp are 

present in the reactor system during the blank experiment, and no CO2 gas is purged. 

Additionally, the pure grade of methanol is employed for analysis in order to attain the purity 

of the CO2-reduced product. 

 

2.2.3 Results and discussion 

2.2.3.1 Analysis of crystalline phase: 

The XRD patterns of GO, rGO, BSNC, BSNC/rGO, and Cu-BSNC/rGO composites are 

displayed in Fig. 2.2.3(a). The distinctive GO diffraction peak, located at around 10.1°, is 

aligned with the (002) crystalline plane, signifying that pure graphite has undergone complete 

oxidation to form GO sheets [173]. The complete conversion of GO to rGO following an 

assumed hydrothermal process is demonstrated by the absence of a typical GO peak in the 

other nanocomposites. Similar peaks can be found in the (130), (211), (221), and (431) 

crystal planes in the XRD patterns of BSNC and BSNC/rGO. These peaks can be indexed to 

the standard orthorhombic phase of Bi2S3 (JCPDS card No. 017-0320) with unit cell 

constants: a = 11.1490 Å, b = 11.3040 Å and c = 3.9810 Å. The stronger peak of Bi2S3 at 

24.9° obscures the rGO diffraction peaks seen at 24.0° in the Cu-BSNC/rGO pattern [183–
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185]. The XRD patterns of synthesized (1%) Cu-BSNC/rGO nanocomposite show diffraction 

peaks similar to those of  

 

 

 

Fig. 2.2.3: (a) XRD patterns of GO, rGO, BSNC, BSNC/rGO, (0.5%) Cu-BSNC/rGO, 

(1%) Cu-BSNC/rGO and (2%) Cu-BSNC/rGO nanocomposites. (b) The corresponding 

EDX chemical analysis of (1%) Cu-BSNC/rGO 
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BSNC/rGO; however, the distinctive peaks of Cu and its oxide derivative are absent, possibly 

because of the low weight percentage of Cu doping. Using the Debye-Scherrer equation, the 

average crystallite size (L) of (1%) Cu-BSNC/rGO is determined to be 19.86 nm. 

[𝐿 = 0.9𝜆
𝛽𝑐𝑜𝑠𝜃⁄ ]                                                                   (2.2.1) 

where θ is the Bragg angle, β is the full line width at the half maximum height of the peak 

(FWHM), and λ is the X-ray-wavelength (0.15406 nm). Additionally, it is discovered that the 

average crystallite sizes of BSNC and BSNC/rGO are roughly 16.61 nm and 15.91 nm, 

respectively. Cu doping in BSNC/rGO results in significantly larger average crystallite sizes 

for Cu-BSNC/rGO. 

 

2.2.3.2 Morphology, structure and composition analysis 

 

2.2.3.2.1 SEM & TEM analysis: 

 

 
 

Fig. 2.2.4: SEM image of (a) 1D-Bi2S3/rGO [BSNC/rGO], (b) (1%) Cu-doped 1D-

Bi2S3/rGO [(1%) Cu-BSNC/rGO] with a magnified image in the inset. TEM image of (c) 

1D-Bi2S3 rod-shaped nanocapsules [BSNC] (d) 1D-Bi2S3/rGO [BSNC/rGO], (e) (1%) 

Cu-doped 1D-Bi2S3/rGO [(1%) Cu-BSNC/rGO], (f) HR-TEM image of one 1D- Bi2S3 

nanocapsule (inset shows the SAED patterns) 

 



83 

 

To examine the morphological properties of nanomaterials as-prepared, SEM and TEM are 

utilized. The TEM picture of Fig. 2.2.4(c) clearly displays the rod-shaped nanocapsule 

structure of 1D-Bi2S3. This structure has an average length of 150–170 nm and width of 30–

50 nm. The rod-shaped nanocapsules 1D-Bi2S3 are embedded in the sheets of rGO, as seen in 

the SEM image of Fig. 2.2.4(a) and clearly visible in the TEM image of Fig. 2.2.4(d) [183, 

184, 188, 207]. Fig. 2.2.4(b) demonstrates that the (1%) of Cu-doped Bi2S3 attached firmly to 

the surface of rGO, suggesting close contact between the two. The TEM picture in Fig. 

2.2.4(e) further demonstrates this intimate interaction. SEM and TEM images show a strong, 

interconnected network with rGO formed by the well-attached Bi2S3 rod-shaped nanocapsule 

to Cu nanoparticles. This could lead to enhanced selective photocatalytic reduction of CO2 to 

methanol and play a significant role in interfacial charge transfer upon visible light 

irradiation. Moreover, EDX displays the elemental analysis of 1% Cu-doped Bi2S3/rGO with 

an atomic ratio of 1:1 for Bi:Cu in Fig. 2.2.4(b). The proper incorporation of C and Cu into 

rod-shaped Bi2S3 nanocapsules is ensured by their existence. The d-spacing of (200) crystal 

plane of the orthorhombic Bi2S3 is displayed in Fig. 2.2.4(f) [208]. This implies that the 

preferred [001] orientation is followed by the formation of Bi2S3 nanocapsules [206,207]. The 

single-crystallinity of the synthesized 1D-Bi2S3 [188] is indicated by the bright spots in the 

SAED pattern [inset of  picture Fig. 2.2.4(f)]. Additionally, 2% Cu-doped Bi2S3/rGO is 

analyzed by EDX [Fig. 2.2.4(g)]. 

 

 

 

Fig. 2.2.4 (g): EDX analysis of (2%) Cu-BSNC/rGO [(2 wt%) Cu doped Bi2S3/rGO] 
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2.2.3.2.2 XPS analysis: 

The synthesised materials' surface chemical characteristics and surface electronic states are 

ascertained by the use of X-ray photoelectron spectroscopy (XPS). To look into the change in 

binding energy, which shows the excitation of the electrons under the experimental 

conditions, XPS analysis is performed on (1%) Cu-(1D) Bi2S3/rGO. Fig. 2.2.5 shows that the 

addition of copper led to increased efficiency and easier electron defusing. The whole 

spectrum can be further deconvoluted into six individual peaks in the Bi 4f and S 2p XPS 

studies [Fig. 2.2.5(a)]. The peaks at binding energies of 159.5 eV and 164.82 eV correspond 

to the 4f7/2 and 4f5/2 orbital splittings of the Bi3+ state, respectively, and the peaks at 160.2 eV 

and 165.54 eV also represent the 4f7/2 and 4f5/2 orbital splittings of the Bi3+x state. 

Furthermore, the orbital splittings of S 2p3/2 and S 2p1/2 are represented by the two tiny peaks 

that are visible at 162.10 eV and 163.27 eV, respectively. The whole spectrum in the high-

resolution Cu 2p photoelectrons spectra shown in Fig. 2.2.5(b) may be deconvoluted into 7 

peaks.  The Cu 2p3/2 and Cu 2p1/2 orbital splitting of Cu0 or Cu+ species is represented by the 

strong peaks at 932.11 eV and 951.89 eV, whereas the Cu 2p3/2 and Cu 2p1/2 orbital splitting 

of Cu2+ ions in the sample is represented by the lower peaks at 932.85 eV and 952.52 eV. The 

Cu 2p3/2 and Cu 2p1/2 orbital splitting of any copper carbonate or copper dihydroxide present 

in the sample is responsible for the extremely low peaks at 934.80 eV and 954.47 eV. The 

satellite peak is located at 948.56 eV. This demonstrates that copper, which is mostly in the 

Cu+ state, engages in the reaction instead of the Cu2+ state. As seen in Fig. 2.2.5(c), the high-

resolution XPS spectra of C1s may be deconvoluted into three peaks. 

 

2.2.3.3 Optical characterization 

2.2.3.3.1 UV-Vis analysis: 

The optical response findings of the synthesised pure Bi2S3 rod-shaped nanocapsule (BSNC), 

BSNC/rGO, and various copper doping percentages into BSNC/rGO composites are 

displayed in Fig. 2.2.6(a) with the aid of UV-Vis diffuse reflectance analysis. In comparison 

to pure 1D-BSNC, BSNC/rGO exhibits an augmentation of its absorbance in the visible 

region. It is also possible to detect that Cu loading in 1D-BSNC/rGO nanocomposites leads to 

an increase in absorbance in the visible area. The increase in absorbance in the visible range, 

seen in Fig. 2.2.6(a), is on the order of (1%) 2 percent Cu-BSNC/rGO> (0.5 percent Cu-
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BSNC/rGO> BSNC/rGO> (1 percent Cu-BSNC> pure BSNC). Moreover, the best 

absorbance peak is seen  

 

Fig. 2.2.5: Core level XPS scan of (a) Bi 4f & S 2p, (b) Cu 2p, (c) C 1s, (d) O 1s, (e) 

Survey scan of X-ray photoelectron spectra (XPS) of (1%) Cu-doped 1D-Bi2S3/rGO 

nanocomposite, and (f) EIS curves of pristine BSNC, BSNC/rGO, and Cu-BSNC/rGO 

series catalysts 
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Fig. 2.2.6: (a) UV-Vis diffuse reflectance spectra, (b) Estimated band gap energy (eV) by 

the Tauc plot of BSNC, BSNC/rGO, (1%)Cu-BSNC, (0.5%)Cu-BSNC/rGO, (1%)Cu-

BSNC/rGO, and (2%)Cu-BSNC/rGO, (c) FTIR spectra of GO, BSNC, BSNC/rGO, 

(1%)Cu-BSNC/rGO, (0.5%)Cu-BSNC/rGO and (2%)Cu-BSNC/rGO. (d) The 

photoluminescence spectra (PL) of BSNC, (0.5%)Cu-BSNC/rGO, (2%)Cu-BSNC/rGO 

and (1%)Cu-BSNC/rGO respectively at excitation wavelength of 270 nm 

 

in the 300–600 nm range in the (1%) Cu-BSNC/rGO composite. Additionally, it can be 

shown from Fig. 2.2.6(b) that when the amount of copper in 1D-Bi2S3 rod-shaped nano-

capsules and rGO composites increases, the bandgap energy decreases.The tauc plot equation 
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(2.2.2) is used to estimate the bandgap energies of all synthesised nano-catalysts, as seen 

below. 

                                           [𝛼ℎ𝜈] =  𝐴[ℎ𝜈 − 𝐸𝑔]
𝑛

2                                                                   (2.2.2) 

 

where n is 1 for direct bandgap and 4 for indirect bandgap of semiconductors, c is the speed 

of light, v is its frequency, A is the absorption coefficient, and Eg (eV) is the bandgap  of 

photocatalyst. Table 2.2.1 displays the estimated bandgap energies of all synthesised photo-

catalysts. 

 

Table 2.2.1 - Estimated values of band gap energy of synthesized nanomaterials 

Name of photocatalyst         Absorption Edge (nm)    Calculated Band gap energy (eV) 

(i) BSNC 530.2 1.70 

(ii) BSNC/rGO  610.6 1.51 

(iii) (1%)Cu-BSNC 552.5 1.62 

(iv) (0.5%)Cu-BSNC/rGO 649.8 1.47 

(v) (1%)Cu-BSNC/rGO 706.5 1.36 

(vi) (2%)Cu-BSNC/rGO 478.0 1.82 

 

 

2.2.3.3.2 FTIR analysis: 

The FTIR spectra of the following nanocomposites are displayed in Fig. 2.2.6(c): GO, BSNC, 

BSNC/rGO, (1%) Cu-BSNC/rGO, (0.5%) Cu-BSNC/rGO, and (2%) Cu-BSNC/rGO. The O-

H stretching vibration, which correlates to the samples' interior water molecules, is 

responsible for the peak at 3444 cm-1. The GO exhibits many peaks in Fig. 2.2.6(c), which 

correspond to the C=O, C=C, C–OH, C–O–C, and C–O stretching vibrations, respectively, at 

1737, 1624, 1370, 1219, and 1068 cm-1 [178, 183, 191, 193]. The peak intensity of the 

oxygenic groups in BSNC/rGO composites is lower than that of GO, and it vanishes for Cu 

doping in BSNC/rGO, indicating that GO is entirely reduced as the hydrothermal process 

proceeds. The interaction between rGO and a 1D-Bi2S3 rod-like nanocapsule may be the 

cause of the broad absorption peak seen between 1100 and 823 cm-1[205, 210]. It is possible 
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that the interaction between rGO and copper-doped 1D-Bi2S3 rod-like nanocapsules is 

responsible for the tiny absorption peak seen at 596 cm-1. 

2.2.3.3.3 Photoluminescence (PL) spectra & EIS analysis: 

A semiconductor's photocatalytic activity is determined by measuring the photogenerated 

electron-hole separation in addition to its UV-Vis spectra. At an excitation wavelength of 270 

nm, the PL analysis of the following nanocomposites is carried out: BSNC, (0.5%) Cu-

BSNC/rGO, (2%) Cu-BSNC/rGO, and (1%) Cu-BSNC/rGO. The emission spectra are shown 

in Fig. 2.2.6(d). It is commonly recognised that PL spectra may show the processes of 

migration, transfer, and recombination of photogenerated electron-hole pairs in 

semiconductors due to the recombination of free carriers. A greater rate of photogenerated 

charge carrier recombination would be implied by the rise in PL intensity [193].Fig. 2.2.6(d) 

illustrates that the photocatalyst Cu-BSNC/rGO (1%) exhibits a comparatively weaker peak 

when compared to the copper-doped and undoped Bi2S3 rod-shaped nano-capsules. The 

finding indicates that the interface formed between the 1D-Bi2S3 rod-shaped nanocapsule 

(BSNC) and rGO, which transports electrons and minimises charge carrier recombination, 

greatly reduces the photogenerated electron-hole pair[195, 205, 208]. In this case, copper is 

also crucial to the decrease in charge carriers [214,222]. 

In addition, the excited electron travels through the photocatalyst's internal band to the empty 

electronic states of the rGO sheet through interfacial charge transfer phenomena, which 

lowers the photoluminescence intensity. This is because doped Cu ions create impurity levels 

between the VB and CB of BSNC. As the amount of copper doping in the sequence 

increases, the PL intensity is seen to change. (1%) Cu-BSNC/rGO < 2% rGO/Cu-BSNC < 

(0.5%)Cu-BSNC/rGO < BSNC, indicating that the (1%)Cu-BSNC/rGO nanocomposites have 

the lowest rate of electron hole pair recombination, which has increased the photocatalytic 

activity. EIS analysis is done to validate the PL result. The EIS Nyquist plot of the 

photocatalysts for BSNC, BSNC/rGO, (0.5%)Cu-BSNC/rGO, (1%)Cu-BSNC/rGO, and 

(2%)Cu-BSNC/rGO is displayed in Fig. 2.2.5(f). The arc radii of the photocatalysts that are 

(0.5%)Cu-BSNC/rGO, (1%)Cu-BSNC/rGO, and (2%)Cu-BSNC/rGO are lower than those of 

BSNC and BSNC/rGO, as can be shown in Fig. 2.2.5(f). The (1%)Cu-BSNC/rGO 

photocatalyst has the shortest arc radius of any Cu-doped sample, suggesting that Cu-doping 

can significantly reduce the charge transfer resistance. Better photocatalytic performance is 
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provided by the photocatalyst's increased conductivity, which also increases the separation 

efficiency of the photogenerated electrons and holes. 

 

2.2.3.4 Photocatalytic activity: 

Evaluations are made of the photocatalytic activity of rGO/Bi2S3, pure Bi2S3 rod-shaped 

nanocapsules, and various weight percentages of Cu-doped BSNC/rGO nanocomposites. 

GCMS is used to evaluate the byproducts of photocatalytic CO2 reduction during 10 h of 

visible light illumination. It is discovered (Fig. 2.2.7) that employing synthesised varying 

weight percentages of Cu-doped 1D-BSNC/rGO nanocomposites, the methanol is generated 

as a 100% selective product. For the various weight percentages of Cu-doped BSNC/rGO 

nanomaterials, no other products, such as formaldehyde, ethanol, or formic acid, are found in 

the liquid phase; instead, as illustrated in Fig. 2.2.7 (a), a very small amount of formic acid is 

found in the liquid phase reaction using the Bi2S3 rod-shaped nano-capsules and rGO/Bi2S3 as 

the photocatalyst. Bi2S3 rod-shaped nanocapsules have a low conduction band potential, 

which prevents the detection of gaseous products during CO2 photoreduction. Using a 1D-

Bi2S3 rod-shaped nano-capsule photocatalyst, the GCMS analysis of CO2 reduced products 

comprising methanol and formic acid is displayed in Fig. 2.2.7 (b). The generation rates of 

methanol and formic acid for Bi2S3 nano-capsules are 3.089 μmol gcat.
-1 h-1 and 77.23 μmol 

gcat.
-1 h-1, respectively. The results of m/z = 32.97 and 46.74, respectively, for a retention 

period of 1.54 min in Fig. 2.2.7 (b) clearly show the production of methanol and formic acid.  

When rGO is added to Bi2S3, the rate of methanol synthesis increases to 102.06 μmol gcat.
-1 h-

1; on the other hand, the rate of formic acid production decreases to 2.3169 μmol gcat.
-1 h-1 

(which is in line with Fig. 2.2.7 (c)), as the intensity of the peak at m/z=46.74 (formic acid) is 

reduced. The selective methanol synthesis as a CO2 photo-reduced product is demonstrated in 

Fig. 2.2.7 (d) and 2.2.7 (e), thanks to the photocatalytic activity of a 1 percent Cu-doped 

Bi2S3/rGO nano-catalyst. The absence of a peak at m/z= 46.74 indicates that formic acid 

generation is not present. The little peak in Fig. 2.2.7 (d) at m/z= 44.88 indicates that a tiny 

quantity of CO2 is absorbed by the examined material.  Referencing Fig. 2.2.7(f) in the 

accompanying document, GCMS analysis identifies methanol and formic acid as 

photocatalytic CO2 reduction products in the liquid phase, corroborated by the photocatalytic 

activity research of (1%) Cu-BSNC. (0.5, 1, and 2 wt%) Cu loading produces methanol with 

selectivity; (1%) Cu-doped Bi2S3/rGO photo-catalyst produces the highest methanol 

production rate, which is seen in Fig. 2.2.7(a) and is around 719 μmol gcat.
-1 h-1. A 
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comparison is made between the pure methanol grade and the purity of methanol obtained by 

photoreduction of CO2 to methanol (m/z= 32.83); Fig. 2.2.7(e) illustrates the large peak for 

methanol at 1.55 min retention time for both cases. The pure methanol grade is indicated by 

the red curve in this Fig. 2.2.7(e). Fig. 2.2.7 illustrates how Cu doping of Bi2S3/rGO beyond 

the optimal loading decreases the photoexciting capacity of Bi2S3/rGO and results in less 

methanol being generated. On the other hand, increased Cu loading increases the number of 

active sites on the catalyst surface, which is favourable to the methanol output. 

