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ABSTRACT 

Global efforts to find sustainable ways to convert CO₂ have been fueled by the 

increasing atmospheric concentration of CO₂, primarily due to modernization and 

increasing populations. Solar-powered photocatalytic conversion of CO₂ to useable 

hydrocarbons has garnered significant attention among these. The clean production 

of renewable fuels and mitigation of climate change are made possible by 

photocatalytic technologies, which replicate natural photosynthesis. However, their 

practical applications are still hampered by difficulties such as slow reaction kinetics, 

low product selectivity, and electron-hole recombination. Copper ferrite (CuFe2O₄), 

a spinel metal oxide semiconductor, has been explored as a potential choice for 

photocatalytic CO₂ reduction because of its low band gap, stability, and superior 

redox properties. A composite of binary copper oxide doped copper ferrite (CuO-CF) 

was created to further boost its photocatalytic activity. This alteration leads to 

oxygen vacancies (OVs) and bandgap tunability, which boost CO₂ photoreduction 

efficiency by overcoming inherent kinetic barriers. The synthesized CuO-CF 

nanocomposite, which was created via an in situ co-precipitation process, showed 

improved electron transport capacities and better charged recombination 

suppression. Being exposed to UV-Vis light, the CuO-CF composite showed strong 

photocatalytic activity towards CO₂ reduction with methanol (CH₃OH) as the major 

product, using water as a sacrificial electron donor. In particular, compared to CuO 

or CuFe2O₄ systems alone, CuO doping improved light absorption and had 

synergistic effects with CuFe2O₄, so that the CH₃OH yield was higher 0.120 µmol 

g⁻¹cat h⁻¹. With a quantum efficiency of 3.5% at 267/400 nm, the binary compound 

demonstrated the ability to preserve interfacial charge separation and inhibit 

backward processes. Additionally, a pseudo-first-order model kinetic analysis 

confirmed the reliable and efficient conversion mechanism. 
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CHAPTER 1  

INTRODUCTION 

Particular emphasis has recently been paid to the subject of nanoparticles in a variety 

of sectors. The word "nano" is derived from the Greek word "nanos," meaning 

dwarf, and describes a size of one-billionth (10–9) of a meter [1]. Metal 

nanoparticles are particulate diffusions of solid units that have at least one 

measurement at a size range of 10–1000 nm. The most crucial feature of metal 

nanoparticles is their surface area to volume aspect ratio, which facilitates their facile 

interaction with other particles [2]. The science of nanotechnology has advanced 

significantly in recent years, and there are now many tested methods for producing 

nanoparticles with exact sizes and shapes that have been determined for specific 

purposes. Additionally, the number of creative uses for nanoparticles and 

nanomaterials is growing rapidly, and the application of effective nanomaterials has 

led to a better understanding of biology [3]. Previous studies have demonstrated the 

ability of many biological systems, such as plants and algae [4], bacteria [5], fungi 

[6], diatoms [7], yeast [8], and human cells [9], to convert inorganic metal ions into 

metal nanoparticles by using the reductive characteristics of their proteins and 

metabolites. The properties of macro- and micro-sized materials, which are actively 

employed in human health and medicine, are very different from those of 

nanoparticles. In addition, nanoparticles are usually classified based on their 

dimensionality, shape, alignment, regularity, and accumulation (Figure 1.1).  
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Figure 1.1 Classification of nanoparticles 

Nanoparticles' morphology and structure have a significant impact on their 

functionality as well as their detrimental impacts on people and the environment 

[10]. A nanoparticle's dimensionality determines whether it is one-, two-, or three-

dimensional. One-dimensional particles contain thin sheets used in electronics and 

sensing devices. Two-dimensional nanomaterials are composed of carbon nanotubes, 

which have a high adsorption capacity and stability. Three-dimensional nanoparticles 

contain dendrimers, quantum dots, and other components [11]. Accordingly, the 

morphology of nanoparticles can be classified as crystalline, spherical, or flat. 

Similarly, they can exist as nanocomposites that or as separate entities. For a certain 

procedure or decision, engineered nanomaterials are taken into account. Metallic 

nanoparticles are used in a wide range of industries, including water treatment, 

environmental remediation/reclamation, pest management, biomedical, catalysis, and 

biological sensing. Metallic metal nanoparticles are usually created by decreasing 

their parent ion in a number of ways. There are numerous methods for creating metal 

nanoparticles, and the production of these particles varies according to the intended 

result. Figure 1.2 describes the processes used to produce metal nanoparticles. 
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Figure 1.2 Traditional techniques for the synthesis of engineered and manufactured 

metal-based nanomaterials. 

1.1 Copper Ferrite Nanoparticles 

Several investigations have been undertaken on ferrite-based the nanomaterials, 

which are often defined as iron oxides with one or more metals in their structure and 

ferromagnetic properties. These iron oxides are classified according to their crystal 

structure and magnetic characteristics. The most well-known ferrites are spinel 

ferrites and garnet (M3Fe5O12) [12, 13], orthoferrite (MFeO3) [14, 15], and 

hexaferrite (hexagonal crystal structure, such as BaFe12O19 and SrFe12O19) [16-18]. 

M stands for rare earth cations. Where A and B are metal cations situated at 

rectangular and octahedral sites, respectively, spinel ferrites are usually denoted by 

the chemical formula AB2O4. In reality, the product cannot be called spinel ferrite 

until ferric (Fe
3+

) is included in the chemical formula. 

Any metal with an oxidation temperature of +2, such as Co
2+

, Cu
2+

, Fe
2+

, Mn
2+

, Ni
2+

, 

and Zn
2+

, can be an M. The most common form of spinel ferrites is MFe2O4 [19-23]. 

Of the ferrites that were described above, spinel ferrites have garnered a lot of 

attention recently due to their wide variety of uses in various fields, excellent 

chemical and thermal stability, and superparamagnetic properties at the nanoparticle 

size. In contrast to other spinel ferrites, researchers used to place a lot of emphasis on 

magnetite (Fe3O4) and magnetite (γ-Fe2O3), that solely include oxygen as well as 

iron in their structure [19, 24, 25]. However, the physical properties of Fe3O4 

nanoparticles might change based on the situation. At low pH, for example, they 

become considerably unstable and change into other oxides. , which alters their 

magnetic characteristics [26, 27]. 

Most of the spinel ferrites offer better physical characteristics than Fe3O4 NPs, such 

as increased surface area, improved magnetic properties, and good chemical stability 

[28, 29]. According to Hill and colleagues' tolerance factor equation (1), a spinel 

structure can only appear if the tolerance factor is approximately unity [30, 31]. 

   
 

√ 
 (

     

     
)   

 

√ 
  

  

     
                                                                                  (1)  
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The ionic radii of the tetrahedral (A) and octahedral (B) sites are denoted by rA and 

rB, respectively, while RO is the radius of the oxygen ion. The placement of the +2 

and +3 cations in the crystal structure of the spinel nanoparticles of ferrite (SFNPs) 

determines the three understood types of spinel ferrites: normal, inverse, and mixed. 

In normal spinel ferrite, M
2+

 ions occupy the tetrahedral sites, while Fe
3+

 ions occupy 

the octahedral locations. Typical examples of normal spinal ferrite are CdFe2O4 and 

ZnFe2O4 [32]. In an inverse spinel ferrite, the Fe
3+

 ions have a 50% ratio of 

tetrahedral to octahedral sites, while the M
2+

 ions only occupy the octahedral sites. 

Two examples are the inverse spinel ferrites NiFe2O4 and Fe3O4. An example of a 

mixed spinel ferrite is MnFe2O4, where the tetrahedral and octahedral sites are 

randomly occupied by both Mn
2+

 and Fe
3+

 [22, 33, 34]. On the other hand, 

depending on the synthesis conditions, CuFe2O4 can provide either an inverted or 

mixed spinel structural type [35-37]. The spinel ferrite structure is schematically 

represented in Figure 1.3 [38], and the inverse spinel crystal structure is depicted in 

Figure 1.4 [39]. 

 

Figure 1.3 Schematic representation of the spinel ferrite.  
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Figure 1.4 The crystal structure of an inverse spinel ferrite. 

1.2 Copper Oxide Nanoparticles 

Copper oxide is created by combining the elements copper and oxygen, which are 

located in blocks D and P of the periodic table, respectively. In a crystal, the copper 

ion is coordinated by four oxygen ions. Copper (Cu) and copper oxide (Cu2O) 

nanoparticles have attracted a lot of attention because of copper's accessibility and 

significance in modern technologies [40]. The mechanical, electrical, optical, and 

catalytic properties of copper nanoparticles are drawing interest [41, 42]. Copper 

oxide is a sort of important inorganic material that is widely used in ceramics, 

superconductors, and catalysis. Additionally, there are electrode active materials that 

break down nitrous oxide with ammonia and oxidize carbon monoxide, 

hydrocarbons, and phenol in supercritical water. It can serve as both a catalyst and a 

support for catalysts [43]. While the powdered copper oxide nanoparticle is 

impermeable in water and soluble in diluted acid, NH4Cl, (NH4)2CO3, and potassium 

cyanide solution, it dissolves slowly in alcohols and ammonia solutions. It can 

change into metallic copper at high temperatures when it comes into touch with 

hydrogen or carbon monoxide. CuO nanoparticles can also be used as a burning rate 

catalyst in rocket propellant. Nano copper oxide has superior catalytic activity and 

selectivity above ordinary copper oxide powder. The size range of nanometer copper 

oxide particles is 1–100 nm. Nano CuO differs from ordinary copper oxide in a 

number of physical and chemical ways, including surface effect, superiority of the 

quantum size effect, volume effect, and macroscopic quantum tunneling effect in 

magnetic, optical absorption, chemical activity and thermal resistance, catalysis, and 
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melting point. Nano copper oxide is one of the most widely used inorganic materials 

and is becoming more and more well-known (Figure 1.5). 

 

Figure 1.5 Schematic representation of a monoclinic CuO unit cell. 

1.3 Copper Oxide Doped Copper Ferrite Nanocomposites 

Because of their remarkable magnetic and electrical capabilities, ferrites have been 

the subject of much research for a wide range of applications over the past 50 years 