 

 

 

Fig. 2.2.7: (a) Analysis of selectivity and yield of methanol production for different 

photocatalysts 
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Fig. 2.2.7: (b) GCMS analysis image of BSNC [Bi2S3 rod-shaped nanocapsules] 

 

 

Fig. 2.2.7: (c) GCMS analysis image of BSNC/rGO [Bi2S3/rGO] 
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Fig. 2.2.7: (d-e) GCMS analysis images of (1%) Cu-BSNC/rGO [(1 wt%)Cu doped 

Bi2S3/rGO] 
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Fig. 2.2.7: (f) GCMS analysis image of (1%) Cu-BSNC 

 

When employing a (1%) Cu-doped Bi2S3/rGO photocatalyst for CO2 photoreduction, the rate 

of methanol production is significantly greater than the production values reported in the 

literature for various Bi2S3-based photocatalysts (see Table 2.2.2). (1%) Cu-doped Bi2S3/rGO 

photocatalyst produces the methanol production rateof 215.174 µmol gcat.
-1 h-1 at 420 nm. At 

420 nm, the apparent quantum yield (AQY) [227] of 1.62% is found for a Bi2S3/rGO 

photocatalyst that is 1 percent Cu-doped. The limited methanol production rate (77.23 μmol 

gcat.
-1 h-1) is attributed to some flaws in the rod-shaped Bi2S3 nanocapsules. By capturing 

electrons from the Bi2S3 conduction band and reducing the charge recombination process, 

loading copper into Bi2S3 rod-shaped nanocapsules improves their photocatalytic 

performance. This increases the electron availability for CO2 reduction and makes the CB 

potential of Cu-doped Bi2S3 rod-shaped nanocapsules/rGO more negative than the redox 

potential of methanol. Under illumination, the photoinduced electrons can reduce CO2 into 

CH3OH. As for Bi2S3 [BSNC], the comparable inaccuracy is 0.04%, whereas the percentage 

of area beneath the GCMS peak at retention time 1.54 min is 99.96% [Fig. 2.2.7(b)]. The 

equivalent error for Bi2S3/rGO [BSNC/rGO] is 0.03%. The percentage of area beneath the 

GCMS peak at retention time 1.54 min is 99.97% [Fig. 2.2.7(c)]. However, the percentage of 
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area under the GCMS peak at retention time 1.55 min for (1 wt%) Cu-doped Bi2S3/rGO 

[(1%) Cu-BSNC/rGO] is 100% [Fig. 2.2.7 (d) & (e)], which is perfectly matched with the 

pure sample, demonstrating 100% selectivity accomplishment. Fig. 2.2.7(f) shows the GCMS 

analysis image of (1%) Cu-BSNC. 

 

2.2.3.5 Mechanism: 

The activation of CO2 on the catalyst surface to produce a surface-bound metastable radical 

anion (.CO2
-) is the first stage in photocatalysis. The reduction process then occurs by a 

sequence of sequential processes that include breaking C-O bonds and forming new C-H 

bonds, as well as transferring electrons, protons, and/or hydrogen radicals (.H). Depending on 

how CO2 binds to the catalyst surface, the creation of CH3OH may follow the formaldehyde 

formation pathway. According to the formaldehyde pathway, water, a medium with a high 

dielectric constant, favours the formation of HCOOH when the.CO2
- and.H radicals 

recombine. Next, the HCOOH interacts with another.H to create a dihydroxymethyl radical 

(.CH(OH)2), which when another binds to it dehydrates.From H to HCHO. Further reduction 

of HCHO results in the formation of CH3OH. The better capabilities of 1D Bi2S3 with doped 

Cu 2p in the photocatalytic reduction of CO2 are further supported by comparing the 

experimental results with those from previous experiments [194,202,219–222]. When 

compared to the undoped Bi2S3 catalysts, Table 2.2.1 clearly illustrates how much better the 

transition metal doped Bi2S3 catalysts' catalytic performance is. In addition, the doped 

catalysts contribute to a higher yield of hydrocarbon compound selective synthesis. These 

findings are significantly better than those of the previous investigations. Along with the 

doping effect of the Cu 2p, the application of the 1D Bi2S3 rod-shaped nanocapsules 

enhanced the catalytic areas and catalytic active sites, which in turn raised the photocatalytic 

efficiency. 

In this work, Cu acts as an electron trapping element to prevent the recombination of holes 

and electrons (as shown by PL spectra), and the quick transfer of excited electrons improves 

the separation of electrons and holes [219]. As a result, it is simple to transfer the 

photogenerated electron from the conduction band of the Cu-doped (1D) Bi2S3 nanocatalyst 

to the rGO nanosheets, which prevents electron-hole pair recombination and speeds up 

electron transport to the active catalytic sites for CO2 photoreduction. The rGO is prone to 

adsorb CO2 because of its vast surface area and numerous faulty spots [221]. 
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𝐶𝑢 − 𝑑𝑜𝑝𝑒𝑑
(1𝐷)𝐵𝑖2𝑆3

𝑟𝐺𝑂
ℎ𝜈
→ 

ℎ+(𝑉𝐵, 𝐶𝑢 − 𝑑𝑜𝑝𝑒𝑑(1𝐷)𝐵𝑖2𝑆3) + 𝑒−(𝑟𝐺𝑂)               (2.2.3) 

𝐶𝑂2 + 𝑒−  → ∙ 𝐶𝑂2−(𝑎𝑑)                                                                                               (2.2.4) 

𝐻2𝑂 + ℎ+  → ∙ 𝑂𝐻 + 𝐻+                                                                                                (2.2.5) 

𝐻+ + 𝑒−  →  ∙ 𝐻(2.2.6) 

∙ 𝐶𝑂2−(𝑎𝑑) + 2𝐻+ + 𝑒−  →  𝐻𝐶𝑂𝑂𝐻(2.2.7) 

HCOOH + 2H+ + 2e−  →  HCHO +  H2O                                                                            (2.2.8) 

HCHO + H+ + e−  →  H2  ∙ COH                                                                                              (2.2.9) 

H2  ∙ COH + H+ + e−  →  CH3OH                                                                               (2.2.10) 

 

CO2 +  6H+ + 6e−  →  CH3OH                                                                                           

 

 

Fig. 2.2.8: Schematic representation on mechanism of photocatalytic reduction of CO2 

into methanol using (1%) Cu-doped Bi2S3/rGO nanocatalysts under the visible light 

irradiation 

To achieve the selectivity of product synthesis, the photogenerated electrons on Cu-Bi2S3 are 

accumulated at the catalytic sites of rGO and reduce the adsorbed CO2 into the methanol. 

Protons (H+) are eventually produced by oxidizing the water molecules due to an 
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accumulation of photogenerated holes, as seen in Fig. 2.2.8. By interacting with 6 mol of 

photogenerated electrons, 1 mol of CO2 and 6 mol of H+ are reduced to 1 mol of methanol 

and 1.5 mol of oxygen. The many photo-catalytic methods for CO2 reduction that have been 

documented in the literature to produce methanol are shown in Table 2.2.2. 

 

Table 2.2.2– Comparison of the yield & selectivity of methanol production for various 

photocatalysts with the performance of the present works 

   Photocatalyst                Reaction Medium      Products & Yields                Reference 

                                                                                (μmol gcat
.-1 h-1)         

Bi2S3-SAR 

Bi2S3 QD/TiO2 

 

Bi2S3/CdS 

Bi2S3/TiO2 

rGO–CuO 

rGO–Cu2O 

WS2@Bi2S3 

ZnFe2O4/ 

TiO2 (1:1.5) 

rGO@CuZnO@Fe3O4 

Cu-(1D) Bi2S3/rGO 

CO2/Water 

CO2/isopropanol 

CO2/Water 

CO2/Water 

DMF/Water 

DMF/Water 

CO2/Water 

CO2/Water 

 

DMF/Water 

 

CO2/Water  

CH3OH: 25.94 

CH3OH: 1169.15 

 

CH3OH: 122.6 

CH3OH: 44.92 

CH3OH: 51.167 

CH3OH: 35.92 

CH3OH: 9.55 

C2H5OH: 6.95 

CH3OH: 95.89 

CH3OH: 110.6 

CH3OH: 719.0  

223 

224 

 

225 

226 

227 

227 

228 

229 

 

230 

This work 

 

 

 

2.3 Conclusion 

The rGO-Bi2S3/CuO S-scheme heterojunction photocatalyst is prepared by hydrothermal 

method. The joint effects of rGO and CuO increased the photo-absorbance power of Bi2S3 

nano-hollow flower in the visible range of the solar spectrum. The rGO-Bi2S3/CuO S-scheme 

heterojunction photocatalyst exhibits the photocatalytic CO2 reduced products comprising 

methanol (423.52 μmol gcat.
-1 h-1) and formic acid (17.48 μmol gcat.

-1 h-1) and this 

photocatalyst also improves the selectivity of methanol to 98.6%. Additionally, the 
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absorption edge (652.4 nm) shifting to the visible spectrum, a promising band gap (1.75 eV) 

and the effective charge carrier separation may indicate that rGO and CuO create new 

photoinduced reactive zones in the interface layer for charge carriers to improve the 

photocatalytic activity.  

Further to achieve 100% selectivity of specific product (methanol) Cu-doped (1D) Bi2S3 rod-

shaped nanocapsules/rGO nanocomposites with variable (wt%) Cu concentration are made by 

hydrothermal method. The procedure involves converting GO to rGO and adding Cu to (1D) 

Bi2S3 rod-shaped nanocapsules at the same time. The combined impacts of Cu and rGO 

enhanced the spectral responsiveness of (1D) Bi2S3 nanocapsules to the visible portion of the 

solar spectrum, as demonstrated by UV-vis spectroscopy. Further evidence that both Cu 

doping and the presence of rGO lower the rate of electron hole pair recombination is shown 

by photoluminescence spectra. The best active photocatalyst for selective photoreduction of 

CO2 to methanol is determined to be (1%) Cu-doped (1D) Bi2S3/rGO, which exhibits the 

lowest band gap (1.36 eV) and least rate of recombination among all the synthesized 

photocatalysts. The improved light absorption and efficient charge carrier separation may be 

indicators of the enhanced photocatalytic activity because of the loading of rGO and Cu, 

which is crucial to the doping process in order to create new reactive sites for charge carriers 

within the band gap. The increased CO2 photoreduction caused by the band gap tuning 

achieved by Cu doping in rGO leads to the formation of CO2 trapping sites. The maximum 

yield of selective photoreduction of CO2 to methanol at around 719 μmol gcat.
-1 h-1 is achieved 

through increased hybridization and proper adjustment of the Cu-doped photocatalyst, as 

demonstrated in this work. The purity and selectivity of the product are further demonstrated 

by the GCMS measurement of the photoreduction of CO2 to methanol. 
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Chapter 3 

 

Synthesis, characterization and photocatalytic 

performance study of Cu-doped 2D-Bi2MoO6 

nanoribbon/rGO photocatalyst for selective photo-

reduction of CO2 to ethanol. 

 

Highlights: 

 A novel hydrothermally-produced two-dimensional (2D) Bi2MoO6nanoribbon/rGO 

composite doped with varying weight percentages of copper (Cu) (1, 2, 3, and 4%), is 

synthesized. 

 

 The photocatalyst shows enhanced absorption edge of visible light at 730 nm, the 

smallest band gap of 2.02 eV, and the lowest rate of electron-hole pair recombination 

 

 The optimum 2 weight % Cu doped two-dimensional (2D) Bi2MoO6nanoribbon/rGO 

photocatalyst offers an enhanced yield of selective ethanol production of 133.10 µmol 

gcat.
-1 h-1with 100% selectivity and 0.337% apparent quantum yield. 
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3.1. Introduction 

Recently, Bi-based semiconductor photocatalysts being rich in earth elements have been 

considered as promising photocatlytic composites, in which the Bi 6s orbital has capacity to 

reduce the band gap energy and mobilise of photogenerated charge carriers. A variety of Bi-

based semiconductors, such as BiVO4, Bi2S3, Bi2O3, etc., have been studied exclusively for 

photocatalytic applications [231-235]. Among them, a typical Aurivillius oxide-Bismuth 

Molybdate (Bi2MoO6) as an economical, non-toxic, corrosion-resistant, and efficiently stable 

n-type semiconductor possesses a unique structure and  also contains (Bi2O2)
2+ and (MoO4)

2--

layers with O atoms bridging between the layers, which facilitates its wide application as 

photocatalysts, supercapacitors, energy storage devices, and degradation of organic 

contaminants [235-238]. 0D/1D/2D Bi2MoO6 photocatalyst with visible light absorption 

capacity, good electron conductivity, abundant adsorption sites, and a suitable band gap (2.4-

2.8 eV) also has the capability for the reduction of CO2 photocatalytically to the renewable 

fuels like formic acid, methane, ethane, methanol, ethanol (C2H5OH), etc. However, the slow 

migration speed and fast recombination rate of photoinduced electron/hole pairs and the 

insufficient reduction potential of CB (-0.28 V vs. NHE) for pristine Bi2MoO6 under the 

illumination of the visible light spectrum restrict its widespread application. Additionally, in 

addition to the high rate of recombination of photogenerated charge carriers, unstable 

interactions between CO2 molecules and the 0D/1D Bi2MoO6 surface result in less use of 

reactive adsorbed species and ineffective displacement of reaction products/inactive 

intermediates, which generally reduces the photocatalytic CO2 conversion rate and the 

selectivity of the CO2 photo-reduced product of the Bi2MoO6 photocatalyst[239-241]. 

To overcome this shortcoming for improving the photocatalytic performance of 

semiconductor materials, several strategies have been incorporated, such as band structure 

modification, morphology modification, and defect engineering. The photocatalytic 

properties of Bi2MoO6 strongly depend on its structure and morphology [242-245]. 

According to the review, Bi2MoO6 can take on several forms, including hollow spheres, 

nanoparticles, nanoplates, nanosheets, nanotubes, and nanospheres. Among them, two-

dimensional (2D) Bi2MoO6 [2D-Bi2MoO6] nanosheets provide a more specific surface area, 

which generates more surface active sites for CO2 adsorption and activation [245-249]. 2D-

Bi2MoO6 nanosheets also contain exposed atoms on the surface to generate suitable vacancies 

or defects, which can trap electrons and expedite the photoreduction of CO2 to renewable 

fuels. 2D-Bi2MoO6 nanosheets also have a thin layer, which actually reduces the migration 
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distance of photo-generated carriers. Thus, two-dimensional (2D) structures of Bi2MoO6 

increase the performance of photocatalytic CO2 reduction compared with other structures like 

0D or 1D Bi2MoO6. Herein, novel synthesised 2D-Bi2MoO6nanoribbon-like structures are 

considered the primary photocatalyst for photoreduction of CO2 in this work[250-253]. 

Due to its exceptional physicochemical features, reduced graphene oxide (rGO) or graphene, 

is one of the carbon-based nanomaterials with a unique two-dimensional sp2-hybridized 

carbon structure. As such, it has drawn a lot of attention in the photocatalytic sector. 

Graphene or reduced graphene oxide (rGO) nanosheets in particular have great thermal or 

chemical stabilities, remarkable mechanical and structural flexibility, a huge surface area, and 

high electrical conductivity [254–256]. According to scientific reports, metal oxide 

composites based on graphene or reduced graphene oxide could make highly effective 

photocatalysts. This is because metal oxide and graphene have exceptional synergistic effects 

that make them suitable for a wide range of applications, including photocatalysis. In addition 

to providing a platform for the growth of 2D-Bi2MoO6 nanosheets, rGO-based semiconductor 

photocatalysts also functioned as an efficient electron acceptor, separating photo-excited 

electrons and holes at the interface of the junction and facilitating the adsorption of a certain 

amount of chemical molecules on the surface of the photocatalyst [256-260]. 

In this study, we have successfully synthesised 2D-Bi2MoO6nanoribbon-like structures on 

rGO sheet by adopting the hydrothermally treating techniques. Using the photocatalytic CO2 

reduction method, the photocatalytic performance investigation of 2D-

Bi2MoO6nanoribbons/rGO composites have been carried out. The combined action of the 2D-

Bi2MoO6nanoribbons and rGO sheet is likely the reason why the 2D-Bi2MoO6nanoribbons–

rGO composites show stronger photocatalytic activity than the bare 2D-

Bi2MoO6nanoribbons. However, the photoreduced product's improved yield and selectivity 

have not yet been attained.  

In reality, a number of factors, including photon energy, photoinduced charges, the 

photocatalyst's tunable CB and VB edge, its active zones, the reactants' and intermediates' 

increased adsorption/ absorption capacity, and the product's desorption from the catalyst 

surface, influence how CO2 can be selectively reduced by photocatalysis to a particular 

hydrocarbon product. Here, selectivity in the photocatalytic reduction of CO2 is enhanced by 

the presence of photogenerated charge density, which is mainly provided by surface reactive 

sites with improved reactant adsorption and intermediate product stability. The degree of CO2 
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adsorption in this photocatalytic reduction process is explained by the relative concentrations 

of the basic and acidic surface sites [261-262]. The photocatalytic activity of reduced 

graphene oxide (rGO) based composites is significantly increased by further doping with 

noble metals as Cu [263], Mo [264], Ag [265], or Zn [266]. By creating potent active 

adsorption sites that speed up the selective photo-reduction of CO2, transition metal Cu is 

added to metal oxide photocatalysts to boost their capacity to capture CO2. Usually, Cu being 

the transition metal can generate adequate binding sites to increase the adsorption of CO2 and 

accelerate the performance of the photocatalyst for photoreduction of CO2, unlike other metal 

oxide sites. For this reason, a great deal of research is being done on inexpensive copper 

(Cu)-based semiconductors, such as metal Cu, which is widely distributed throughout the 

crust of  Earth and can be thought of as the most favourable options for selective 

photocatalytic reduction of CO2 into CO, formic acid, methanol, methane, ethanol, etc. Since 

the difference in reduction potential of Cu2+ is greater than the photocatalysts' conduction 

band edge, there is a chance that copper ions may trap electrons, which is why this occurs. 

The trapped Cu2+ electrons of photocatalyst can then donate their electrons to the CO2 

reaction with the reductant, achieving an enhanced yield through selective production of the 

renewable fuel [267-271]. 

 

The specific objectives of this chapter are enlisted below: 

i. Design and synthesis of visible light responsive2D-Bi2MoO6nanoribbon 

photocatalysts by incorporating fixed rGO concentration for enhancing the yield of 

CO2 reduced products. 

ii. Modification of 2D-Bi2MoO6nanoribbon/rGO photocatalysts by different percentage 

of Cu doping (1%, 2%, 3%, and 4%) to get optimal Cu doping for achieving the 

highest yield ofspecific product selective CO2 reduction. 

iii. Characterization of all synthesized photocatalysts by XRD, SEM, TEM, EDX, FTIR, 

EIS, BET, and XPS. 

iv. Photocatalytic performance study of synthesized doped and undoped nano-composite 

photocatalysts. 

v. Prediction of mechanism of CO2 photo-reduction.  

 

The major research problem is addressed in this chapter; the problem definition is as follows: 
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 Problem definition: 

Synthesis, characterization and photocatalytic performance study of Cu-doped 2D-

Bi2MoO6nanoribbon/rGO photocatalyst for selective photo-reduction of CO2 to ethanol. 

 

3.2. Experimental section 

 

3.2.1. Materials: 

The chemicals including bismuth nitrate pentahydrate (Bi(NO3)3.5H2O), sodium molybdate 

dihydrate (Na2MoO4.2H2O), sodium bicarbonate (NaHCO3), copper nitrate trihydrate 

(Cu(NO3)2.3H2O), deionised water, and other compounds have been acquired from Sigma-

Aldrich. Additional chemicals (reagent grade) acquired from Merck include ethylene glycol 

(C2H6O2), graphite flakes, potassium permanganate (KMnO4), sulphuric acid (H2SO4), 

hydrogen peroxide (H2O2), phosphoric acid (H3PO4), sodium hydroxide (NaOH), 

hydrochloric acid, and ethanol.All purchased chemicals have been utilised without any 

further purification. 

 

3.2.2. Synthesis of Cu doped 2D-Bi2MoO6/rGO 

3.2.2.1. Synthesis of pristine 2D-Bi2MoO6: 

In this synthesis procedure, 2.3 g of Bi(NO3)3.5H2O and 0.73 g of Na2MoO4.2H2O are mixed 

in 25 ml of ethylene glycol separately, under continuously stirring condition for 40 minutes. 

After that, the complete dissolved of Na2MoO4.2H2O in ethylene glycol, the mixture is 

poured drop wisely in the mixture of Bi(NO3)3.5H2O and ethylene glycol under stirring for a 

further 60 minutes and 20 ml deionised water is also added during stirring. The pH of the 

mixture solution is controlled to 10 by adding 2M NaOH solution drop wisely. Following 

that, the entire mixture solution is transferred into a stainless steel autoclave (Teflon lined 

stainless steel – 100ml), and kept in a muffle furnace for hydrothermal heating at 180°C for 

20 h. After cooling down the Teflon lined stainless steel autoclave, the entire synthesised 

yellowish solid composites are collected and performed centrifugation operation, and then the 

separated yellowish precipitate is washed several times with ethanol and double-distilled 

water. After washing, the precipitate is dried in a hot air oven under vacuum at 65°C for 24 h. 

After drying, pristine 2D-Bi2MoO6nanoribbon (BMONR) like structurecomposites have been 

discovered [239,244,246,249]. 
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3.2.2.2. Synthesis of 2D-Bi2MoO6/rGO: 

Graphene oxides (GO) [262] is synthesised following the modified Hummers method. In this 

typical method, 0.05 g weight of the previously synthesised GO samples are uniformly mixed 

in deionised water by ultrasonication of 90 minutes for exfoliating the GO sheets. Separately 

prepared solutions of 2.3 g of Bi(NO3)3.5H2O and 0.73 g of Na2MoO4.2H2O in 25 ml of 

ethylene glycol are mixed by aforementioned method and then the entire mixture is added 

into ultrasonicated GO solution for continuously stirring of another 60 minutes. Then the pH 

of the whole stirring solution is adjusted to 10 using a 2M NaOH solution. Then the 

aforementioned stirring solution is transferred in a stainless steel autoclave (Teflon lined 

stainless steel – 100ml) for hydrothermal heating in the muffle furnace at 180°C for 20 h. 

After cooling down the Teflon lined stainless steel autoclave, the entire synthesised 

composites is turned into greenish composites which are collected from autoclave and 

centrifugation operation is performed for separation of greenish composite and then the 

separated greenish precipitate is washed with ethanol and double-distilled water. After 

several times washing, the precipitate is dried in a hot air oven under vacuum at 65°C for 24 

h. Finally after drying, 2D-Bi2MoO6nanoribbon/rGO (BMONR/G) composites have been 

discovered for photocatalytic CO2 reduction study [256]. 

3.2.2.3. Synthesis of Cu doped 2D-Bi2MoO6: 

In this work copper nitrate trihydrate [Cu(NO3)2·3H2O] is used as precursor of Cu dopant. In 

a typical experiment, 2D-Bi2MoO6 and Cu(NO3)2·3H2O are dissolved into deionized water, 

respectively. The dissolved solutions are mixed according to synthesize 1, 2 and 3 wt% of Cu 

doped 2D-Bi2MoO6 nanomaterials. Here 1, 2 and 3 wt% are the weight ratios of Cu/2D-

Bi2MoO6, respectively. The pH value of the acquired solution is adjusted to 10 by adding 

sodium solution (2M NaOH). The prepared solution is put in an autoclave (Teflon lined 

stainless steel – 100ml) and transferred into furnace for hydrothermal heating at 180°C for 20 

h. When the temperature of the Teflon lined stainless steel autoclave reached to the room 

temperature, the formed product is collected and washed several times with ethanol and 

deionized water repeatedly and finally dried at 80°C for 14 h to acquire Cu doped 2D-

Bi2MoO6 (Cu-BMONR) photocatalysts 

3.2.2.4. Synthesis of Cu doped 2D-Bi2MoO6nanoribbon/rGO: 

In this present work the doping of Cu with different percentages is performed in a fixed 

weight ratio of 2D-Bi2MoO6nanoribbon/rGO (1:0.016) composites. To study the performance 
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of photocatalytic reduction of CO2 to C2-based product based on selectivity and yield of 

selective product, Cu doped 2D-Bi2MoO6nanoribbon/rGO composites (Cu-BMONR/G) 

aresynthesised with different percentages of Cu loading of 1, 2, 3 and 4 wt%, respectively. In 

this work as the source of Cu different weight of Cu(NO3)2.5H2O are dissolved in BMONR/G 

solution separately to get 1, 2, 3 and 4 wt% Cu doping, respectively.The pH of the mixed 

solution is maintained to 10 using a 2M NaOH solution. After 1 h stirring the mixture is 

poured in an autoclave (Teflon lined stainless steel – 100ml) and the autoclave is transferred 

into a furnace for hydrothermal heating at 180°C for 20 h.When the temperature of the Teflon 

lined stainless steel autoclave reached to the room temperature, the formed product is 

collected, centrifuged and washed several times with ethanol and deionized water repeatedly 

and finally dried at 80°C for 14 h in a hot chamber to acquire Cu doped 2D-

Bi2MoO6nanoribbon/rGO (Cu-BMONR/G) photocatalysts. The above mentioned synthesis 

process is showed in Fig. 3.1. 

 

Fig. 3.1: Schematic representation of synthesis process of 2%Cu doped 2D-

Bi2MoO6nanoribbon/rGO (2%Cu-BMONR/G) photocatalyst 

 

3.2.3. Photocatalytic activity evaluation: 

The photocatalytic activity of the produced photocatalysts BMONR, BMONR/G, Cu-

BMONR, and Cu-BMONR/G is examined using a 100-watt Xenon lamp of a solar simulator 

(94011A, Manual shutter, Newport Oriel LCS-100), equipped with an AM1.5G air mass 

filter, as the source of visible light source, where the light intensity is 100 mW/cm2 and the 

light area is 16.82 cm2. To evaluate the photocatalytic activity, 0.025 g of every photocatalyst 

is separately used in a 100-mL hollow-quartz tube reactor. Prior to light (full spectrum) 

irradiation, CO2 gas (99.9% pure) with a low flow rate is supplied into the degassed reactor to 

reach 1 atm pressure. The 80 ml of ultrapure water consisting of 0.5 M NaHCO3 acts as hole 

scavengers inside the quartz reactor to make a saturated CO2 absorbed solution and to achieve 
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maximum CO2 adsorption on the photocatalyst's active sites [225]. The entire process is 

carried out in the dark for 60 minutes under magnetic stirring conditions to eliminate all 

oxygen dissolved in the saturated solution. Following that, 0.025 g of photocatalysts are 

added to the aforesaid saturated solution, and the photocatalytic reaction is implemented for 8 

h at 20°C, under the full band light irradiation of the prescribed 100-watt Xenon lamp with 

constant stirring speed, which is manifested by Fig. 3.2. UV-protector arrangement is also 

used to allow mainly visible light to enter the photocatalytic reactor. 

 

Fig. 3.2: Schematic representation of the photocatalytic reactor setup for performance 

activity study of 2%Cu doped 2D-Bi2MoO6nanoribbon/rGO (2%Cu-BMONR/G) 

photocatalyst 

 

After 8 h illumination of light the photocatalytic CO2-reduced products are collected from the 

reactor solution by a thin pipe connected to the syringe, and the concentration of each product 

is determined by gas chromatography equipment: Agilent-7890A system and GC-FID and 

GC-TCD, with helium as the carrier gas. Blank reactions are carried out to ensure that the 

products are generated only as a result of photocatalytic CO2 reduction. In the absence of a 

photocatalyst, the whole experiment is carried out under the same operating circumstances. 

Secondly, the entire experiment is carried out in complete darkness in the presence of a 

photocatalyst under identical working circumstances. Thirdly, the blank experiment is 

performed under the illumination of a Xenon lamp and the presence of a photocatalyst in the 

photocatalytic quartz-reactor without purging CO2 gas. The pure grades of ethanol and 

methanol are also utilised for analysis to ensure the quality of the CO2-reduced product. The 

apparent quantum yield (AQY) has been measured under the irradiation of single band 420 

nm lights by using 420 nm band pass filter. The photocatalyst solution is irradiated by a 100 
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Watt Xenon lamp with a 420 nm band-pass filter for 4 h. To calculate the apparent quantum 

yield (AQY) of the product evolution, the following equation is used [271,272]. 

 

                  AQY = 
 Number of reacted electrons

Number of incident photons
 × 100                                                       (3.1) 

                            = 
Number of evolved ethanol (C2H5OH) molecules × 12

Number of incident photons
 × 100% 

 

3.3. Results and discussion 

3.3.1 Morphology, Structure, Crystal plane, Composition analysis: 

 

 

Fig. 3.3: SEM image of (a) 2D-Bi2MoO6nanoribbon (BMONR), (b) 2D-

Bi2MoO6nanoribbon/rGO (BMONR/G) with a magnified image in the inset and (c) 

2%Cu doped 2D-Bi2MoO6nanoribbon/rGO composites (2%Cu-BMONR/G) with a 

magnified image in the inset. TEM image of (d) 2D-Bi2MoO6nanoribbon (BMONR), (e) 

2D-Bi2MoO6nanoribbon/rGO (BMONR/G), and (f) 2%Cu doped 2D-

Bi2MoO6nanoribbon/rGO composites (2%Cu-BMONR/G) with a magnified image in 

the inset. (g) SAED patterns of 2%Cu doped 2D-Bi2MoO6nanoribbon/rGO composites 

(2%Cu-BMONR/G).(h) EDX spectrum and (i-m)corresponding EDX elemental 

mapping of 2%Cu doped 2D-Bi2MoO6nanoribbon/rGO composites (2%Cu-BMONR/G) 
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The scanning electron microscopic (SEM) and transmission electron microscopic (TEM) 

analysis have been conducted to analysis the morphology and nanostructure composition of 

as-prepared Bi2MoO6 (BMONR) composites. As shown in Fig. 3.3(a-c), the synthesized 

Bi2MoO6 has a two dimensional (2D) long nanoribbon like morphology and Cu doping and 

rGO incorporation however help 2D-Bi2MoO6 long nanoribbons to form uniform vertical or 

slanting arrays on the surface of rGO sheets, which is responsible for increasing the contact 

area or the exposed surface active zones to enhance the carbon dioxide adsorption.The long 

nanoribbon shaped structure of 2D-Bi2MoO6 with an average length of 200 nm –1μm and a 

width of 100-270 nm with the thickness of approximately 40-60 nm is clearly seen in the Fig. 

3.3(a & d) and such thin 2D structure can also act as a medium for rapid mobility of charge 

carriers [245,246].  In Fig. 3.3(b), the SEM image shows that the 2D-Bi2MoO6nanoribbons 

(BMONR) are embedded in the rGO sheets, which is also clearly visible in the TEM image 

of Fig. 3.3(e). In Fig. 3.3(c), the SEM image also shows the enhanced contact between the 

2%Cu doped 2D-Bi2MoO6nanoribbons (2%Cu-BMONR) and the crumpled rGO sheets, 

which is also perfectly seen in the TEM of Fig. 3.3(f). The inset TEM image of Fig. 3.3(d) 

shows the lattice fringe spacing (dspacing) of 0.313 nm assigned to the (131) plane of the 

orthorhombic phase of 2D-Bi2MoO6 (BMONR), which is also matched with the XRD 

analysis (Table-3.1). The inset TEM image of Fig. 3.3(e & f) also shows that the lattice fringe 

spacing (dspacing) is increased to 0.314 nm, assigning to the (131) plane of Bi2MoO6 due to 

successfully rGO loading and Cu doping, respectively, which can provide better charge 

separation, efficient electron transfer within the 2%Cu-BMONR/G structure compared with 

BMONR and BMONR/G; this enhances the selective photocatalytic reduction of CO2 to 

ethanol [224,228,267]. In Fig. 3.3(g), the SAED image confirms the single crystallinity (131) 

of the Cu doped 2D-Bi2MoO6 in 2%Cu-BMONR/G composites. In Fig. 3.3(h), EDX image, 

showing the elemental analysis of 2%Cu doped 2D-Bi2MoO6nanoribbon/rGO (2%Cu-

BMONR/G) composites, confirms the successful doping of 2%Cu and rGO loading in 

BMONR composite. In Fig. 3.3(i-m) the corresponding EDX elemental mapping of 2%Cu 

doped 2D-Bi2MoO6nanoribbon/rGO composites (2%Cu-BMONR/G) also confirm the 

presence and uniform distribution of C, O, Mo, Bi, and Cu element, respectively. 

3.3.1.1 XRD analysis: 

Fig. 3.4(a) shows the X-ray diffraction pattern (XRD) of all the as prepared samples. The 

XRD analysis of rGO, as shown in Fig. 3.4(a), exhibits two distinct peaks in the vicinity of 

2θ values of 24.17° and 42.58°. The peak located at approximately 24.17° corresponds to the 
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(002) crystal plane of rGO. In the case of Bi2MoO6 (BMONR), the XRD analysis exhibits 

several distinct peaks at 2θ values of 28.451°, 32.757°, 33.313°, 36.227°, 46.890°, 47.323°, 

55.674°, 56.438° and 58.631° which corresponded to the (131), (200), (060), (151), (202), 

(260), (331), (191) and (262) crystal planes, respectively, of orthorhombic Bi2MoO6 as per 

the standard card (JCPDS No.76-2388) [237,256,266]. 

 

Fig. 3.4: (a) XRD patterns of 2D-Bi2MoO6nanoribbon (BMONR), 2D-

Bi2MoO6nanoribbon/rGO (BMONR/G), (1%, 2%, 3%)Cu doped 2D-

Bi2MoO6nanoribbon (1%, 2%, 3%Cu-BMONR) and (1%, 2%, 3%, 4%)Cu doped 2D-

Bi2MoO6nanoribbon/rGO (1%, 2%, 3%, 4%Cu-BMONR/G). (b) XRD peak shifts 

corresponding to the crystal plane (131) of all synthesised composites. (c) XRD peak 

intensity enhancement corresponding to the crystal plane (131) of all synthesised 

composites. (d) XRD peak shifts corresponding to the crystal plane (331), (191), and 

(262), respectively of all synthesised composites 

 

The XRD analysis of the 2D-Bi2MoO6nanoribbon/rGO composite exhibits the characteristic 

peaks same as of 2D-Bi2MoO6 and rGO with low intensity because during synthesis very less 
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amount of GO (1.67% of total weight of Bi2MoO6) is taken for the hydrothermal treatment. 

Due to 2 wt% Cu doping in 2D-Bi2MoO6 composite the XRD analysis of the synthesised 

2%Cu-doped 2D-Bi2MoO6 composite exhibits the characteristic peaks same as the 

characteristic peaks of Bi2MoO6 with slightly decreased values of 2θ, which manifest that the 

Cu is successfully doped in 2D-Bi2MoO6 composite. In Fig. 3.4, the XRD diffraction pattern 

of the 2% Cu-doped 2D-Bi2MoO6nanoribbon/rGO (2%Cu-BMONR/G) composite exhibits 

several peaks at 2θ values of 28.375°, 32.697°, 33.223°, 36.158°, 46.825°, 47.238°, 

55.588°,56.340° and 58.535° corresponding to the (131), (200), (060), (151), (202), (260), 

(331), (191) and (262) crystal planes, which manifests that due to successfully doping of 

2wt% Cu in 2D-Bi2MoO6/rGO composite the characteristic XRD diffraction peaks of 2D-

Bi2MoO6/rGO (BMONR/G) and 2%Cu-doped 2D-Bi2MoO6 (2%Cu-BMONR)  composite are 

slightly shifted again towards lower values of 2θ in 2%Cu-doped 2D-Bi2MoO6/rGO 

composite. Thus incorporation of Cu and rGO in 2D-Bi2MoO6 does not change the structure 

of orthorhombic Bi2MoO6. In Fig. 3.4(b & d) the angle of 2θ of 2%Cu doped 2D-

Bi2MoO6/rGO corresponding to the (131), (331), (191) and (262) crystal planes decreases by 

increasing the corresponding interplanar spacing. Fig. 3.4(c) also shows the increased peak 

intensity of (131) crystal plane which indicates the higher degree of crystallinity of 2% Cu 

doped 2D-Bi2MoO6/rGO composite. This happens due to the increment in Cu doping 

percentage (2 wt%) with the termination of hydroxyl groups (-OH), which promotes greater 

interlayer spacing. The characteristic diffraction peaks of Cu and its oxide derivative and no 

other impurities are not observed in 2%Cu-doped 2D-Bi2MoO6/rGO (2%Cu-BMONR/G) 

composite due to the low wt% of Cu doping. 