[16]. Numerous production methods, including co-precipitation [44], hydrothermal 

[45], sol-gel [46], auto combustion [47], micro emulsions [48], and pulsed laser 

ablation in liquid [49], have been used to precisely customize the properties of spinel 

ferrites. By using different production methods, the nano-sized spinel ferrites' size 

and form can be changed for usage in a range of applications [50]. Nonetheless, 

much research has been done to comprehend the conduction of electricity process 

and conductivity transitions of ferrites. It was shown that Li0.5Mn0.5Fe2O4 ferrite acts 

as a semiconducting medium that allows electromagnetic radiation to pass through it 

at low temperatures, but that at temperatures above 740 K, the ferrite transforms into 

a metallic reflector [51]. Moreover, Ni1.5Fe1.5O4 ferrite was seen to undergo a 

semiconductor-metal transition [52]. Furthermore, Bhowmik and Kumar investigated 

the impact of pH and grain-grain boundary contribution on the semiconductor-metal 

like during the fabrication of Ni1.5Fe1.5O4 spinel ferrite [52]. Furthermore, the authors 

investigated the low temperature semiconducting, intermediate temperature metallic-

like, and high temperature semiconducting states of Ni1.5Fe1.5O4 spinel ferrites for a 

range of annealing temperatures from 600 °C to 1000 °C [53]. Around 318 K, the 

metal-semiconductor transition was also seen in NiFe2O4 nanoparticles [54]. Ata-

Allah and Kaiser also examined the changes in the conduction mechanism in the tiny 

nickel-manganese ferrites that were replaced with copper. They showed that when 
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the substitution of copper rises, the cross-over temperature at which the transition 

from a semiconducting state to one happens decreases [55]. Additionally, the 

anomalous metallic behavior seen in nanostructured cobalt ferrite at the 

superparamagnetic zone, which was brought on by a shift in the dominant interaction 

type with increasing temperature, was explained by Kannan et al. using a reverse 

cation migration [56]. 

In Li0.5Mn0.5Fe2O4-δ, the frequency-activated conductivity transition from 

semiconductor to metallic state was also detected at temperatures above 800 K. To 

explain the metallic conductivity observed at high temperatures, they relied on the 

free particle-like mobility of lighter Li
+
 ions amid interstitial lattices and the 

overlapping of electronic orbitals from neighboring ions [57]. Bhowmik and Lone 

also discussed the semiconductor-metal-like-semiconductor transition seen in α-

Fe1.6Ga0.4O3 between 300 and 400 K. This conductivity behavior resembled that of 

metal and was thought to be a phase of concealed charge conduction. They assert 

that the hidden charge conduction phase can emerge through the proper coupling 

between the electronic states and magnetic spin order, as well as the reconfiguration 

of the system's charge hopping mechanism [58]. 

1.4 Characterization Of Nanoparticles  

The unique characteristics of a nanoparticle dictate its potential and uses. Utilizing a 

range of measuring techniques, the nanoparticles are characterized according to their 

size, shape, concentrations, architectures, compositions, surface areas, surface 

charges, surface speciations, and agglomeration [59]. Nanoparticles are categorized 

using microscopic methods such as electron microscopy, electron transmission, 

tunneling microscopy, and atomic energy microscopy (Table 1.1). Determining 

surface characteristics, molecular structure, chemical content, and nanoparticle size 

and shape may all be accomplished with the help of transmission electron 

microscopy and scanning electron microscopy [60]. 

Table 1.1 Identification of nanoparticles through characterization. 

Nanoparticle

s 

Preparation Characterizatio

n 

Uses/Applicatio

n 

Referenc

e 
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Ferrite-based 

Cs/Al/Fe3O4 

Precipitation 

technique 

Scanning 

electron 

microscopy 

(SEM), X-ray 

diffraction 

(XRD), 

transmission 

electron 

microscopy 

(TEM), and N2 

Adsorption-

desorption 

High catalytic 

activity for 

biodiesel 

production 

[61] 

Activated 

carbon and 

AC/CuFe2O4 

nanocatalyst 

Carbonizatio

n reaction, 

under 

magnetic 

field with 

neutralization 

SEM,FT-IR, 

XRD, EDX, 

TEM, and TGA 

Best biodiesel 

yield of 95.6% 

[62] 

1.5 Advantages 

The product can be extracted more easily and contamination can be avoided by using 

nano-catalysts, which are generally non-corrosive, environmentally benign, have 

excellent selectivity, and long lives [63]. Easy catalyst production, low cost, easy 

disposal, reusable qualities, and increased biofuel yield are some advantages of nano 

catalysts [64]. 

1.6 Disadvantages  

Because of their distinctive properties and vast variety of applications, nanoparticles 

are predicted to have longer-term adverse effects on individuals and the 

environment. Because the nanoparticles are smaller, inadvertent inhalation by 

humans may induce allergic responses, lung inflammation, cardiac problems, 

DNA/RNA modification, and so on. [65]. Human studies show that metal-based 

nanoparticles affect the cardiovascular system and are harmful. Concerns should also 
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be raised about these immensely helpful particles' adverse impacts, especially when 

they are employed in large-scale operations. 

1.7 CO2 Reduction Reaction 

Global energy consumption is expected to treble by 2040 [66, 67]. Fossil fuels 

currently provide a large portion of the energy needed, and there is mounting 

evidence that this limited resource is becoming scarce. Moreover, global warming 

has been caused by greenhouse gases (such as CO2) released from the burning of 

fossil fuels [68, 69]. In order to meet energy demands while reducing CO2 emissions, 

it is imperative that ecologically friendly solutions be considered. The Earth's surface 

currently receives more energy from the sun, a free renewable energy source, in an 

hour than all of humanity consumes in a year [70, 71]. As a result, solar energy can 

theoretically provide all of the world's energy needs. The fundamental problem, 

however, is that we are still unable to capture enough of this energy. The 

performance of photovoltaic (PV) devices has advanced recently, including notable 

improvements in photo conversion efficiencies [72, 73]. PV deployment has been 

sluggish, though, and storage has only just become a bottleneck as solar energy 

installations have increased. Furthermore, solar energy cannot fully replace fossil 

fuels due to batteries' poor energy densities as compared to chemical fuels [74, 75]. 