Using XRD data of all the notable peaks, the Debye Scherrer equation [269] (3.2) has been 

used to calculate the crystallite size (D) of the synthesised composites, which are shown in 

Table 3.1. The average crystallite size of 2%Cu-BMONR/G is 31.68 nm. 

 

D =
𝑘𝜆

𝛽 𝑐𝑜𝑠𝜃
(3.2) 

 

where θ is the Bragg's diffraction angle, D is the average crystallite size, k= 0.9 is the shape 

factor, and λ is the X-ray radiation wavelength (1.5406 Å). On the other hand, crystalline size 

has a different influence on line widening than strain and defects do. Equation (3.3) is used to 

determine the strain (ε) caused in the synthesised powders [223,231,243]. 
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                                                          ε = 
𝛽

4 𝑡𝑎𝑛𝜃
                                                               (3.3) 

 

Table 3.1: Crystal size (D), Strain and Crystal spacing [d(131)] of the synthesised 

composites 

Photocatalysts Crystal size (nm) Strain Crystal spacing 

[d(131)] nm 

BMONR 38.05 0.065450 0.313 

2D-BMONR/G 40.69 0.060976 0.314 

1%Cu doped BMONR 35.54 0.070158 0.314 

2%Cu doped BMONR 35.18 0.068250 0.314 

3%Cu doped BMONR 39.27 0.059102 0.314 

1%Cu doped BMONR/G 33.38 0.072641 0.314 

2%Cu doped BMONR/G 31.68 0.074296 0.314 

3%Cu doped BMONR/G 29.40 0.082981 0.314 

4%Cu doped BMONR/G 32.14 0.073069 0.314 

 

3.3.1.2 XPS analysis: 

The 2%Cu doped BMONR/G (2%Cu-BMONR/G) composite's surface composition and 

elemental chemical states have been examined using X-ray photoelectron spectroscopy 

(XPS). Fig. 3.5(f) shows the survey spectra of the pure BMONR, BMONR/G and 2%Cu-

BMONR/G composite, which exhibit characteristic Mo 3d, Bi 4f, O 1s, C 1s, and Cu 2p 

peaks, without any contaminants. Furthermore, compared to pure BMONR, the 2%Cu-

BMONR/G composite's spectrum exhibits a substantially higher C 1s peak, indicating a 

comparatively high concentration of "C" due to the presence of rGO. Only two peaks, Bi 4f3/2 

and Bi 4f5/2, with higher binding energies of 159.44 eV and 164.75 eV than BMONR and 

BMONR/G, respectively, make up the high-resolution Bi 4f XPS spectrum of the 2%Cu-

BMONR/G composite [Fig. 3.5(a)], indicating that the Bi in 2D-Bi2MoO6 is in the Bi3+ 

oxidation state. 
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Fig. 3.5: (a) Comparison of XPS scan of Bi 4f among BMONR, BMONR/G, and 2%Cu-

BMONR/G. (b) Comparison of XPS scan of O 1s among BMONR, BMONR/G, and 

2%Cu-BMONR/G. (c) Comparison of XPS scan of Mo 3d among BMONR, BMONR/G, 

and 2%Cu-BMONR/G. (d) Comparison of XPS scan of C 1s between BMONR/G, and 

2%Cu-BMONR/G. (e) XPS scan of Cu 2p of  2%Cu-BMONR/G. (f) Comparison of 

XPS full survey scan among BMONR, BMONR/G, and 2%Cu-BMONR/G 

photocatalysts 



112 

 

The O 1s XPS spectra of  2%Cu-BMONR/G composite [Fig. 3.5(b)] show three distinct 

peaks with higher binding energies of 529.95 eV, 532.91 eV, and 535.42 eV than other 

composites, which can be indexed to Bi-O, (Mo/Cu)-O, and C-O groups, respectively. 

However, the O 1s spectrum of 2%Cu-BMONR/G shows the high-intensity peak at 532.91 

eV which are attributed to the (Mo/Cu)-O group due to 2%Cu doping in BMONR/G 

composite. Additionally, two peaks at 232.17 eV and 235.32 eV in the Mo 3d spectra in [Fig. 

3.5(c)] are assigned to Mo 3d5/2 and Mo 3d3/2, respectively, and exhibit that Mo is present in 

the Mo6+ oxidation state. Fig. 3.5(d) shows the high resolution C 1s spectrum, which exhibits 

three peaks at 284.80 eV, 286.15 eV, and 288.68 eV. The peak at 284.81 eV is associated 

with the sp2 carbon (C=C) and sp3 carbon (C-C) in the material, respectively. The peak at 

286.15 eV is ascribed to carbonyl carbons (C-O-C) and C-OH, respectively. The peak at 

288.68 eV is associated with C=O. Fig. 3.5(e) shows the high resolution Cu 2p spectrum, 

which manifests two peaks with binding energies of 929.38 eV and 949.21 eV, ascribing to 

Cu 2p3/2 and Cu 2p1/2 , respectively and indicate that Cu is present in the Cu2+/ Cu1+ oxidation 

state [237,249,252,257,258]. 

In the outline of all XPS spectra, when compared to the pure BMONR and BMONR/G, the 

obvious peak shift can be found over 2%Cu-BMONR/G composite. The occurrence of peak 

shift to high binding energy value in Bi 4f and Mo 3d spectra and peak shift to low binding 

energy value in C 1s indicates that Bi and Mo atoms in BMONR play the electron donating 

role while C atoms in rGO play the electron accepting role. This results confirm that the 

junction between rGO and 2%Cu-BMONR is firmly constructed, which is further confirmed 

by the XRD and TEM analysis of 2%Cu-BMONR/G composites. Moreover, the binding 

energy of O atoms interacting with Cu atoms shifted to the high value while the binding 

energy of O atoms interacting with Bi or Mo atoms shifted to the low value. This facts 

manifested that the powerful electron integrated structure has been formed, in which the 

electrons are transferred from Bi or Mo atoms to Cu atoms. As per C 1s spectra, the shifting 

of aromatic C=C/C-C peak to the low binding energy value exhibits the strong electron 

integrated interface between 2%Cu-BMONR and rGO which further accelerate the electrons 

transportation from Cu atoms to the surface active sites of rGO sheets, where more CO2 can 

be adsorbed for participating in photocatalytic CO2 reduction process to enhance the yield of 

selective ethanol production. Finally the XPS analysis confirms that the 2%Cu doped 2D-

Bi2MoO6nanoribbon/rGO composites (2%Cu-BMONR/G) photocatalyst is successfully 

synthesized. 
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3.3.2 Spectroscopic analysis: 

3.3.2.1  UV-VIS Analysis 

The optical property of pristine 2D-Bi2MoO6nanoribbon (BMONR), BMONR/G, (1%, 2%, 

3%) Cu-BMONR and (1%, 2%, 3%, 4%) Cu-BMONR/G are scrutinized via UV–vis 

absorption analysis (Fig. 3.6(a)). The absorption edge of pristine BMONR and BMONR/G 

locates at approximate 600 nm and 634 nm, respectively and the absorption edge of 2%Cu-

BMONR/G locates at approximate 730 nm. Cu doping in BMONR/G composites increases 

absorbance in the visible region. This characteristic is advantageous for hybrid materials' 

energy harvesting as it may boost the production of photoinduced electron-hole pairs. The 

increase in absorbance in the visible region is also shown in Fig. 3.6(a) in the following 

order: 2%Cu-BMONR/G > 2%Cu-BMONR>BMONR/G >BMONR> 1%Cu-BMONR/G > 

1%Cu-BMONR> 3%Cu-BMONR/G > 3%Cu-BMONR> 4%Cu-BMONR/G. In Fig. 3.6(b), it 

is found that when BMONR is combined with rGO the band gap energy of BMONR is 

reduced from 2.49 eV to 2.25 eV for BMONR/G as the absorption edge of synthesised 

BMONR/G composite enhanced to 634 nm. Moreover, during hydrothermal treatment to 

synthesise BMONR/G composite the oxygen functional groups are reduced and more carbon 

atoms create strong bond with BMONR to enhance the light absorption capacity. It is also 

observed in Fig. 3.6(b) that the bandgap energy of the 2%Cu-BMONR/G photocatalyst is 

further reduced from 2.25 eV (for BMONR/G) to 2.02 eV due to 2%Cu doping in 

BMONR/G composites. 2%Cu doping in BMONR/G composites also exhibit the highest red 

shift in the absorption edge (730 nm) among all synthesised composites, which actually 

manifest the highest visible light energy harvesting capability. This highest enhancement can 

be achieved due to the proper hybridization of Cu 3d and C 2p states in the valence band, 

which gives the highest production of photogenerated charge carriers and triggers the 

selective ethanol production as photocatalytic CO2 reduced product. The Tauc 

equation[235,266] (3.4), as illustrated below, is used to estimate the bandgap energies of each 

synthesised photocatalyst. 

                                                       [𝛼ℎ𝜈] =  𝐴[ℎ𝜈 − 𝐸𝑔]
𝑛

2                                                       (3.4) 

Where ‘Eg’ (eV) is the bandgap of the photocatalyst, ‘h’ is Planck’s constant, ‘c’ is the 

speed of light, ‘ν’ is the frequency of light, ‘A’ is the absorption coefficient, ‘n’ is 1 

for direct bandgap and ‘4’ for indirect bandgap of semiconductors. Table 3.2 presents 
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the estimated bandgap energies and absorption edge (nm) values obtained from 

experimental analysis. 

 

 

 

Fig. 3.6: (a) UV-vis absorption spectra and (b) Estimated band gap energy (eV) by the 

Tauc plot of BMONR, BMONR/G, (1%, 2%, 3%)Cu-BMONR and (1%, 2%, 3%, 

4%)Cu-BMONR/G photocatalysts 

 

Table 3.2 A comparison of band gap energy and absorption edge value of synthesised 

photocatalysts obtained from the experimental analysis. 

 

Photocatalyst Absorption edge (nm) Band gap energy (eV) 

 

BMONR 600.0 2.49 

BMONR/G 634.0 2.25 

1%Cu-BMONR 400.8 2.81 

2%Cu-BMONR 685.0 2.60 

3%Cu-BMONR 378.7 5.23 

1%Cu-BMONR/G 420.7 2.17 

2%Cu-BMONR/G 730.0 2.02 

3%Cu-BMONR/G 380.0 5.10 

4%Cu-BMONR/G 335.7 5.35 
 

 

3.3.2.2 FTIR Analysis 

Fig. 3.7(a) shows the FT-IR analysis for exploring the chemical interaction and structure of 

BMONR, BMONR/G, (1, 2, 3 wt%)Cu-BMONR and (1, 2, 3, 4 wt%)Cu-BMONR/G. The 
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stretching modes associated with Mo-O, Bi-O, and Mo-O-Mo/Mo-O-Cu bridging are 

identified as the absorption peaks located between 400 and 1000 cm-1. The 2%Cu-

BMONR/G composite  

 

 

Fig. 3.7: (a) FTIR spectra of BMONR, BMONR/G, (1%, 2%, 3%)Cu-BMONR and 

(1%, 2%, 3%, 4%)Cu-BMONR/G photocatalysts, (b) Photoluminescence spectra (PL) 

of BMONR, BMONR/G, (1%, 2%, 3%)Cu-BMONR and (1%, 2%, 3%, 4%)Cu-

BMONR/G photocatalysts an excitation wavelength of 350 nm, (c) EIS curves of 

BMONR, BMONR/G, (1%, 2%, 3%)Cu-BMONR and (1%, 2%, 3%, 4%)Cu-

BMONR/G photocatalysts, (d) Nitrogen adsorption-desorption isotherms of BMONR, 

BMONR/G, (2%)Cu-BMONR and (1%, 2%, 3%)Cu-BMONR/G photocatalysts 

 

FT-IR spectra exhibit Bi-O deformation vibration and stretching vibration, respectively, seen 

at 472 and 575 cm-1. The bending and asymmetric stretching of Mo-O, which involves the 

vibrations of the equatorial oxygen atoms in MoO6 octahedrons, is responsible for the 

formation of the distinctive bands at 550 and 729 cm-1 when detected. Additionally, the 
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symmetric and asymmetric stretching modes of the MoO6 vibration of the apical oxygen 

atoms are associated with the absorption bands at 799 and 844 cm-1, respectively. The band at 

729 cm-1 is in good agreement with asymmetric stretching mode of MoO6, which involves 

equatorial oxygen atom vibrations. The FTIR spectra of 2%Cu-BMONR/G displays two 

peaks at 3436 cm-1 and 1634 cm-1, which correspond to reduced O-H functional groups and 

have lower intensities. This provides proof of the creation of strong bonds between rGO and 

Cu-BMONR and validates the conversion of GO to rGO following heterojunction formation. 

The bands in the 1000–1700 cm-1 range are caused by CO2 impurities, specifically C=O and 

C–O stretching. The hydroxyl group of water is implicated in the wide band centred at 3200-

3600 cm-1 and 1630 cm-1, which is adsorbed on the surfaces of the produced samples 

[238,256,258]. 

 

3.3.2.3 Photoluminescence (PL) spectroscopy  

Photoluminescence (PL) spectroscopy has been used to investigate the migration, transfer, 

and recombination of photogenerated charge carriers in semiconductor photocatalysts 

[249,260]. At an excitation wavelength of 350 nm, the PL analysis of the all synthesised 

photocatalysts is performed, and the emission spectra are shown in Fig. 3.7(b). The PL 

emission spectra of composites and pure materials have been scanned between 360 and 600 

nm. The photocatalytic performance of semiconductor composites is closely related to the 

photoluminescence intensity. More specifically, an increased PL peak intensity signifies an 

increased rate of electron-hole pair recombination, which therefore results in a decreased 

photocatalytic activity. On the other hand, a reduced photoluminescence peak intensity 

signifies a decreased electron-hole pair recombination rate, leading to an enhanced 

photocatalytic activity.Fig. 3.7(b) illustrates the major emission peak's centre at 438 nm. The 

samples included in this investigation have their PL intensities arranged in descending order: 

BMONR>1%Cu-BMONR>1%Cu-BMONR/G >BMONR/G >3%Cu-BMONR>3%Cu-

BMONR/G >2%Cu-BMONR>4%Cu-BMONR/G >2%Cu-BMONR/G.Due to charge carrier 

recombination in BMONR, every sample has emission bands in the visible region.  The 

interface formed between 2%Cu-BMONRand rGO, in the 2%Cu doping in BMONR/G 

composite promotes electron transportation and minimises charge carrier recombination. 

These results confirm that 2%Cu-BMONR/G exhibits the lowest photogenerated electron-

hole recombination rate byinterfacial charge transfer between 2%Cu-BMONRand rGO, 

which facilitate highest photocatalytic CO2 reduction to selective ethanol generation. 
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3.3.2.4 Electrochemical Impedance Spectroscopy (EIS)  

The electrochemical impedance spectroscopy (EIS) analysis depicted in Fig. 3.7(c), exhibits 

that 2%Cu-BMONR/G photocatalyst has a lower arc radius than that of BMONR, 

BMONR/Gand Cu-BMONR composites. The arc radius of the 2%Cu-BMONR/G 

photocatalyst is the shortest of all the BMONR, BMONR/G, Cu-BMONR and Cu-

BMONR/G composite, demonstrating significant lowering of the photogenerated charge 

transfer resistance by 2%Cu doping. This phenomenon basically increases the migration rate 

of high-speed interfacial charge carrier across the contact surface of photocatalyst and due to 

this the photogenerated electrons and holes are able to separate more effectively, resulting in 

higher photocatalytic activity [237,246]. 

 

3.3.3. Nitrogen adsorption-desorption isotherms: BET surface area 

The N2 adsorption desorption isotherm for BET surface area and the corresponding pore size 

distribution plot of BMONR, BMONR/G, 2%Cu-BMONR and (1%, 2%, 3%) Cu-

BMONR/G photocatalysts are shown in Fig. 3.7(d). The isotherms of pristine BMONR, 

BMONR/G, 2%Cu-BMONR and (1%, 2%, 3%)Cu-BMONR/G show typical H3 hysteresis 

loops, exhibiting the presence of slit pores in all samples. The calculated pore-size 

distribution manifests the average pore sizes of 2D-Bi2MoO6nanoribbon (BMONR) and 

composites in the range of 4 to 36 nm, supporting the hypothesis that there are many 

mesopores present, which are the source of the high surface adsorption. The BET surface area 

of pristine BMONR is found to be 7.45 m2/g, whereas BMONR/G photocatalyst shows a 9.07 

m2/g specific surface area [244,246].It is clearly observed that due to rGO loading in 

BMONR, the total specific surface area of BMONR/G photocatalyst as well as average pore 

sizes are increased. The BET surface area of 2%Cu-BMONR is found to be 12.42 m2/g. In 

Fig. 3.7(d), 2%Cu-BMONR/G heterojunction photocatalyst shows the highest specific 

surface area of 19.06 m2/g among all synthesised photocatalysts. Since 2%Cu-BMONR/G 

has the maximum BET surface area, there are more surface-active sites available for the 

adsorption of reactant molecules (CO2). This increases the yield of photocatalytic reduction 

CO2 to selective ethanol by lowering the rate of charge carrier recombination. 

 

3.3.4 Performance analysis of photocatalytic CO2 reduction: 

The 2D-Bi2MoO6nanoribbon (BMONR), 2D-Bi2MoO6nanoribbon/rGO (BMONR/G), 2%Cu 

doped 2D-Bi2MoO6nanoribbon (2%Cu-BMONR), and (1%, 2%, 3%) Cu doped 2D-Bi2MoO6 
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nanoribbon/rGO (1%, 2%, 3%Cu-BMONR/G) composites are assessed for their 

photocatalytic activity performance during 8 h of visible light-driven photocatalytic CO2 

reduction reactions conducted in water at 20°C and atmospheric pressure. Fig. 3.8 

demonstrates that Cu doping as well as rGO plays the significant role in producing 100% 

selective C-2 product, the ethanol. Use of all three Cu doped BMONR/G photocatalysts 

produce the ethanol while pristine BMONR, BMONR/G as well as Cu doped BMONR 

produce mixture of the methanol and ethanol (Fig. 3.8(a)). GCMS analysis of products 

obtained using the optimum 2%Cu-BMONR/G photocatalyst (Fig. 3.8(d)) exhibits that the 

ethanol with 100% selectivity (refer to Fig. 3.8(b)), is the ultimate product in the liquid phase, 

and no other carbonaceous compounds, such as HCHO, HCOOH, or CH3OH, are detected. 