In order to achieve an environmentally friendly energy future, it is crucial to plan 

ahead for the possibility of efficiently storing solar energy in chemical bonds [76].  

With efficient use of solar energy, "artificial photosynthesis" has been proposed as a 

sustainable global energy economy that would enable the photochemical conversion 

of anthropogenic carbon dioxide (CO2) into useful chemical fuels (such as CO, 

CH3OH, and HCOOH) [77-79]. CO2 reduction is unquestionably a complicated 

reaction that is hampered by a number of kinetic and thermodynamic restrictions [80, 

81]. This extremely endothermic reaction has been driven by both photo-chemical 

and electro-chemical mechanisms. The advantage of the photocatalytic approach is 

that it does not require electrode contacts and has an simplistic layout that makes 

device design more compact and uncomplicated. Both paths are well-liked, though, 

and it is difficult to predict which technology will win out in the long run.  

In order to carry out the chemical conversion of CO2 into usable chemicals, the 

photochemical pathway uses the photon energy to start a catalytic reaction over a 
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photocatalyst (semiconductors). Multiple protons and electrons must progressively 

interact at particular catalytic sites during the intermediate phases of this intricate, 

multistep process [82]. 

The fundamental prerequisite for speeding up this complex photochemical reaction is 

the development of active catalysts with enhanced efficiency. Unfortunately, no one 

chemical has been shown to properly assist each stage of this entire procedure. This 

is because a single catalyst must balance two opposing requirements: on the one 

hand, it must span the band edge positions with respect to reduction and oxidation 

potentials; on the other hand, it is preferable that it possess a smaller spectrum gap 

for effective light harvesting and, as a result, solar conversion..  

In order to attain the best possible balance between the desired characteristics, the 

use of composite substances as catalysts for the photocatalytic CO2 reduction 

reaction is suggested. Maximum product yields from CO2 reduction have only been 

reported in the literature to reach μmol scales [83, 84]. It is assumed that the poor 

product yields are caused by substantial recombination losses during CO2 

photocatalytic processes. To enable efficient involvement in redox reactions, 

photogenerated electron and hole pairs must be separated. 

1.8 Thermodynamic And Kinetic Constraints  

Thermodynamically, direct reduction of CO2 is not possible (DG > 0, equations 1 & 

2). This is related to the fact that CO2 has a high C=O bond dissociation energy of » 

750 KJmol
-1

, making it an incredibly inert molecule [85-87]. Whether or not the 

system's Gibbs free energy (ΔG°) rises or falls during a chemical reaction is a 

measure of its spontaneity. Both DH° and TDS° are unfavorable for reducing CO2 

into other reduced products, according to the Gibbs-Helmholtz relationship [88, 89]. 

          CO2 + 2H2O → CH3OH +3/2 O2             ΔG° = 689 KJ/mol               (1) 

          CO2 + 2H2O → CH4 + 2O2                      ΔG° = 800KJ/mol                (2) 

ΔG = ΔH°- TΔS° 

ΔH° > 0 and ΔS° < 0 
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Here, ΔH°- enthalpy change, T- temperature, ΔS° - entropy change 

In its ground state, carbon dioxide is a linear, non-polar molecule with two double 

bonds between carbon and oxygen that have a length of 1.17 Å [90, 91]. One 

electron must be transferred in order to create the CO2 anion radical (CO2
•–

), which 

is the first step required to decrease carbon from its most stable oxidation state (+4). 

A significant kinetic overvoltage (-1.90 V compared to a typical hydrogen electrode 

in water at pH 7) is necessary because this is kinetically unfavorable (Equation 3) 

[92]. The necessary structural rearrangement of the linear CO2 molecule to the bent 

radical anion CO2
•–

 is related to the high over potential for single electron transfer. 

             CO2 + e
-
 → CO2

•–
                                    E° = -1.90V                       (3) 

Nevertheless, CO2 reduction can occur through successive proton-coupled electron 

transfer steps with the right catalytic system, forming molecules that are 

thermodynamically more favorable at lower potentials [90, 93]. However, because 

several electrons must contribute to generate different CO2 reduction products, 

reaction dynamics grow more complex. 

1.9 Fundamentals Of Photocatalysis  

It should be mentioned that the word "photocatalysis" is contentious when applied to 

thermodynamically uphill reactions [94, 95] before delving into the basics of the 

photocatalytic processes described in this thesis. Whether a chemical process is 

thermodynamically uphill or downhill depends on whether the Gibbs free energy 

value is positive or negative. Since light energy not only aids but also plays a crucial 

role in reactions with DG > 0, it is sometimes proposed that these processes be 

referred to as "photosynthetic" instead. On the other hand, "photocatalytic" materials 

use light energy to speed up a thermodynamically downhill reaction (DG < 0). 

However, the majority of published work still refers to the CO2 reduction process as 

photocatalytic rather than photosynthetic. 

Semiconductors are typically used in photocatalytic processes to increase a chemical 

reaction's pace without being consumed in the process [96, 97]. As previously stated, 

a typical photocatalyst material uses electromagnetic light (380 nm to 750 nm) to 
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cause chemical transformation. The three fundamental steps that it takes are as 

follows [97]: 

 The semiconductor being used absorbs photons. Step 1 requires that the 

photon energy exceed the semiconductor's band gap (Ehv>= Eg).  

 The production of photogenerated charge carriers (e- + h+) in the 

semiconductor's valence and conduction band edges (Step 2).  

 Figure 1.6 illustrates how charge carriers move across the catalyst surface to 

take part in the next redox process (Step 4). 

 

Figure 1.6 Illustrating photocatalytic CO2 reduction with H2O using semiconductor  

Photocatalyst. 

Steps 1 and 2 in this case show the formation of a photogenerated charge carrier 

upon absorption of incident photon energy, whereas steps 3 and 5 show potential 

recombination losses during the process and step 4 shows the charge carrier's 

involvement in a redox reaction. 

The photogenerated electron-hole pair can either recombine and release the 

excitation energy through lattice vibrational modes (Step 3) or it can move to the 

catalyst's surface (Step 4 in Figure 1.6) and participate in redox reactions at the 

corresponding redox sites [98, 99]. When migrating to redox sites, electron-hole (e
-
 + 

h
+
) pair recombination can take place in the bulk as well as on the surface. It is 

possible for photogenerated charge carriers to recombine with their opposite charge 

counterparts that are trapped on the surface (surface recombination 3), or two 

carriers can recombine in the semiconductor's bulk (volume recombination 5) [100, 
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101]. Charge carriers that are successful in moving to the catalyst surface contend 

with potential recombination events along the way. 

Therefore, the goal of this field's research is to reduce this recombination and extend 

the excited state lifetime of semiconducting materials.  

The amount of electrons produced and, in turn, the number that make it to the 

reduction site determine the product production in the context of CO2 photoreduction 

(Step 4 illustrated in Figure 1.6). Proton-coupled electron transfer, as previously 

stated, helps lower the high activation barriers for CO2 reduction (Equation 1 vs. 

Equation 2). The reducing agent (such as H2O) and reaction medium determine the 

proton's source. Here, a variety of multiple proton-coupled electron transfer 

processes can produce a range of CO2 reduction products, with the number of 

electrons involved determining the product's selectivity [102, 103]. The potential 

byproducts of photocatalytic CO2 reduction are listed below, along with the 

appropriate redox potentials (vs. NHE in water (pH-7)). 

CO2 + e
-
 → CO2

-
                                        E° = -1.90             (1) 

CO2 + 2e
-
 + 2H

+
 → HCOOH                     E° = -0.61             (2) 

CO2 + 2e
-
 + 2H

+
 → CO + H2O                  E° = -0.53             (3) 

CO2 + 4e
-
 + 4H

+
 → HCHO + H2O            E° = -0.48             (4) 

CO2 + 6e
-
 + 6H

+
 → CH3OH + H2O           E° = -0.38             (5) 

Because they can be utilized directly as fuels, researchers are more interested in 

getting reaction products in higher reduction states, such methanol or methane, out of 

all the potential reduction products. But other products, including carbon monoxide 

and formic acid, are still just as valuable as feedstocks for the pharmaceutical 

industry.  

In addition to directing reactions toward the intended products, this tactic lowers the 

photocatalyst's rate of electron-hole recombination, which raises quantum efficiency. 

Metal oxide-based photocatalysts, including TiO2, SrTiO3, CuO-Cu2O, Co3O4, and 

Cu3Nb2O8, have been extensively researched for CO2 reduction. As photocathodes, 

P-type metal oxides are essential for photo-electrochemical CO2 reduction. Since 
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these characteristics improve the efficiency of visible light absorption, catalysts with 

low band gaps, strong electron conductivity, and exceptional stability are preferred 

[104, 105]. CuFe2O4 with TiO2 has attracted interest among metal oxide 

photocatalysts because of its electron conduction characteristics and inverse spinel 

arrangement. CuFe2O4 is synthesized using the sol-gel process and has a greater 

surface-to-volume ratio, good homogeneity, and crystallites that are submicron in 

size [106].  

The primary objective of the current study is to assess the photo-electrochemical 

characteristics of CuFe2O4 for CO2 reduction. Applications for CuFe2O4 

nanoparticles have been identified in a variety of sectors, demonstrating their 

adaptability and versatility. Among their many uses, they have been used as anode 

materials in lithium-ion rechargeable batteries, in magnetic resonance imaging, as 

photocatalysts for the evolution of hydrogen driven by visible light, in energy 

storage materials, as catalysts in nanomedicine for the treatment of breast cancer, as 

facilitated coupling reactions, as CO2 reduction catalysts, as photoanodes for solar 

water oxidation, as support for enzyme immobilization, and as photocatalysts [107, 

108]. Despite a long list of intriguing publications about the synthesis of CuFe2O4 

nanoparticles, their size and shape changes, and their application in the purification 

of water [109], there is a dearth of in-depth research on copper ferrite nanoparticles 

for CO2 reduction because of our incomplete knowledge of their catalytic efficiency 

and mechanistic insights in CO2 conversion processes. 

More research is needed into the catalytic activity of copper ferrite nanoparticles for 

CO2 reduction procedures, such as the reduction of CO2 to helpful fuels. To 

maximize the effectiveness of these nanoparticles, it is also crucial to understand 

how selective they are toward particular substances. A comprehensive study of the 

chemical processes involved in the CO2 reduction process using copper ferrite 

nanoparticles is also necessary to develop more potent catalysts. This will help with 

our comprehension of detailed molecular processes. 

Producing CuFe2O4 nanoparticles using a single-step production process is the 

primary goal of the current study. Examining copper iron oxide as a photocatalyst for 

CO2 reduction is a comprehensive and forward-thinking approach to address 

pressing environmental problems. By combining novel materials, synthesis 

techniques, and photocatalytic methodologies, researchers expect to contribute to the 
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development of sustainable and effective strategies for improving sustainable fuels 

and decreasing climate change. 