The GC-TCD and GC-FID technologies are used to analyse the gaseous products. The outlet 

gas produced during the photocatalytic CO2 reduction process contains no H2, CH4, or CO. 

Furthermore, control studies showed that in the absence of photocatalyst or radiation, no 

significant amounts of CH3OH and C2H5OH are produced, suggesting that both efficient 

photocatalysis and illumination are necessary for CO2 reduction. Furthermore, prior to CO2 

purging, a photocatalytic CO2 reduction experiment is started within the reactor in a N2 

atmosphere, and the absence of any hydrocarbons indicated that CO2 is the only carbon 

source utilised in the experiment. Using CO2 as the carbon source, mass spectrum peaks of 

C2H5OH are found at 30.93 and 44.92 m/z, respectively, during a retention time of 1.59 min 

(Fig. 3.9(e)), as seen in Fig. 3.8(d). These peaks closely correspond to those seen in the mass 

spectrum of pure ethanol, as seen in Fig. 3.8(e). The yields of CH3OH and C2H5OH produced 

by BMONR, BMONR/G, and 2%Cu-BMONR photocatalysts are shown in Fig. 3.8(a). 

Additionally, the yields of ethanol (C2H5OH) are only shown for the synthesised 1%, 2%, and 

3%Cu–BMONR/G photocatalysts. Table 3.3 provides a summary of all the alcohol yields in 

detail. The GCMS analysis of the BMONR composites is displayed in Fig. 3.9(b), the results 

of which are CH3OH (49.20 µmol gcat.
-1 h-1) and C2H5OH (27.17 µmol gcat.

-1 h-1) (Fig. 3.8(a)). 

The GCMS analysis of the BMONR/G composites is also displayed in Fig. 3.9(c). As 

predicted, the BMONR/G composites outperform the BMONR composites in yielding 

CH3OH (31.81 µmol gcat.
-1 h-1) and C2H5OH (58.80 µmol gcat.

-1 h-1), demonstrating the 

beneficial influence of the rGO layers by increasing the ethanol production 2.16 times higher 

than that seen for BMONR. For comparison, a GCMS analysis study of the 2%Cu-BMONR 

photocatalysts is also carried out, as seen in Fig. 3.9(d). In Fig. 3.8(a), ethanol is produced 

selectively using 1, 2, and 3 wt% Cu doping; 2%Cu-BMONR/G photocatalysts provide the 

greatest ethanol yield in 8 h, with 133.10 µmol gcat.
-1 h-1. The ethanol production yield of 
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2%Cu-BMONR/G is 2.26 times that of BMONR/G composites. As a result of the 

photocatalytic activity study of the 2%Cu-doped 2D Bi2MoO6nanoribbon/rGO (2%Cu-

BMONR/G) photocatalyst, Fig. 3.9(e)displays the GCMS analysis of the highest selective 

ethanol formation as a CO2 photo reduced product; no peak is found at m/z = 32.83, which 

clearly establishes the absence of methanol formation. The GCMS peak in Fig. 3.9(a) at m/z 

= 43.91 verifies that CO2 is absorbed in the reaction medium prior to the illumination of 

visible light. The ethanol selectivity of BMONR, BMONR/G, 2%Cu-BMONR, and 2%Cu-

BMONR/G composites is displayed in Fig. 3.8(b). 2%Cu-BMONR/G notably has ethanol 

selectivity of 100%, which is greater than BMONR/G and much higher than 2%Cu-BMONR 

and BMONR. Achieving 100% selectivity of photocatalytic CO2 reduction to ethanol 

production is a significant challenge for various Bi2MoO6-based photocatalysts, according to 

published research work (Table 3.3). However, in the current research work, the highest yield 

of 100% selective ethanol production is obtained with 2% Cu doping in Bi2MoO6/rGO 

nanoribbon (2%Cu-BMONR/G) photocatalysts among all Bi2MoO6-based photocatalysts 

(Table 3.3).  

The following formula is used to determine the selectivity of the 12e- reduction product 

C2H5OH (SC2H5OH) [273]. 

                𝑆C2H5OH = 12𝑅C2H5OH / (12𝑅C2H5OH + 6𝑅CH3OH)................................................  (3.5) 

In this case, R stands for the products' rate. The number of electrons consumed in the 

multielectron reaction is represented by the coefficient of R. 

The high retained ethanol output after four cycle tests, as shown in Fig. 3.8(c), indicates that 

2%Cu-BMONR/G exhibits strong catalytic stability in addition to high photocatalytic CO2 

reduction to ethanol.The ethanol production rate of 47.774 µmol g-1 h-1 and 20.34 µmol g-1 h-1 

is measured for 2%Cu-BMONR/G and BMONR/G, respectively, at 420 nm.  Furthermore, 

AQYs of 2%Cu-BMONR/G and BMONR/G are determined to be around 0.337% and 

0.144%, respectively, based on measurements made at 420 nm. The AQY of 2%Cu-

BMONR/G composites is approximately 2.34 times higher than that of BMONR/G 

composites. Cu doping in BMONR/G beyond the optimal loading decreases the 

photocatalytic activity of 3%Cu-BMONR/G composites and results in less ethanol being 

created, as seen in Fig. 3.8. Nevertheless, increased Cu loading increases the number of 

active sites on the catalyst surface, which is favourable to the selective ethanol yield.Further 

to justify the selective ethanol production as photocatalytic CO2 reduced product of 2%Cu- 
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Fig. 3.8: Photocatalytic CO2 reduction on BMONR, BMONR/G, 2%Cu-BMONR and 

1%, 2%, 3%Cu-BMONR/G photocatalysts: (a) Yield of ethanol production rate, (b) 

product selectivity, and (c) ethanol yields obtained on 2%Cu-BMONR/G composites in 

four cycling tests. (d) Mass spectrum analysis of the selective ethanol found over 2%Cu-

BMONR/G composites. (e) Mass spectrum analysis of the pure ethanol (standard grade) 
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Fig. 3.9 (a): GCMS analysis image of absorbed CO2 in reaction solution before visible 

light illumination 

 

 

 

 

Fig. 3.9 (b): GCMS analysis image of 2D-Bi2MoO6nanoribbon (BMONR) 
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Fig. 3.9 (c): GCMS analysis image of 2D-Bi2MoO6nanoribbon/rGO (BMONR/G) 

 

 

Fig. 3.9 (d): GCMS analysis image of 2%Cu doped 2D-Bi2MoO6nanoribbon (2%Cu-

BMONR) 
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Fig. 3.9 (e): GCMS analysis image of 2%Cu doped 2D-Bi2MoO6nanoribbon/rGO 

(2%Cu-BMONR/G) 

 

 

Fig. 3.10 (a): 13C NMR analysis image of 2%Cu doped 2D-Bi2MoO6/rGO nanoribbon 

(2%Cu-BMONR/G) for detection of only ethanol as product 
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Fig. 3.10 (b): 1H NMR analysis image of 2%Cu doped 2D-Bi2MoO6/rGO nanoribbon 

(2%Cu-BMONR/G) for detection of only ethanol as product 

 

 

Fig. 3.11: Mott-Schottky (M-S) plots of BMONR, BMONR/G, 2%Cu-BMONR, and 

2%Cu-BMONR/G photocatalysts 
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Table: 3.3 Photocatalytic activity for ethanol production rate and selectivity. 

Photocatalyst Method & 

Reaction 

medium 

Light Source Photocatalytic 

activity 

(µmol g-1 h-1) 

Ref. 

Ov-Bi2MoO6 Hydrothermal, 

CO2 (g) and water  

300 W Xe arc lamp, 

4 h 

Methanol: 2.58 

Ethanol: 26.63 

[238] 

Hierarchical flower-

like Bi2MoO6 

Hydrothermal, 

CO2 (g) and water  

300 W Xe lamp, 4 h Methanol: 6.20 

Ethanol: 4.7 

[245] 

Bi2MoO6–H2O 

Bi2MoO6–EG/Et 

Hydrothermal, 

CO2 (g) and water 

LED lamp 

(Stellatech 13 W) 

Ethanol: 34.44 

Ethanol: 24.43 

[276] 

Flower-like 

Bi2MoO6 

Hydrothermal, 

CO2 (g) and water 

300 W xenon lamp, 

4 h 

Methanol: 4.4 

Ethanol: 3.7 

[277] 

Bi2MoO6 QDs/rGO Hydrothermal, 

CO2 (g) and water 

300 W xenon lamp, 

4 h 

Methanol: 21.20 

Ethanol: 14.37 

[277] 

Hierarchical 

CeO2/Bi2MoO6 

Hydrothermal, 

CO2 (g) and water 

300 W Xe arc lamp, 

4 h 

 

Methanol: 8.0 

Ethanol: 6.63 

 

[278] 

Bi@Bi2MoO6 Hydrothermal, 

CO2 (g) and water 

PLS-SXE 300 W, 6 

h 

Methanol: 0.59 

Ethanol:17.93 

[279] 

0.1%Cu/ILs/OVs-

BMO 

Hydrothermal, 

CO2 (g) and water 

300 W Xe lamp, 4 h  Methanol: 49.53 

Ethanol: 28.09 

[280] 

Cu-TiO2 Hydrothermal, 

CO2 (g)  and 

water vapor 

UV-LED 

(Shanghai Maixin, 

China), 6 h 

Methanol: 36.18 

Ethanol:79.13 

[281] 

Cu-TiO2/GO Hydrothermal, 

CO2 (g) and water 

Philips, 160 W: 

Mercury lamp (UV), 

6 h 

Ethanol: 232.51 [282] 

Red phosphorus 

decorated Bi2MoO6 

Hydrothermal, 

CO2 (g)  and 

water vapor 

Xe lamp (450W), 4 h Methanol: 31.2 

Ethanol: 51.8 

 

[283] 

2D-Bi2MoO6 

nanoribbon 

Hydrothermal, 

CO2 (g) and water 

Solar simulator  

(100 W), 8 h 

Methanol: 49.20 

Ethanol:27.17 

This 

work 

2D-Bi2MoO6 

nanoribbon/rGO 

Hydrothermal, 

CO2 (g) and water 

Solar simulator  

(100 W), 8 h 

Methanol: 31.81 

Ethanol:58.80 

This 

work 

1%Cu-(2D)Bi2MoO6 

nanoribbon 

Hydrothermal, 

CO2 (g) and water 

100 W Solar 

simulator, 8 h 

Methanol: 39.87 

Ethanol: 44.94 

This 

work 

2%Cu-(2D)Bi2MoO6 

nanoribbon 

Hydrothermal, 

CO2 (g) and water 

100 W Solar 

simulator, 8 h 

Methanol: 35.37 

Ethanol: 51.32 

This 

work 

3%Cu-(2D)Bi2MoO6 

nanoribbon 

Hydrothermal, 

CO2 (g) and water 

100 W Solar 

simulator, 8 h 

Methanol: 37.05 

Ethanol: 48.70 

This 

work 

1%Cu-(2D)Bi2MoO6 

nanoribbon/rGO 

Hydrothermal, 

CO2 (g) and water 

Solar simulator  

(100 W), 8 h  

Ethanol: 92.68 This 

work 

2%Cu-

(2D)Bi2MoO6 

nanoribbon/rGO 

Hydrothermal, 

CO2 (g) and 

water 

Solar simulator  

(100 W), 8 h  

Ethanol: 133.10 This 

work 

3%Cu-(2D)Bi2MoO6 

nanoribbon/rGO 

Hydrothermal, 

CO2 (g) and water 

Solar simulator  

(100 W), 8 h  

Ethanol: 121.84 This 

work 

. 
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BMONR/G photocatalyst the13C NMR and1H NMR analysis are also performed and shown 

in below as Fig. 3.10(a) and 3.10(b), respectively. In 13C NMR analysis (Fig. 3.10(a)) two 

minor shifts at 16.79 ppm and 57.46 ppm are observed, which are assigned to CH3 and CH2 

of ethanol, respectively. In 1H NMR analysis (Fig. 3.10(b)) two minor shifts at 1.07(t) ppm 

and 3.55(q) ppm are observed, which are also assigned to CH3 and CH2 of ethanol, 

respectively. Both the 1H NMR and 13C NMR are performed taking D2O as a solvent. 

 

3.3.6 Mechanism: 

This study demonstrates 2%Cu-Bi2MoO6/graphene is the highly photo catalytically active 

nanocomposite compared to all other possibilities. Our theoretical calculations corroborate 

with the experimental results. Hence a possible reaction mechanism is proposed for the photo 

catalytic reduction for CO2 into ethanol.  The reaction mechanism of CO2 reduction into 

ethanol can be explained as a 12 electrons mechanism which includes C-C coupling reaction 

during photocatalytic CO2 reduction. The primary step of the photocatalytic CO2 reduction to 

ethanol is the absorption of CO2 in the reaction medium. Fig. 3.9(a) confirms the absorption 

of CO2 (m/z=43.91) in the reaction medium. The second step is the diffusion of absorbed 

CO2 to the photocatalyst surface. A surface-bound metastable radical anion [·CO2¯ (ad.)] is 

formed when absorbed photons from visible light illumination activate CO2 on the 

photocatalyst surface. Subsequent phases in the reduction process involve the transport of 

protons, electrons, the generation and transportation of hydrogen radicals. The reduction 

process also includes new C–H bonds breaking and C–O bonds formation. Depending on 

how CO2 binds to the photocatalyst surface, the creation of C2H5OH may follow the 

formaldehyde formation pathway[253,261,262].In this formaldehyde pathway the 2·CO2¯ 

(ad.) recombines with 2H+ with the help of 1 electron to form 2HCOO· intermediate 

(equation 3.11). Then the 2HCOO· intermediate breaks down in two ·CO intermediate 

(equation 3.12) and then one ·CO intermediate is reduced to form ·CHO (equation 3.13). The 

formed ·CHO intermediate is further reduced to ·CH2OH intermediate (equation 3.14) and 

this ·CH2OH intermediate again recombines with H+ and electron to form CH3OH (equation 

3.15). Then the CH3OH is further reduced with the help of rest ·CO intermediate to form 

·CH3COH (equation 3.16) and lastly the formed ·CH3COH intermediate recombines with 2H+ 

(equation 3.17 & 3.18) and produced selective ethanol (C2H5OH). Finally, by reacting with 

12 number of photogenerated electrons, 2 mol of CO2 and 12 mol of H+ are reduced to 



127 

 

produce 1 mol of ethanol and 3 mol of water.In the mechanism (Fig. 3.12) of Cu doped 2D-

Bi2MoO6/rGO (2%Cu-BMONR/G) for photocatalytic CO2 reduction equation 3.6 states that 

copper (Cu) serves as a transition state for photoelectrons to rest on and separate from 

photogenerated holes (h+) in the context of the Cu-BMONR/G composite. Equation 3.7 states 

that the Cu2+ radical forms Cu+ when it couples with photoelectrons from BMONR via rGO. 

Cu+ contributes more electrons to the dissolution of CO2 or CO2¯, hence promoting the 

photocatalytic reaction and yielding selective ethanol. Because Cu+ can recombine with holes 

to become Cu2+, the process is reversible. 

The Mott-Schottky (M-S) plots for BMONR, BMONR/G, 2%Cu-BMONR, and 2%Cu-

BMONR/G photocatalysts are also analysed to determine the conduction band of samples for 

undersading the mechanism in Fig. 3.11. Mott-Schottky (M-S) plots analysis provides an 

estimation of the flat-band potentials (EFB) of BMONR, BMONR/G, 2%Cu-BMONR, and 

2%Cu-BMONR/G photocatalysts at -0.48 V, -0.53 V, -0.50 V, and -0.58 V vs. Ag/AgCl, 

respectively. The EFB values of BMONR, BMONR/G, 2%Cu-BMONR, and 2%Cu-

BMONR/G are calculated as -0.28 V, -0.33 V, -0.30 V, and -0.38 V vs. NHE, respectively 

using the Nernst equation: ENHE (V) = EAg/AgCl + 0.197 [276-279]. Actually, for the n-type 

photocatalyst the ECB is essentially ~0.1 higher than EFB [280-283]. Therefore, the ECB of 

BMONR, BMONR/G, 2%Cu-BMONR, and 2%Cu-BMONR/G can be determined as -0.38 

V, -0.43 V, -0.40 V, and -0.48 V vs. NHE, respectively. Based on the equation: EVB – ECB = 

Eg [277-283], the EVB of BMONR, BMONR/G, 2%Cu-BMONR, and 2%Cu-BMONR/G are 

determined as +2.11 V, +1.82 V, +2.20 V, and +1.54 V vs. NHE, respectively.” 

In a photocatalytic reaction the reduction potential of methanol, ethanol, and formic acid are 

−0.38, −0.33 V, and −0.61 V versus NHE, respectively and the electrons gathered on the CB 

of BMONR(ECB= -0.38 V), BMONR/G(ECB= -0.43 V), 2%Cu-BMONR(ECB= -0.40 V)are 

sufficiently negative to reduce CO2 to methanol and ethanol and 2%Cu-BMONR/G (ECB= -

0.48 V) are sufficiently higher negative to reduce CO2 to selective ethanol, but 

simultaneously it is also found that the electrons gathered on the CB of BMONR, 

BMONR/G, 2%Cu-BMONR, and 2%Cu-BMONR/G are not sufficiently negative to reduce 

CO2 to formic acid due to their low ECB than the standard requiredECB (−0.61 V versus NHE) 

for generation of formic acid. So in this work, any formic acid is not found as a 

photocatalytic CO2 reduction product. The overall mechanism (equation 3.6 to 3.19) of 

photocatalytic CO2 reduction into ethanol (C2H5OH) using 2%Cu-BMONR/G photocatalyst 

is represented by Fig. 3.12.Furthermore, water oxidation happens in a photocatalytic reaction 
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using a semiconductor's holes from its valence band, and the standard oxidation potential 

(EVB) for water oxidation to generate oxygen (O2) is +0.81 V(vs. NHE), which is much lower 

than +1.54 V of the 2%Cu-BMONR/G valence band (VB). The resultant holes in the 2%Cu-

BMONR/G VB can therefore oxidize H2O to O2. 

The increased binding energies between Cu doped 2D-Bi2MoO6 and rGO demonstrate the 

stronger interaction (Fig. 3.12). The generation of Mo−O−Cu/ Mo−C−Cu bonds, where Mo 

originates from the 2D-Bi2MoO6 and O and C are from the rGO substrate, is most likely the 

cause of this. It is possible to comprehend the upshift binding energies of O 1s and Mo 3d by 

applying the electronegativity theory. Since rGO is largely made up of C atoms with a little 

amount of O atoms, the 2D-Bi2MoO6 produced in situ on rGO is surrounded by C and O 

atoms. Electrons from Mo and Bi atoms are drawn to C 2p and Cu 3d orbitals. This lowers 

the electron density surrounding Bi and Mo and increases the binding energies of the 

electrons in Bi 4f and Mo 3d orbitals.  Cu doping enhances the thickened electron cloud on 

the surface junction of C-Cu, which facilitates the more CO2 adsorption and reduction. 

Cu doping in 2D-Bi2MoO6/rGO surface shows the lowest PL intensity and lowest arc radius 

in EIS analysis which demonstrate that Cu doping decreases the recombination rate of the 

photo generated electron hole pairs and also decreases the charge transfer resistance to 

accelerate electrons mobility. Therefore, Cu serves as a trap to catch more electrons. The Cu 

doping promotes more active sites for CO2 adsorption/activation and effectively reduces the 

photogenerated electron transport distance with lowest recombination rate to stabilize 

intermediate radicals such as ·CO and, thus, increases the rate of abundant photogenerated 

electron transfer with low resistance along the Mo-C-Cu/Mo-O-Cu bridge to CO2 trapping 

sites to decrease the activation barrier for selective ethanol generation. The optimum doping 

of 2% Cu in the BMONR/G photocatalyst enhances the yield of selective ethanol production 

by 2.26 times compared with BMONR/G. 

Cu doped 2D-Bi2MoO6/rGO + hν                e- (Cu doped 2D-Bi2MoO6) + h+ (Cu doped 2D- 

                                                                          Bi2MoO6) + e- (rGO)                                 (3.6) 

Cu2+ + e-                  Cu+                 (3.7) 

Cu+ + h+                   Cu2+                 (3.8) 

H2O + 2h+                      ½ O2  +  2H+ + 2e-                                                                         (3.9) 

2CO2 + 2e-                              2·CO2¯ (ad.)                (3.10) 

2·CO2¯ (ad.) + 2H+ + e-                              2HCOO·                                                                    (3.11) 
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2HCOO· + 2e- + 2H+                         2·CO + 2H2O                                                                    (3.12)  

2·CO + H+ + e-               ·CHO + ·CO                                                                                 (3.13)  

·CHO + ·CO + 2H+ + e-               ·CH2OH + ·CO                                                               (3.14)  

·CH2OH + ·CO + H+ + e-                   CH3OH + ·CO                                                              (3.15) 

CH3OH+ ·CO + 2H+ + 2e-               ·CH3COH + H2O                                                        (3.16) 

·CH3COH + H+ + e-                       ·CH3CH2O (3.17) 

·CH3CH2O + H++ e-                       CH3CH2OH                                                                        (3.18) 

  2CO2 +12H+ +12e-               C2H5OH + 3H2O                                                               (3.19) 

 

Fig. 3.12: Mechanism of photocatalytic CO2 reduction into ethanol (C2H5OH) using 

2%Cu doped 2D-Bi2MoO6 nanoribbon/rGO (2%Cu-BMONR/G) photocatalyst under 

visible light illumination 

 

3.4. Conclusion: 

The photocatalysts with different doping concentrations of Cu (1%, 2%, 3% and 4 wt%) in 

2D-Bi2MoO6nanoribbon/rGO identified as 1%Cu-BMONR/G, 2%Cu-BMONR/G, 3%Cu-
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BMONR/G, and 4%Cu-BMONR/G, respectively, have been synthesised using hydrothermal 

treatment. The chemical bonding among Cu, rGO and 2D- Bi2MoO6nanoribbon (BMONR) 

forming a two- dimensional (2D) nanoribbon like structure in the case of 2%Cu-BMONR/G 

as compared to other photocatalysts manifests higher crystallinity, as confirmed by XRD and 

XPS. Moreover, due to the presence of Cu and rGO the increased absorption edge (730 nm) 

to the visible spectrum of the solar illumination and the decreased PL intensity for 2%Cu-

BMONR/G photocatalyst indicates the enhanced number of photo generated charge carriers 

and greater charge separation with lowest rate of recombination, thereby promoting the 

efficient photocatalytic CO2 reduction. The analysis of selectivity and yield of products of 

photocatalytic reduction of CO2 using GCMS as well as the quantum efficiency calculations, 

suggest that Cu doping of Bi2MoO6-rGO promote the 100% selective ethanol production 

while both pristine Bi2MoO6, Bi2MoO6-rGO photocatalyst produces mixture of methanol and 

ethanol. The optimum 2%Cu-BMONR/G exhibit an excellent CO2 reduction to selective 

ethanol production rate of 133.10 µmol gcat.
-1 h-1 with a high selectivity of 100% and apparent 

quantum yield on the order of 0.337%, as compared to other synthesised photocatalysts in 

this work. The mechanism behind the remarkable performance of 2%Cu-BMONR/G is 

exhibited by the comprehensive experimental research. Notably, the introduction of 2%Cu in 

BMONR/G controls the electronic composition of copper active sites via Mo-C-Cu/Mo-O-Cu 

bridge accelerating the charge transfer from BMONR to CO2 trapping sites on rGO-Cu 

interface and at the same time promoting excellent charge transfer for C-C coupling for C2 

product generation. A band gap value of 2.02 eV, which is estimated using experimental UV-

vis data. Therefore, the photogenerated electrons from Bi2MoO6 (a n-type semi-conductor) 

will be transported through rGO (an electron acceptor) and taken away by the Cu atom to 

fulfil its electron vacancy in 3d9 orbital; rGO being an electron acceptor, separates photo-

excited electrons and holes at the interface of the junction and facilitates the adsorption of 

chemical molecules on the surface of the photocatalyst. The mechanism indicates the 

formation of C2H5OH via the formaldehyde pathway, which promotes the synthesis of 

selective ethanol and decreases the energy barrier of C-C interaction. This study serves as 

motivation for further refining the photocatalytic system to achieve effective, sustainable, and 

commercially feasible photocatalytic CO2 reduction. It describes a photocatalytic system that 

efficiently delivers the surface activation and selective reduction of CO2 to ethanol. 
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Chapter 4 

 

Synthesis, characterization and photocatalytic 

performance study of N-doped 

rGO/BiVO4nanocomposite photocatalyst for selective 

photo-reduction of CO2 to formic acid. 

 

Highlights: 

 

 (2.5%)rGO/BiVO4 nanocomposite doped with different weight percentages of 

nitrogen (N) (1, 1.5, and 2%) is manufactured hydrothermally. 

 

 The photocatalyst shows an enhanced absorption edge of visible light at 659.39 nm, 

the smallest band gap of 2.06 eV, and the lowest rate of electron-hole pair 

recombination, 

 

 The optimum 1.5 weight % N-doped (2.5%)rGO/BiVO4 nanocomposite photocatalyst 

offers an enhanced yield of selective formic acid production of 592.80 µmol gcat.
-1 h-

1with 100% selectivity and 0.0148% apparent quantum yield. 
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4.1 Introduction 

A unique and fascinating family of materials among visible-light-driven semiconductors for 

photocatalytic CO2 that has been recently evaluated is the bismuth-based photocatalyst. One 

of the best solar-driven photocatalyst materials discovered to date is bismuth vanadate 

(BiVO4) [284-286]. Low bandgap, strong chemical and physical stability, high absorption 

efficiency in the visible range, and low toxicity are just a few of the many intriguing 

characteristics of BiVO4. Out of the three crystalline phases—the tetragonal zircon type, the 

monoclinic scheelite type, and orthoclinic scheelite type:the monoclinic phase with the 

narrow band gap of 2.4 eV (λ<520 nm) is the most active in the visible spectrum [287-

290].BiVO4 can absorb a significant amount of visible light due to its low bandgap. BiVO4 

has been studied extensively for CO2 photoreduction up to this point, but the primary barrier 

is still its low catalytic conversion efficiency. This is mainly caused by a number of 

interrelated variables, such as weak CO2 adsorption on the BiVO4 surface in the presence of 

H2O and quick electron-hole (e-h+) recombination. Many approaches, including increasing 

CO2 adsorption on BiVO4, band gap engineering, and combining with other semiconductors 

and co-catalysts, have been tried in the past to increase the catalytic activity of BiVO4. It has 

been demonstrated that one way to successfully increase the photocatalytic rate of CO2 

reduction is to improve the adsorption of CO2 on BiVO4, thereby converting the 

thermodynamically stable CO2 molecule into more reactive carbon species (e.g., carbamate 

and bicarbonate) for further reduction. Therefore, techniques such functionalizing the surface 

with amine-containing groups or expanding the surface area by either forming a porous 

structure or distributing BiVO4 on high-surface-area supports have been proposed to improve 

the adsorption and activation of CO2 [290-295]. 

Due to its large surface area and planar structure connected to the 2D lattice structure made 

up of sp2-bonded carbon atoms, graphene is thought to be one of the most promising 

adsorbents currently under development for CO2 absorption and storage. Prior research has 

demonstrated that selective functionalization with nitrogen dopants can significantly increase 

CO2 absorption on carbon materials [296-298]. The literature has determined the amounts of 

CO2 adsorption on virgin graphene and N-graphene (nitrogen doped graphene) materials. The 

outcomes show how crucial N dopants are in establishing the ideal CO2 adsorption on N-

graphene materials since they serve as basic sites for anchoring CO2 molecules. Additionally, 

the electrical characteristics and local surface reactivity of graphene are both considerably 

changed by the nitrogen (N) dopants, which raises the possibility of using it in photocatalytic 
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applications. Thus, the research is still going on the functionalization of N-doping, which will 

be a successful method to improve graphene materials' CO2 adsorption and CO2 reactivity. 

However, there haven't been many investigations on N-graphene based photocatalysts for 

CO2 photoreduction [299-313]. It is also essential to elaborate on the roles that the N dopant 

plays in CO2 photoreduction. 

 

The specific objectives of this chapter are enlisted below: 

i. Design and synthesis of visible light responsive BiVO4 photocatalysts by 

incorporating different weight percentages of rGO concentration to investigate the 

optimum rGO loading for enhancing the yield of CO2-reduced products. 

ii. Modification of (optimum-rGO)/BiVO4 nanocomposite photocatalysts by different 

weight percentages (1%, 1.5%, and 2%) of nitrogen (N)-doping to get optimal N-

doping for achieving the maximum yield of specific product selective CO2 reduction. 

iii. Characterization of all synthesized photocatalysts by XRD, SEM, TEM, EDX, Uv-Vis 

absorbance, Band-gap, EIS, BET, and XPS. 

iv. Photocatalytic performance study of synthesized doped and undoped nano-composite 

photocatalysts. 

v. Prediction of mechanism of CO2 photo-reduction.  

 

The major research problem is addressed in this chapter; the problem definition is as follows: 

 

 Problem definition: 

Synthesis, characterization and photocatalytic performance study of N-doped 

rGO/BiVO4nanocomposite photocatalyst for selective photo-reduction of CO2 to formic 

acid. 

 

4.2 EXPERIMENTAL SECTION 

4.2.1 Materials: 

All of the ingredients and precursors including bismuth nitrate pentahydrate 

(Bi(NO3)3.5H2O), ammonium metavanadate (NH4VO3), cetyltrimethylammonium bromide 

(CTAB), sodium bicarbonate (NaHCO3), urea (CO(NH₂)₂), deionised water, nitric acid 
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(HNO3), graphite flakes, potassium permanganate (KMnO4), sulphuric acid (H2SO4), 

hydrogen peroxide (H2O2), phosphoric acid (H3PO4), sodium hydroxide (NaOH), 

hydrochloric acid, and ethanol are of analytical quality; they are highly pure materials that are 

acquired from Sigma Aldrich and used without additional purification. 

 

4.2.2 Synthesis of N-rGO/BiVO4: 

4.2.2.1 Synthesis of BiVO4: 

BiVO4 nanocomposite are synthesized by CTAB modified hydrothermal treatment. 

Typically, 0.8 mmol Bi (NO3)3·5H2O and 0.8 mmol NH4VO3 are added separately into two 

solutions of absolute ethanol (10 mL) and stirring for 40 min. at room temperature. 

Afterwards, two solutions are mixed and further kept it for 30 min. stirring procedure and 

then the nitric acid solution containing 0.26 g of cetyltrimethylammonium bromide (CTAB) 

is added drop wise and kept it for another 40 min stirring at room temperature. Then the pH is 

adjusted to 9 using 2 (M) sodium hydroxide solution and the colour of the final mixture are 

changed to yellow. The yellow solution is transferred into a 100 mL stainless steel autoclave 

with a Teflon lining, and it is heated to 180°C for 24 h. To obtain BiVO4 photocatalysts, the 

reaction mixture is allowed to cool to room temperature. The precipitate is then further 

filtered, cleaned with distilled water, and dried in a vacuum oven at 70°C for 12 

h.[291,292,314]. 

4.2.2.2 Synthesis of rGO/BiVO4: 

The rGO/BiVO4 nanonanocomposites are fabricated through the hydrothermal process. 

Firstly, different wt% of GO (1.5%, 2%, 2.5%, and 3%) is dispersed in 20 mL of absolute 

ethanol and de-ionized water mixture separately with sonication for 1 h. In this procedure a 

fixed amount of synthesized BiVO4 is mixed with 1.5%, 2%, 2.5%, and 3% GO solution 

separately and after 1 h stirring those mixture are transferred into 100 mL Teflon-lined 

stainless steel autoclave separately and heated to 180°C for 24 h. After cooling, the prepared 

nanonanocomposites are washed with DI water and ethanol, and dried in a vacuum oven at 

70°C for 12 h. The final products 1.5% rGO/ BiVO4, 2% rGO/ BiVO4, 2.5% rGO/ BiVO4, 

and 3% rGO/ BiVO4 are labeled as 1.5%G/BV, 2%G/BV, 2.5%G/BV, and 3%G/BV, 

respectively [315-317]. 

4.2.2.3 Synthesis of N-rGO/BiVO4: 
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Graphene oxide (GO) is prepared from graphite flakes by modified Hummer’s method. A 

typical synthesis of nitrogen doped reduced graphene oxide/ BiVO4 composite is as follows: 

2.5 wt.% of GO is dispersed in 20 mL of absolute ethanol and de-ionized water mixture with 

sonication for 1 h. Then, 1:1 molar ratio of Bi (NO3)3·5H2O and NH4VO3 are added 

separately into two solutions of absolute ethanol (10 mL) and stirring for 1 h at room 

temperature. The separately prepared  Bi (NO3)3·5H2O and NH4VO3 solutions are mixed 

together and the nitric acid solution containing 0.26 g of cetyltrimethylammonium bromide 

(CTAB)  is added drop wise and kept it for 1 h stirring at room temperature. Then the above 

mixture is further added to previously prepare 2.5%GO solution and kept it for 1 h stirring. 

Then the pH is adjusted to 9 using 2 (M) sodium hydroxide solution drop wise and stirred for 

30 min. Then, different weight percentage of urea dissolved in distilled water are added to the 

above solution separately and stirred for 1 h to obtain a stable slurry of 1%, 1.5%, and 2% N-

doping in rGO/BiVO4 nanocomposite. The resulting mixtures are transferred into 100 mL 

Teflon lined stainless steel autoclave and heated to 180°C for 24 h. The reaction mixtures are 

allowed to cool at room temperature and the precipitates are filtered, washed with distilled 

water and dried in a vacuum oven at 70°C for 12 h to get final products. The products 1%N-

(2.5%)rGO/BiVO4, 1.5%N-(2.5%)rGO/BiVO4, and 2%N-(2.5%) rGO/BiVO4 are labeled as 

1%N-(2.5%)G/BV, 1.5%N-(2.5%)G/BV, and 2%N-(2.5%)G/BV, respectively.  

 

 

Fig. 4.1: Schematic representation of synthesis process of 1.5%N-doped 

(2.5%)rGO/BiVO4 photocatalyst 
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4.2.3  Photocatalytic activity evaluation: 

The photocatalytic activity of the synthesized photocatalysts BiVO4, rGO/BiVO4, and N-

rGO/BiVO4 is studied using a 100-watt Xenon-lamp of a solar simulator (Newport-Oriel-

LCS-100, Manual shutter, 94011A), supported by an air mass filter (AM-1.5G), as the source 

of visible light source. The light intensity of the Xenon-lamp is 100 mW/cm2 and the light 

area is 16.82 cm2. For the evaluation of the photocatalytic activity, 0.030 g of each 

photocatalyst is used in a 100-mL hollow-quartz photoreactor separately. Before light (full 

spectrum) illumination, 99.9% pure CO2 gas with a moderate flow rate is introduced into the 

degassed reactor to reach 1 atm pressure. To create a saturated solution of CO2 and maximize 

CO2 adsorption on the active sites of the photocatalyst, 80 ml of ultrapure water containing 

0.5 M NaHCO3 as hole-scavengers are added to the quartz reactor. To completely remove all 

of the dissolved oxygen in the saturated solution, the entire procedure is run under magnetic 

stirring conditions for 60 min. in the dark. The photocatalytic reaction is then carried out for 8 

h at 18°C under the visible light irradiation of the specified 100-watt Xenon lamp with 

continuous stirring speed, as shown by Fig. 4.2. After that, 0.030 g of photocatalysts are 

added to the previously stated saturated solution. Additionally, a UV protector setup is 

employed to let visible light into the photocatalytic reactor. The photocatalytic CO2-reduced 

products are extracted from the reactor solution after 8 h of light illumination using a thin 

pipe attached to a syringe. The concentration of each product is measured using gas 

chromatography mass spectrometry (GCMS) equipment, which includes an Agilent-7890A 

system, GC (FID), and GC (TCD), using helium as the carrier gas. To make sure that the 

products come from photocatalytic CO2 reduction alone, blank reactions are conducted.  