. 

1.10 Creating Efficient CuO-CuFe2O4 For Industrial And Environmental Uses 

The goal of the thesis is to create exceptional performance CuO-CuFe2O4 suitable for 

a variety of industrial and environmental uses by optimizing production processes 

and carefully analyzing the substance. These applications include energy conversion 

and storage, sensing techniques, composite materials, and protective coatings that 

capitalize on CuO-CuFe2O4's excellent electrical conductivity, hardness, and 

chemical stability. 

The "Fabrication and Characterization of copper oxide doped copper ferrite 

nanoparticles (CuO-CuFe2O4) for Photocatalytic Activity" thesis addresses 

significant topics in environmental sustainability and materials science. The study 

intends to aid in the creation of innovative CO2 reduction strategies and the 

integration of renewable energy sources into industrial processes by enhancing the 

synthesis, characterization, and application of CuO-CuFe2O4. The expected findings 

advance our understanding of copper-based materials and open the door to their 

practical use in addressing global environmental and energy issues. 
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AIMS AND OBJECTIVES 

The aim of this research work is to:  

 Synthesize CuFe2O4 nanoparticles (NPs) by sol gel method.  

 Characterize CuFe2O4 nanoparticles (NPs) by XRD, FTIR and UV-visible 

spectroscopy.  

 Enhance CuFe2O4 NPs' surface area and size by using surfactant.  

 Optimize the physical parameters such as temperature and pH efficiently 

reduce CO2 into beneficial products with enhanced efficiency and selectivity. 
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CHAPTER 2  

 

LITERATURE REVIEW 

2.1 Copper Oxide Nanoparticles 

Nanoparticles, also known as NPs, are materials or particles that have one or more 

dimensions in the nanoscale (1–100 nm). Because we may alter their physical and 

chemical properties to suit our requirements and applications, they are widely used 

in both industries and healthcare. NPs fall into one of two distinct groups: inorganic 

(which includes metals, metal oxides, and quantum dots) or organic (which includes 

liposomes as dendrimers, and carbon-based NPs). One of the most popular kinds of 

metal oxide nanoparticles is copper oxide (CuO). They are more resilient, ductile, 

and electrically conductive because to their enhanced superconductivity, 

photovoltaic, and other special physicochemical characteristics. Because of these 

properties, they are widely used in paints, textiles, gas, batteries, semiconductors, 

and other biological devices. By 2025, it is anticipated that 1600 tons of copper-

based nanomaterials would have been created, with a projected market value of over 

$150 million in 2022. Given their extensive use, further investigation into the 

potential harm that CuO NPs may cause to biological systems is also necessary. The 

assessment of NPs in the environment is currently limited due to the difficulties in 

analytical characterization and quantification. Although Cu has been discovered in 

soil, nothing is known about metal oxide nanoparticles (NPs) in aquatic settings. 

(Murugesan Srimathi et al., 2025) [110]. 

2.2 The Role Of Surfactants 

There are several approaches to obtain copper oxide nanoparticles in different sizes 

and forms. The synthesis methods covered in the literature include thermal 

decomposition, calcination, pyrolysis, sonochemistry, electrochemistry, colloid 

formation, microwave irradiation, precipitation, reduction, reverse micelles, sol–gel 

method, formed themselves methods, and biosynthesis using plant extracts. A well-

known oxidation-reduction method that employs a reducing agent to lower copper 

ions in an aqueous medium has been developed in addition to these methods. 

Moreover, the precipitation process is very attractive due to its simplicity. On the 

other hand, surfactants are essential for the production of nanoparticles. 
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They control the size and shape of particles and prevent them from clumping 

together. Dispersant molecules are expected to be adsorbed on specific crystal 

planes, causing the crystal structure to develop anisotropically. Furthermore, 

surfactant facilitates nucleation and development by lowering the interfacial energy 

between the solution and the nanoparticles. Depending on the surfactant used, the 

shape of nanoparticles can be regulated by the selective binding of ligands to 

particular crystal facets. During colloidal synthesis, the nanoparticles' ability to self-

assemble into an ordered structure is made possible by their interaction with ligands. 

Copper oxide nanoparticles have been synthesized using a variety of dispersants, 

such as cetyl trimethyl ammonium bromide (CTAB), ethylene glycol, 

polyacrylamide (PAM), poly(ethylene glycol) (PEG), polyoxyethylated lauryl ether 

surfactant (Brij 30), poly(vinylpyrrolidone) (PVP), sodium dodecyl benzene 

sulfonate (SDBS), sodium dodecyl sulfate (SDS), sodium polyacrylate, Triton X-

100, and others (Guzman, Maribel, et al. (2021)) [111]. 

2.3 The Nanoparticles Of Copperferrite 

Ferrites, mainly complex oxides containing ferric ions, are classified as magnetic 

materials due to their ferrimagnetic activity. Ferrite's magnetic characteristics are 

caused by interactions between metallic ions at particular sites in relation to oxygen 

ions in the oxide crystal structure. Between 1945 and 1993, Snoek and his colleagues 

at the Philips Research Laboratories in the Netherlands created a variety of ferrites. 

Based on their crystal structure and the molar ratio of Fe2O3 to other oxide 

components, ferrites are divided into four groups. The four types of ferrites are 

garnet ferrites, spinel ferrites, ortho ferrites, and hexagonal ferrites. Among other 

qualities, these ferrites stand out for their chemical stability, mechanical hardness, 

and electromagnetic strength. CuFe2O4 nanoparticles are the preferred spinel ferrite 

because of their capacity to change their physical characteristics under different 

environmental conditions, including phase transitions, electrical switching, semi-

conductivity, magnetic properties, and chemical stability. CuFe2O4 nanoparticles 

come in two varieties: inverse and mixed spinel ferrite. CuFe2O4 nanoparticles have 

been used as anode materials for lithium-ion rechargeable batteries, energy storage 

materials, carbon dioxide reduction catalysts, coupling reaction catalysts, 

photoanodes for solar water oxidation, support for enzyme immobilization, 

photocatalysts for hydrogen evolution using visible light, and catalysts in 

nanomedicine for the treatment of breast cancer. Spinel ferrite nanoparticles can be 
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produced using co-precipitation, microemulsion sol-gel, citrate sol-gel, 

hydrothermal, the redox process, combustion, and other methods. Each of these 

synthesis techniques has advantages and disadvantages. Maensiri et al. described the 

white egg approach as a simple, affordable, and environmentally friendly way to 

produce transition metal-substituted ferrites in the form of spinel ferrite 

nanoparticles. Since egg white is a precursor, the reaction's hazardous effluents and 

toxic antecedents may be reduced (In 2023, P. Aji Udhaya et al.) [112]. 

2.4 Copper Oxide Doped Copper Ferrite Nanoparticles 

Although it breaks down quickly because of the recombination of photoinduced 

charge carriers, copper ferrite absorbs the visible portion of the spectrum. Creating 

heterojunctions that with other semiconductor is a workable solution to this issue. 

The CuO/CuFe2O4 system is a common example. The p-type semiconductor CuO 

has a very small bandgap of 1.2 eV. Nevertheless, CuFe2O4, a typical n-type 

semiconductor, can form a p-n-heterojunction with improved photocatalytic 

capabilities by hybridizing with CuO. The two phases must make close, ideally ideal, 

contact across the interface for the heterojunction to grow. One-step or multi-step 

processes are used to create heterojunctions. 

In the latter case, the components of the heterojunction are first obtained 

independently and then put together using a number of methods, such as casting, 

high-temperature solid-phase synthesis, impregnation, hydrothermal/solvothermal 

treatment, mechanochemical synthesis, sol–gel technology, 

hydrothermal/solvothermal treatment, and ultrasonic assembly. The disadvantages of 

this approach include the difficulty in obtaining a high-quality heterojunction 

boundary and the poor coupling between the components. Precursors of one or more 

components with the proper heterostructure are mixed and treated in the one-step 

process. Typically, a series of ionic reactions occur, with the resulting phases evenly 

distributed inside the heterostructured material Glazkova, E.A. et al. (2022) [113]. 

2.5 CO2 Reduction 

Climate change, which is brought on by the rapid increase in atmospheric CO2, is 

one of the most pressing issues of our day. It's critical to lessen the accumulation of 

CO2 in the atmosphere. Reducing the amount of CO2 produced, utilizing CO2, and 

storing CO2 are the three methods for reducing CO2 emissions. One preferred option 
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that meets the CO2 recycling criteria is to convert CO2 into chemicals. 

Photoreduction is one possible way to transform CO2. Honda et al. first reported the 

photoreduction of CO2 to organic molecules, such as HCOOH, HCHO, CH3OH, and 

CH4, in an aqueous solution of semiconductor powders in 1979. Many studies 

focused on the reduction of CO2 using photocatalysis with H2O. Due to the low 

solubility of CO2 in water and the weak reducibility of water, a large number of extra 

reductants were used for the photoreduction of CO2 (Qin Shiyue and others, 2011) 

[114]. 

2.6 Band Gap Energy 

In order to absorb visible light, semiconductors must have a band gap energy that 

falls within a certain range. This energy is crucial for regulating the photocatalytic 

activity of nanomaterials. Due to their large band gap, the majority of metal oxide 

semiconductors cannot absorb visible light. However, because of rapid 

recombination, photogenerated holes and electrons cannot be used effectively for 

photocatalytic conversion in semiconductors with a narrow band gap. Doping 

heteroatoms, functionalizing photocatalysts, adding a co-catalyst to trap the 

photogenerated electrons or holes, and keeping an eye on the defect density in the 

semiconductor lattice can all postpone the recombination time.. Organic reducing 

agents such alcohols, triethanolamine, and triethylamine have been used as hole 

scavengers to oxidize holes. CO2 can simultaneously be changed into the compounds 

by easily accessible photo-electrons. Using water and other protic solvents, CO2 has 

also been photocatalytically hydrogenated. The active sites for CO2 adsorption 

provided by catalysts based on nanostructural semiconductors allow photogenerated 

electrons to transform CO2 into the proper products. Photocatalytic activity is 

facilitated and the conversion rate is increased by co-catalysts and photosensitizers 

(Gusain Rashid et al., 2016) [115]. 

Notwithstanding Cu's inherent poor activity for CH3OH synthesis, Cu-based 

catalysts have attracted a lot of interest in the effort to convert CO2 into CH3OH. At 

moderate temperatures and pressures, the traditional Cu–ZnO catalyst, which 

consists of CuO, ZnO, and Al2O3 or ZrO2, exhibits conversion efficiencies of about 

30% and CH3OH selectivity between 30% and 70%. Co-precipitation of metal 

hydroxycarbonates is the most common synthesis technique, and the 

hydroxycarbonate phases that are produced depend on variables including pH and 

temperature. Alternative techniques seek to improve catalyst stability and activity, 
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such as accessing amorphous georgeite via supercritical CO2. Tuning active site 

activities and densities and improving traditional catalysts such as Cu–ZnO/ZrO2 by 

spreading them over mesoporous supports or integrating them into layered 

hydrotalcite are examples of catalyst design methodologies [116].  