The entire experiment is conducted using the identical operating conditions in the absence of 

a photocatalyst. Second, under the same operating conditions, the entire experiment is 

conducted in total darkness with a photocatalyst present. Thirdly, a Xenon lamp is used to 

illuminate the blank experiment, and the photocatalyst in the photocatalytic quartz reactor is 

present without the need to purge CO2 gas. To verify the caliber of the CO2-reduced product, 

analysis is also conducted using the pure grades of formic acid. A 420 nm band pass filter is 

used to quantify the apparent quantum yield (AQY). For 4 h, a 100 Watt Xenon lamp with a 

420 nm band pass filter is used to illuminate the photocatalyst solution. To calculate the 

apparent quantum yield (AQY) of the product evolution, the following equation is used [318-

320]. 
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AQY =
 Number of reacted electrons

Number of incident photons
 × 100                                          (4.1) 

 =
Number of evolved formic acid (HCOOH) molecules ×  2

Number of incident photons
 × 100% 

 

 

Fig. 4.2: Schematic representation of the photocatalytic reactor setup for performance 

activity study of 1.5%N-rGO(2.5%)/BiVO4 (1.5%N-(2.5%)G/BV) photocatalyst 

 

4.3 Results and Discussion 

4.3.1 Morphology, Structure, Crystal plane, Composition analysis: 

The scanning electron microscopy (SEM) and transmission electron microscopy (TEM) have 

been conducted to analyse the morphology and nanostructure composition of as-prepared 

BiVO4 (BV) nanocomposites. As shown in Fig. 4.3(c), the synthesized BiVO4 has a two 

dimensional nano-hexagonal like morphology. 1.5% N doping and rGO incorporation in 
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BiVO4 to form uniform nanostructures on the surface of rGO sheets (Fig. 4.3(e)), which is 

responsible for increasing the exposed surface-active zones to enhance the carbon dioxide  

 
 

Fig. 4.3: SEM image of (a) 1.5%N-rGO(2.5%), and (b) 1.5%N-(2.5%)rGO/BiVO4 

(1.5%N-(2.5%)G/BV). TEM image of (c) BiVO4 (BV), (d) rGO(2.5%)/BiVO4 

((2.5%)G/BV), and (e) 1.5%N-(2.5%)rGO/BiVO4 (1.5%N-(2.5%)G/BV) nanocomposite. 

(f) SAED patterns of 1.5%N-(2.5%)rGO/BiVO4 (1.5%N-(2.5%)G/BV) nanocomposite. 

(g) EDX spectrum of 1.5%N-(2.5%)rGO/BiVO4 (1.5%N-(2.5%)G/BV) 

 

adsorption. The average size of 1.5%N-(2.5%)rGO/BiVO4 approximately 6-10 nm is clearly 

seen in the Fig. 4.3(e). In Fig. 4.3(b), the SEM image shows that the BiVO4 (BV) are 

embedded in the N-rGO sheets, which is also clearly visible in the TEM image of Fig. 4.3(e). 
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In Fig. 4.3(d), the TEM image also shows the enhanced contact between the BiVO4 (BV) and 

the crumpled 1.5%N-(2.5%)rGO sheets. The SEM image of Fig. 4.3(a) shows the formation 

of N-rGO sheet. In Fig. 4.3(f), the SAED image confirms the single crystallinity (121) of the 

BV in 1.5%N-(2.5%)G/BV nanocomposites. In Fig. 4.3(g), EDX image, showing the 

elemental analysis of 1.5%N-(2.5%)rGO/BiVO4 (1.5%N-(2.5%)G/BV) nanocomposites, 

confirms the successful doping of 1.5%N and 2.5%rGO loading in BV composite and the 

presence of N, C, O, V, and Bi element, respectively. 

 

4.3.1.1 XRD analysis: 

 

 

Fig. 4.4: XRD patterns of BiVO4 (BV), (1.5%, 2%, 2.5%, 3%)G/BV, and (b) (1%, 1.5%, 

2%)N-(2.5%)G/BV nanocomposites 

 

The powder X-ray diffraction determined the crystallinity and crystal phase of the 

synthesized materials. The XRD pattern (Fig. 4.4) exhibits the formation of monoclinic 

scheelite BiVO4 with lattice parameters a=0.5205 nm, b=1.1721 nm, and c=0.5019 nm, 

which are in good agreement with the reported values a=0.5195 nm, b=1.1700 nm, and 

c=0.5092 nm (JCPDS card No. 014–0688) [314-317]. The BiVO4 is pure monoclinic with 

hexagonal structure as confirmed by the splitting of the diffraction peaks at 2θ=18.52°, 

29.52°, 30.86°, 35.03°, 39.67°, 42.72°, 46.51°, 48.58°, 50.17°, 53.59°, and 57.50°, which can 
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be indexed to (110), (121), (040), (200), (211), (051), (060), (042), (202), (161), and (321), 

respectively. The hexagonal truncated structure of BiVO4 is known to provide efficient active 

sites for photocatalysis under solar visible light irradiation. Actually the use of CTAB in the 

synthesis procedure leads to the formation of the monoclinic scheelite BiVO4. The XRD 

analysis of the rGO/BiVO4 composite exhibits the characteristic peaks same as of BiVO4 and 

the peak located at approximately 24.51° corresponds to the (002) crystal plane of rGO. Due 

to 1.5 wt% N doping in (2.5%)rGO/BiVO4 composite the XRD analysis of the synthesised 

1.5%N-(2.5%)rGO/BiVO4 composite exhibits the characteristic peaks same as the 

characteristic peaks of BiVO4 with slightly decreased values of 2θ and the rGO peak at 

24.51° shifted to 26.22°, indicating the formation of N-rGO, which also manifest that the 

1.5%N is successfully doped in (2.5%)rGO/BiVO4 composite during hydrothermal treatment. 

No additional peaks of N are observed in the XRD pattern, indicating the low wt% of N 

doping in rGO/BiVO4 nanocomposites. In addition, the mean crystallite size of 1.5%N-

(2.5%)rGO/BiVO4 (1.5%N-(2.5%)G/BV) calculated using the Debye–Scherrer formula is 

approximately 21.52 nm. 

 

4.3.1.2 XPS analysis: 

The surface composition and elemental chemical states of 1.5%N-doped rGO(2.5%)/BiVO4 

(1.5%N-(2.5%)G/BV) nanocomposites have been analyzed using X-ray photoelectron 

spectroscopy (XPS). Fig. 4.5(f) shows the survey spectra of the pure BiVO4, 

rGO(2.5%)/BiVO4 and 1.5%N-(2.5%)G/BV nanocomposite, which exhibit characteristic V 

2p, Bi 4f, O 1s, C 1s, and N 1s peaks, without any contaminants. Furthermore, Bi 4f7/2 and 

Bi 4f5/2, with lower binding energies of 156.39 eV and 161.70 eV than BV and (2.5%)G/BV, 

respectively, make up the high-resolution Bi 4f XPS spectrum of the 1.5%N-(2.5%)G/BV 

nanocomposite [Fig. 4. 5(a)], indicating that the Bi in BiVO4 is in the Bi3+ oxidation state. 

The O 1s XPS spectra of  1.5%N-(2.5%)G/BV nanocomposite [Fig. 4.5(b)] show three 

distinct peaks with lower binding energies of 527.15 eV, 529.52 eV, and 531.15 eV than 

other nanocomposites, which can be indexed to Bi-O, -OH, and C-O/C=O groups, 

respectively. However, the O 1s spectrum of 1.5%N-(2.5%)G/BV nanocomposite shows the 

high-intensity peak at 527.15 eV which are attributed to the Bi-O group due to 1.5%N doping 

in (2.5%)G/BV nanocomposite. Additionally, two peaks at 513.89 eV and 521.17 eV in the V 

2p spectra in [Fig. 4.5(c)] are assigned to V 2p3/2 and V 2p1/2, respectively, and exhibit that 

V is present in the V5+ oxidation state. Fig. 4.5(e) is N 1s spectrum which shows three 
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different peaks such as 396.81 eV, 400.06 eV and 403.93 eV corresponds to pyridinic-N or 

C-N bond, pyrrolic-N and quaternary-N,  

 

 

Fig. 4.5: (a) Comparison of XPS scan of Bi 4f among BV, (2.5%)G/BV, and 1.5%N-

(2.5%)G/BV. (b) Comparison of XPS scan of O 1s among BV, (2.5%)G/BV, and 1.5%N-

(2.5%)G/BV. (c) Comparison of XPS scan of Mo 3d among BV, (2.5%)G/BV, and 

1.5%N-(2.5%)G/BV. (d) Comparison of XPS scan of C 1s between (2.5%)G/BV and 

1.5%N-(2.5%)G/BV. (e) XPS scan of N 1s of 1.5%N-(2.5%)G/BV. (f) Comparison of 

XPS full survey scan among BV, (2.5%)G/BV, and 1.5%N-(2.5%)G/BV photocatalysts 
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respectively [292,299,320]. Fig. 4.5(d) shows the high-resolution C 1s spectrum, which 

exhibits three peaks at 282.40 eV, 283.50 eV, and 285.46 eV. The peak at 282.40 eV is 

associated with the sp2 carbon (C=C) and sp3 carbon (C-C) in the material, respectively. The 

peak at 283.50 eV is ascribed to C-O/C=N. The peak at 285.46 eV is associated with 

C=O.The negative shift of peak to low binding energy value in C 1s indicates that N & C 

atoms in N-rGO play the electron accepting role.which is further confirmed by the XRD and 

TEM analysis of 1.5%N-(2.5%)G/BV nanocomposites.As per C 1s spectra, the shifting of 

C=N or C-N peak exhibits the strong electron integrated interface between BiVO4 and 

1.5%N-rGO(2.5%) which further accelerates the electrons transportation from the surface of 

BiVO4 to active sites of N-rGO sheets; on these active sites more CO2 can be adsorbed for 

participating in photocatalytic CO2 reduction process to enhance the yield of selective formic 

acid production. Finally, the XPS analysis confirms that the 1.5%N-doped rGO(2.5%)/BiVO4 

nanocomposites (1.5%N-(2.5%)G/BV) photocatalyst is successfully synthesized [305-309]. 

 

4.3.2 Spectroscopic analysis: 

 

 4.3.2.1 UV-Vis Analysis 

The optical property of pristine BiVO4, BiVO4/rGO (1.5%, 2%, 2.5%, 3%), and (1%, 1.5%, 

2%) N-doped rGO (1.5%, 2%, 2.5%, 3%)/BiVO4 are analyzed by UV–vis absorption 

spectrum (Fig. 4.6(a)). The absorption edge of pristine BiVO4 and BiVO4/rGO(2.5%) locates 

at approximate 550 nm and 602 nm, respectively and the absorption edge of 1.5%N-

(2.5%)G/BV locates at approximate 659.39 nm. 1.5%N doping in (2.5%)G/BV 

nanocomposites increases the visible light absorbance. This characteristic is beneficial for 

enhancing the photoinduced electron-hole pair’s production. The increase in absorbance in 

the visible region is also shown in Fig. 4.6(a) in the following order: 1.5%N-(2.5%)G/BV > 

1%N-(2.5%)G/BV > (2.5%)G/BV > (2%)G/BV > BV > (1.5%)G/BV > 2%N-(2.5%)G/BV > 

(3%)G/BV. In Fig. 4.6(b), it is found that when BV is combined with 2.5%rGO the band gap 

energy of BV is reduced from 2.50 eV to 2.27 eV for (2.5%)G/BV as the absorption edge of 

synthesised (2.5%)G/BV composite enhanced to 602 nm. It is also observed in Fig. 4.6(b) 

that the bandgap energy of the 1.5%N-(2.5%)G/BV photocatalyst is further reduced from 

2.27 eV (for (2.5%)G/BV) to 2.06 eV due to 1.5%N doping in (2.5%)G/BV nanocomposites. 

1.5%N doping in (2.5%)G/BV nanocomposites also exhibit the highest red shift in the 

absorption edge (659.39 nm) among all synthesised nanocomposites, which actually manifest 

the highest visible light energy harvesting capability. This highest enhancement can be 
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achieved due to the proper hybridization of N 1s, C 2p and V 2p states, which gives the 

highest production of photo-generated charge carriers and triggers the selective formic acid 

production as photocatalytic CO2 reduced product. The tauc equation (4.2), [296-298] as 

illustrated below, is used to estimate the bandgap energies of each synthesised photocatalyst.  

[αhν] =  A[hν − Eg]
n

2                                                                        (4.2) 

Where ‘Eg’ (eV) is the bandgap of the photocatalyst, ‘h’ is Planck’s constant, ‘c’ is the speed 

of light, ‘ν’ is the frequency of light, ‘A’ is the absorption coefficient, ‘n’ is 1 for direct 

bandgap and ‘4’ for indirect bandgap of semiconductors. Table 4.1 presents the estimated 

bandgap energies and absorption edge (nm) values obtained from experimental analysis. 

 

Table 4.1 a comparison of band gap energy and absorption edge value of 

synthesised photocatalysts obtained from the experimental analysis. 
 

Photocatalyst Absorption edge (nm) Band gap energy (eV) 
 

BiVO4 (BV) 550.0 2.50 

(2%)rGO/BiVO4 536.0 2.35 

(2.5%)rGO/BiVO4 602.0 2.27 

(3%)rGO/BiVO4 402.2 2.88 

1% N-(2.5%)rGO/BiVO4 500.05 2.20 

1.5% N-(2.5%)rGO/BiVO4 659.39 2.06 

2% N-(2.5%)rGO/BiVO4 409.25 2.78 
 

 

4.3.2.2 Photoluminescence (PL) spectroscopy  

The migration, transfer, and recombination of photogenerated charge carriers in 

semiconductor photocatalysts have been studied using photoluminescence (PL) spectroscopy 

[308-310]. The PL analysis of all synthesized photocatalysts is carried out at an excitation 

wavelength of 380 nm, and the emission spectra are displayed in Fig. 4.6(c). Between 420 

and 560 nm, the PL emission spectra of pure materials and nanocomposites have been 

examined. The photoluminescence intensity is directly correlated with the photocatalytic 

performance of semiconductor nanocomposites. More precisely, a higher PL peak intensity is 

indicative of a higher rate of electron-hole pair recombination, which lowers photocatalytic 

activity. Conversely, a lower peak intensity of photoluminescence indicates a lower rate of 

electron-hole pair recombination, which results in higher photocatalytic activity. The center 

of the primary emission peak at 470 nm is shown in Fig.4.6(c). The PL intensities of the 

samples used in this study are listed in descending order: BV > 1.5%G/BV > 3%G/BV > 



144 

 

2%G/BV > (2.5%).G/BV >1%N-(2.5%)G/BV >2%N-(2.5%)G/BV >1.5%N-(2.5%)G/BV. 

Every sample contains emission bands in the visible spectrum because to charge carrier 

recombination in BV. In the 1.5%N doping in (2.5%)rGO/BiVO4 composite, an interface is 

established between 1.5%N-(2.5%)rGO and BiVO4, which facilitates electron transportation 

and reduces charge carrier recombination. Based on the interfacial charge transfer between 

1.5%N-(2.5%)rGO and BiVO4, these results verify that 1.5%N-(2.5%)G/BV exhibits the 

lowest photogenerated electron-hole recombination rate. This allows for the maximum 

photocatalytic CO2 reduction, leading to the selective synthesis of formic acid. 

 

 

 

 

Fig. 4.6: (a) UV-vis absorption spectra, (b) Estimated band gap energy (eV) by the Tauc 

plot of BV, (1.5%, 2%, 2.5%, 3%)G/BV, and (1%, 1.5%, 2%)N-(2.5%)G/BV 

photocatalysts, (c) Photoluminescence spectra (PL) of BV, (1.5%, 2%, 2.5%, 3%)G/BV, 

and (1%, 1.5%, 2%)N-(2.5%)G/BV photocatalysts an excitation wavelength of 380 nm, 

(d) EIS curves of BV, (2.5%)G/BV, and (1%, 1.5%, 2%)N-(2.5%)G/BV photocatalysts 
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4.3.2.3 Electrochemical Impedance Spectroscopy (EIS)  

The 1.5%N-(2.5%)G/BV photocatalyst has the shortest arc radius of any BV, G/BV, and N-

G/BV composite, according to the electrochemical impedance spectroscopy (EIS) analysis 

shown in Fig. 4.6(d). This indicates a significant reduction in the photogenerated charge 

transfer resistance caused by 1.5%N doping. Higher photocatalytic activity is produced as a 

result of this phenomenon, which essentially speeds up the migration rate of high-speed 

interfacial charge carriers across the photocatalyst's contact surface. This allows the 

photogenerated electrons and holes to separate more successfully. 

 

4.3.2.4 Nitrogen adsorption-desorption isotherms: BET surface area 

 

 

 

Fig. 4.7: (a) Nitrogen adsorption-desorption isotherms and (b) pore-size distribution 

plot of BV, (2.5%)G/BV, and (1%, 1.5%)N-(2.5%)G/BV photocatalysts 

 

The N2 adsorption desorption isotherm for BET surface area and the corresponding pore size 

distribution plot of BV, (2.5%)G/BV, 1%N-(2.5%)G/BV and 1.5%N-(2.5%)G/BV 

photocatalysts are shown in Fig. 4.7. The isotherms of all nanocomposites show typical H3 

hysteresis loops, exhibiting the presence of slit pores in all samples. The calculated pore-size 

distribution in Fig. 4.7(b) manifests the average pore sizes of BV and all nanocomposites in 

the range of 3 to 6 nm, supporting the hypothesis that there are many mesopores present, 

which are the source of the high surface adsorption. The BET surface area of pristine BV is 

found to be 2.82 m2/g, whereas (2.5%)G/BV photocatalyst shows a 6.74 m2/g specific surface 

area. It is clearly observed that due to 2.5%rGO loading in BV, the total specific surface area 

of (2.5%)G/BV photocatalyst as well as average pore sizes are increased. In Fig. 4.7(a), due 
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to 1.5%N doping in (2.5%)G/BV photocatalyst the highest specific surface area of 25.61 m2/g 

is observed for 1.5%N-(2.5%)G/BV photocatalyst among all synthesised photocatalysts. 

Since 1.5%N-(2.5%)G/BV has the maximum BET surface area, there are more surface-active 

sites available for the adsorption of reactant molecules (CO2). 

 

4.3.3 Performance analysis of photocatalytic CO2 reduction: 

The BiVO4 (BV), (2.5%)rGO/BiVO4 ((2.5%)G/BV), 1.5%N-(2.5%)rGO/BiVO4 (1.5%N-

(2.5%)G/BV )  nanocomposites are assessed for their photocatalytic activity performance 

during 8 h of visible light-driven photocatalytic CO2 reduction reactions conducted in water 

at 18°C and atmospheric pressure. Fig. 4.8 demonstrates the significant role of N-rGO for 

producing selective C-1 product, the formic acid. Among all three N doped rGO/BiVO4 

nanocomposites 1.5%N-doped (2.5%)G/BV photocatalysts produce the highest yield of 

formic acid (Fig. 4.8(a)). GCMS analysis of CO2 reduced products obtained using the 

optimum 1.5%N-(2.5%)G/BV photocatalyst (Fig. 4.8(d)) exhibits that the formic acid with 

100% selectivity, is the ultimate product in the liquid phase, and no other carbonaceous 

compounds, such as HCHO, C2H5OH or CH3OH, are detected. The GC-TCD and GC-FID 

technologies are used to analyse the gaseous products. The outlet gas produced during the 

photocatalytic CO2 reduction process contains no H2, CH4, or CO. Furthermore, control 

studies showed that in the absence of photocatalyst or light illumination, no significant 

amounts of HCOOH are produced, suggesting that both efficient photocatalysis and 

illumination are necessary for CO2 reduction. 

Furthermore, prior to CO2 purging, a photocatalytic CO2 reduction experiment is started 

within the reactor in a N2 atmosphere, and the absence of any hydrocarbons indicated that 

CO2 is the only carbon source utilised in the experiment. Using CO2 as the carbon source, 

mass spectrum peaks of HCOOH are found at 29.61 and 32.53 m/z, respectively, during a 

retention time of 1.94 min, as seen in Fig. 4.8(d). The yields of HCOOH produced by BV, 

(2.5%)G/BV, 1.5%N-(2.5%)G/BV photocatalysts are shown in Fig. 4.8(a). The GCMS 

analysis of the BV nanocomposites is displayed in Fig. 4.8(b), the results of which are 

showing no HCOOH acid generation, which is also supported by NMR analysis in Fig. 

4.9(a). The GCMS and NMR analysis of the (2.5%)G/BV nanocomposites is also displayed 

in Fig. 4.8(c) and Fig. 4.9(b), respectively. As predicted, the (2.5%)G/BV nanocomposites 

outperform the BV nanocomposites in yielding HCOOH (288.80 μmol gcat.
-1 h-1), 
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Fig. 4.8(a): Yield of selective formic acid production rate for BiVO4 (BV), 

(2.5%)rGO/BiVO4 (2.5%)G/BV, and (1%, 1.5%)N-(2.5%)G/BV based photocatalytic 

CO2 reduction system 

 

 
 

Fig. 4.8(b): Mass spectrum analysis (GCMS) of the formic acid found over BiVO4 (BV) 

nanocomposites 

 

 
 

Fig. 4.8(c): Mass spectrum analysis (GCMS) of the formic acid found over 

(2.5%)rGO/BiVO4 (2.5%G/BV) nanocomposites 
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Fig. 4.8(d): Mass spectrum analysis (GCMS) of the formic acid found over 1.5%N-

(2.5%)rGO/BiVO4 (1.5%N-2.5%G/BV) nanocomposites 

 

 

Fig. 4.9(a): NMR analysis of the formic acid production over BiVO4 (BV) 

nanocomposites 
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Fig. 4.9(b): NMR analysis of the formic acid production over 

(2.5%)rGO/BiVO4(2.5%G/BV) nanocomposites 

 

 

Fig. 4.9(c): NMR analysis of the formic acid production over 1.5%N-(2.5%)rGO/BiVO4 

(1.5%N-2.5%G/BV) nanocomposites 
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demonstrating the beneficial influence of the rGO layers. In Fig. 4.8(a), formic acid is 

produced selectively using 1, 1.5, and 2 wt% N doping; 1.5%N-(2.5%)G/BV photocatalysts 

provide the greatest formic acid yield in 8 h, with 592.80 μmol gcat.
-1 h-1. The formic acid 

production yield of 1.5%N-(2.5%)G/BV is 2.05 times that of (2.5%)G/BV nanocomposites. 

As a result of the photocatalytic activity study of the 1.5%N-(2.5%)G/BV photocatalyst, Fig. 

4.8(d) displays the GCMS analysis of the highest selective formic acid formation as a CO2 

photo reduced product. The NMR analysis of 1.5%N-(2.5%)G/BV photocatalyst in Fig. 

4.9(c) also suggests that 1.5%N doping shows the highest concentration (ppm) of formic acid 

in the product. Furthermore, AQY of 1.5%N-(2.5%)G/BV and (2.5%)G/BV are determined 

to be around 0.0148% and 0.0073%, respectively, based on measurements made at 420 nm. 

The AQY of 1.5%N-(2.5%)G/BV nanocomposites is approximately 2.03 times higher than 

that of (2.5%)G/BV nanocomposites. N doping in (2.5%)G/BV beyond the optimal loading 

decreases the photocatalytic activity of 2%N-(2.5%)G/BV nanocomposites and results in less 

formic acid production, as seen in Fig. 4.8(a). Nevertheless, increased N doping increases the 

number of active sites on the catalyst surface, which is favourable to the selective formic acid 

yield. 

 

4.3.4 Mechanism 

The initial stage of the photocatalytic CO2 reduction mechanism is the creation of a surface-

bound metastable radical anion (·CO2¯), which is caused by the activation of CO2 on the 

photocatalyst surface through the absorption of photons from visible light. The complete 

reduction process then occurs through a number of following phases. Protons and electrons 

are transferred, hydrogen radicals (·H) are produced, C-O bonds are broken, and new C-H 

bonds are formed, among other processes. In this case, the formaldehyde production pathway 

is actually followed by the photocatalytic CO2 reduction to formic acid [295,321,322], which 

is shown in Fig. 4.10. According to the formaldehyde route, formic acid (HCOOH) is 

produced as a result of the photocatalytic reduction of CO2 by ·CO2¯ (ad.) recombining with 

H+ and electron. It is discovered that the absorption edges of 1.5%N-(2.5%)G/BV and 

(2.5%)G/BV are around 602 nm and 659.39 nm, respectively. The incorporation of N-rGO in 

BiVO4 exhibits a broader spectrum of light absorption, suggesting a strong potential for light 

harvesting. The energy bandgap (Eg) of 1.5%N-(2.5%)G/BV is 2.06 eV, as determined by the 

tauc plot equation [Fig. 4.6(b)]. EIS measurements in Fig. 4.6(d) exhibit the shortest 

semicircle of 1.5%N-(2.5%)G/BV with the lowest charge trapping resistance among all 
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samples and also illustrate the interfacial charge transfer capacity as a result of N-rGO 

incorporation into BiVO4. 

 

N − rGO/BiVO4

hν
h+ (𝑉𝐵, BiVO4) + e− (𝐶𝐵, N − rGO)                                            (4.3) 

H2O + h+  →  ∙ OH + H+                                                                                                  (4.4)    

H+ + e−  →   ∙ H                                                                                                                   (4.5)  

CO2 +  e− →  ∙ CO2
−(ad. )                                                                                                (4.6)     

∙ CO2
−(ad. ) + 2H+ + e−  →  HCOOH                                                                                (4.7)        

CO2 +  2H+ + 2e−  →  HCOOH                                                                                                   

  

 
 

Fig. 4.10:Schematic portrayal of the mechanism of photocatalytic reduction of CO2 to 

selective formic acid using 1.5% N-doped (2.5%)rGO/BiVO4 (1.5%N-(2.5%)G/BV) 

photocatalyst 

 

Furthermore, the smallest photoluminescence (PL) intensity of 1.5%N-(2.5%)G/BV in Fig. 

4.6(c) confirms the lowest e--h+ recombination efficiency. As evidenced by EIS, band-gap, 
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and PL, the combination of N-rGO with BiVO4 ensures a notable enhancement in charge 

separation and migration as well as maximum photo-redox energy to produce improved 

photocatalytic activity. As a result, there are more photo-induced charge carriers available to 

improve the photocatalytic reduction of CO2 to formic acid [Fig. 4.8(a)].Photo-induced 

electrons are accumulated on the BiVO4-CB under visible light illumination. These electrons 

have strong reductive capabilities and can be transferred to the N-rGO nanosheets. This 

reduces electron-hole pair recombination and facilitates the transport of electrons to the active 

catalytic zones for photocatalytic carbon dioxide reduction. The large surface area of the N-

rGO allows it to absorb CO2. The photo-induced electrons that convert the adsorbed CO2 into 

formic acid are accumulated in the catalytic zones of N-rGO. Here, two moles of 

photoinduced electrons interact with one mole of CO2 and two moles of H+ to reduce them to 

one mole of formic acid. 

 

4.4 Conclusion 

 

The 1.5%N-(2.5%)rGO/BiVO4 photocatalyst is prepared by hydrothermal treatment. N-

doping and rGO worked together to increase the photo-absorbance power of the BiVO4 in the 

visible region of the solar spectrum. 1.5%N-(2.5%)rGO/BiVO4 has the lowest rate of 

electron-hole pair recombination, the highest thermal stability, an improved specific surface 

area with a small pore diameter, and a promising band gap (2.06 eV) among all the 

synthesized photocatalysts. It also exhibits remarkably reduced charge transfer resistance and 

increased conductivity for improving the separation efficiency of the photo-generated charge 

carriers. Thus, it is also found that the 1.5%N-(2.5%)rGO/BiVO4 photocatalyst is the most 

effective active catalyst for increased photocatalytic reduction of CO2 to formic acid, with a 

rate of around 592.80 μmol gcat.
-1 h-1. Furthermore, N-rGO create new photoinduced reactive 

zones for charge carriers and improve photocatalytic activity, as shown by the effective 

charge carrier separation and the relocation of the absorption edge (659.39 nm) into the 

visible spectrum. N-doping in rGO increases the number of defective sites to capture CO2 for 

enhanced photocatalytic CO2 reduction to formic acid; the AQY for 1.5%N-

(2.5%)rGO/BiVO4 photocatalyst is found to be approximately 0.0148%. The purity of 

product is also shown by the GCMS analysis of the photocatalytic CO2 reduction to formic 

acid. 
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5.1 Outcomes of the research: 

 

To reduce the accumulation of greenhouse gas CO2 in the world environment and to meet the 

world energy demand, photocatalytic CO2 reduction for selective product generation is one of 

the most attractive methods among CCUS technology.  

 The major outcome of the present research work is the invention of reduced graphene 

oxide (rGO)-supported three different bismuth (Bi)-based tailor-made photocatalysts 

namely (i) Cu doped rGO/Bi2S3 1D rod shaped nano-capsule, (ii) Cu doped 

rGO/Bi2MoO6 2Dnano-ribbon and (iii) N doped rGO/BiVO4 2D nano-hexagon for 

100% selective production of three industrially important valuable chemicals 

methanol, ethanol and formic acid, respectively. The optimum extent of doping that 

maximizes the yield of the selective product is explored for each case. Table 5.1 

summarizes the overall research work performed and the results of it.  

 Total 22 numbers of Bismuth based nano-materials including 9 number of Bismuth 

sulfide based, 8 number of Bismuth molybdate based and 5 number of  Bismth 

vanadate based  photocatalyst are synthesised, characterized and tested for 

Photocatalytic CO2 reduction.  

 In order to achieve product selectivity, doping using transition metal Cu is found as a 

superior technique compared to S Scheme heterojunction using CuO. Photo-reduction 

of CO2 in presence of hydrothermally synthesized rGO-Bi2S3/CuO S-scheme 

heterojunction produces methanol (423.52 μmol gcat.
-1 h-1) as well as formic acid 

(17.48 μmol gcat.
-1 h-1); whereas using 1%Cu (the optimum) doped 1D-Bi2S3/rGO 

photocatalyst, the 100% selective methanol (CH3OH) with highest yield of 719 μmol 

gcat.
-1 h-1 is obtained.  

 In 1% Cu doped rGO/Bi2S3 1D rod shaped nano-capsule, transition metal Cu is 

hybridized with carbon (C) of rGO and Bi of Bi2S3 and formed an interface layer 

between Cu-Bi2S3 and rGO which facilitate the highest charge transfer for the 

selective C1 product-methanol (CH3OH) generation. 

 Further, in case of Bismuth based 2D material (Bi2MoO6 nanoribbon/rGO) containing 

transition metal (Mo), 2% (the optimum) Cu doping aids to 100% selective C2 

product ethanol (C2H5OH).  

 In 2% Cu doped 2D-Bi2MoO6/rGO nanoribbon, the transition metals Mo and Cu 

createthebridge of Mo-C-Cu/Mo-O-Cu, which enhance the charge transfer from 2D- 

Bi2MoO6 to CO2 trapping sites on rGO-Cu interface as well as aids to supply large 
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number of electrons (12) to support C-C coupling for selective C2 product-ethanol 

(C2H5OH) generation. 

 The hydrothermally synthesized 1.5%N-(2.5%)rGO/BiVO4 photocatalyst is the most 

effective active catalyst for increased photocatalytic reduction of CO2 to formic acid, 

with a rate of around 592.80 μmol gcat.
-1 h-1.  

 In 1.5% N doped rGO/BiVO4, defective centers (C=N/C-N) can enhance the 

photoinduced charge transfer activity of rGO from BiVO4 to facilitate the CO2 

adsorption process on N-rGO surface active zones, where the surface-adsorbed CO2 is 

further reduced with the help of these photoinduced electrons and produces selective 

formic acid (HCOOH).  
I.  

 

Table 5.1: Comparative analysis of Photocatalytic activity of different synthesized 

photocatalyst based on selectivity. 

 

Photocatalyst Product 

&Yield 

(μmol gcat.
-1 h-1) 

Selectivity 

(Sproduct %) 

 

Absorption 

edge (nm) 

Band-

gap 

energy 

(eV) 

 

Bi2S3 nanostructure CH3OH: 71.38 

HCOOH: 25.92 

SCH3OH : 89.2 500.0 1.90 

rGO-Bi2S3 nanostructure CH3OH: 91.93 

HCOOH: 14.84 
SCH3OH : 94.8 525.9 1.80 

Bi2S3/CuO nanostructure CH3OH: 207.75 

HCOOH: 55.89 

SCH3OH : 91.7 560.5 2.24 

rGO-Bi2S3/CuO 

S-scheme heterojunction 

CH3OH: 423.52 

HCOOH: 17.48 
SCH3OH : 98.6 652.4 1.75 

Bi2S3 1D rod shaped nano-

capsule 

CH3OH: 77.23 

HCOOH: 3.089 

SCH3OH : 96 530.2 1.70 

Bi2S3 1D rod shaped nano-

capsule /rGO  

CH3OH: 102.06 

HCOOH: 2.32  
SCH3OH : 97.7 610.6 1.51 

0.5%Cu doped Bi2S3 1D rod 

shaped nano-capsule /rGO 

CH3OH: 301.72 SCH3OH : 100 649.8 1.47 

1%Cu doped Bi2S3 1D rod 

shaped nano-capsule /rGO 

CH3OH: 719.0 SCH3OH : 100 706.5 1.36 

2%Cu dopedBi2S31D rod shaped 

nano-capsule /rGO 
CH3OH: 707.85 SCH3OH : 100 478 1.82 

2D-Bi2MoO6 nanoribbon CH3OH: 49.20 

C2H5OH: 27.17 

SC2H5OH : 36 600.0 2.49 

2D-Bi2MoO6 nanoribbon/rGO CH3OH: 31.81 

C2H5OH: 58.80 

SC2H5OH : 65 634.0 2.25 

1%Cu doped (2D)Bi2MoO6 

nanoribbon 

CH3OH: 39.87 

C2H5OH: 44.94 

SC2H5OH : 53 400.8 2.81 
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2%Cu doped (2D)Bi2MoO6 

nanoribbon 

CH3OH: 35.37 

C2H5OH: 51.32 

SC2H5OH : 59 685.0 2.60 

3%Cu doped (2D)Bi2MoO6 

nanoribbon 

CH3OH: 37.05 

C2H5OH: 48.70 

SC2H5OH : 56.8 378.7 5.23 

1%Cu doped (2D)Bi2MoO6 

nanoribbon/rGO 

C2H5OH: 92.68 SC2H5OH : 100 420.7 2.17 

2%Cu doped (2D)Bi2MoO6 

nanoribbon/rGO 

C2H5OH: 

133.10 

SC2H5OH : 100 730.0 2.02 

3%Cu doped (2D)Bi2MoO6 

nanoribbon/rGO 

C2H5OH: 

121.84 

SC2H5OH : 100 380.0 5.10 

BiVO4 2D nano-hexagon HCOOH : 0 SHCOOH : 0 550.0 2.50 

(2%)rGO/BiVO4 2D nano-

hexagon 
HCOOH : 288.8 SHCOOH : 100 536.0 2.35 

1% N doped (2.5%)rGO/BiVO4 

2D nano-hexagon 

HCOOH : 439.9 SHCOOH : 100 500.05 2.20 

1.5% N doped 

(2.5%)rGO/BiVO4 2D nano-

hexagon 

HCOOH : 592.8 SHCOOH : 100 659.39 2.06 

2% N doped (2.5%)rGO/BiVO4 

2D nano-hexagon 

HCOOH : 568.1 SHCOOH : 100 409.25 2.78 

 

Table 5.2: Comparison of the photocatalytic activity of the top three synthesized 

photocatalysts according to apparent quantum yield. 
 

Photocatalyst Selective 

Product 

Yield 

(μmol gcat.
-1 h-1) 

Apparent quantum 

yield AQY (%) 

1% Cu-Bi2S3/rGO CH3OH 719.0 1.62 

2% Cu-Bi2MoO6/rGO C2H5OH 133.10 0.337 

1.5% N-(2.5%)rGO/BiVO4 HCOOH 592.8 0.0148 

 

5.2 Future scopes: 

The present thesis discussed on the development of  highly efficient, recyclable, visible light 

responsive, environment-friendly transition metal and non-metal doped rGO supported 

bismuth based photocatalyst exhibiting high photocatalytic activity and AQE, for the 

generation of selective renewable fuel through photocatalytic CO2 reduction process. 

Future scopes of this research work are as follows:  

(i) Study on continuous photocatalytic CO2 reduction to selective fuel generation using rGO 

supported bismuth based photocatalyst. 
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(ii) Study on the effect of operating conditions (pH, flow rate of water, rate of CO2 

adsorption, and intensity of irradiation) on large-scale industry-based production and 

inexpensive commercialization of selective CO2 reduced product. 

(iii) Applications of these bismuth-based photocatalysts supported by rGO in thermoelectric 

devices, photovoltaic devices, and supercapacitors. 

(iv) To boost the photocatalytic activity for the large-scale industry-based production, these 

synthesised photoctalysts can be further changed by adding various transition metal (Mo, Zn, 

and Co) doping. They can also be viewed as new prospective photocatalysts that the next 

generation of researchers can investigate. 
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