In order to convert CO2 to volatile fatty acids (VFAs), copper ferrite/reduced 

graphene oxide (CF/rGO) nanocomposites (NCs) were created using the bio-

combustion process and used as cathode catalysts in microbial electrosynthesis 

systems (MES). 

In comparison to CF alone, the NCs' raised surface area of CF/rGO (158.22 m
2
/g) 

was 2.24 times greater, indicating a porous network-like structure. For 

CF/rGO/Carbon cloth (Cc), cyclic voltammetry (CV) and electrochemical 

impedance spectroscopy (EIS) tests showed a low charge transfer resistance of 2.8 Ω 

and a significant decrease in current density of −7.3 A/m
2
. Field emission scanning 

electron microscopy (FESEM) revealed more rod-shaped bacteria on the cathode, 

demonstrating the CF/rGO catalysts' outstanding biocompatibility and multi-length 

scale porosity, which promotes microbial colonization. The predominant microbial 

communities on the cathode were Firmicutes, Bacteroidetes, and Proteobacteria 

(Betaproteobacteria), which were important in the bioelectrochemical reduction of 

CO2 to VFAs. In order to facilitate effective MES performance and further the 

microbial reduction of CO2 to valuable VFAs, our study highlights the potential of 

CF/rGO/Cc electrodes as conductive materials with exceptional electrochemical 

properties [117].  

Using the eco-friendly oxidant H2O2, the sonocatalytic effectiveness of a recently 

created magnetic CuFe2O4/MIL-101/Graphene (CMG) ternary nanocomposite was 

investigated for the removal of organic dyes (methylene blue, rhodamine B, and 

methyl orange) from water. The CMG nanocomposite was created using a two-step 

hydrothermal method at 200 °C. Scanning electron microscopy, energy-dispersive 

X-ray spectroscopy, Fourier-transform infrared spectroscopy, magnetic 

measurements, atomic force microscopy, Brunauer–Emmett–Teller analysis, and 

Raman microscopy were used to evaluate the physical and chemical properties of the 

generated nanocomposite. The mechanisms of sonoluminescence and hot spots were 

credited with the CMG nanocomposite's exceptional sonocatalytic activity. A 

number of operational parameters were methodically investigated, such as the 
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catalyst dosage, pH, and starting dye concentration. The sonodegradation of dyes in 

the CMG suspension was found to be significantly influenced by hydroxyl radicals 

(•OH), according to trapping tests. The CMG nanocomposite could be easily 

detached with a magnet and repurposed without structural changes by utilizing the 

magnetic characteristics of CuFe2O4 nanoparticles [118]. Copper ferrite (CuFe2O4) 

nanoparticles (NPs) have recently caught the interest of researchers because of their 

possible uses in water purification. These NPs are stable in a range of circumstances 

and are distinguished by their low cost as a magnetic material. This characteristic 

makes it simple to recover treated water using an external magnetic field, allowing 

for repeated cycles of use. This focuses on comprehending how the magnetic 

properties of CuFe2O4 NPs and their nanocomposites (NCs) are influenced by 

several parameters, including the synthesis technique, calcination temperature, 

dopant type, pH, and crystalline size. CuFe2O4 NPs' potential for photocatalysis and 

adsorption in combination with other nanomaterials is highlighted by the exploration 

of their use in water treatment. There is discussion about the viability of recovering 

and recycling CuFe2O4 NPs and their NCs. 

The review concludes by outlining the current research gaps in adjusting CuFe2O4 

NPs' magnetic characteristics and other physical features for best use in water 

purification. The potential industrial application of CuFe2O4 NPs and their NCs for 

water purification is highlighted; they provide economical water treatment by using 

visible light as an energy source and being reusable [108].  
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CHAPTER 3  

METHODOLOGY 

3.1 Material 

Sigma Aldrich supplied the chemicals sodium hydroxide (NaOH), copper nitrate 

(Cu(NO3)2.2H2O), and iron (III) nitrate (Fe(NO3)3.9H2O). No additional purification 

was done before using any of the chemicals. The top-notch university lab produced 

ethanol and deionized water. 

3.2 Synthesis Of CuFe2O4 Nanoparticles 

Pure copper ferrite was created via a sol-gel co-precipitation process [119]. In 100 

milliliters of DI water, 0.2 M copper nitrate and 0.4 M iron nitrate were dissolved 

independently. With constant stirring, the copper nitrate solution was gradually 

added to the iron nitrate solution. 15.2 mmol CTAB was added after the nitrate salts 

had been dissolved in the DI water. After reaching the basic pH, 1M NaOH was 

added drop by drop to keep the pH between 10 and 11, while keeping the 

temperature at 60 °C and stirring the mixture for two hours without heating it. The 

solution was centrifuged to remove the CuFe2O4 product from water and excess salts 

while keeping the pH at a neutral level. The product was dried for 24 hours at 80°C 

in an oven, and the solid material was calcined for three hours at 500°C in an electric 

furnace. This sample was given CF NPs. 

 

Figure 3.1 Synthesis of copper ferrite (CF NPs) nanoparticles 

3.3 Synthesis Of CuO Nanoparticles 
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With few adjustments, copper oxide nanoparticles were created using a sol-gel 

combustion process [49]. After dissolving 4.57 g of Cu(NO3)2•3H2O in 200 ml of DI 

water, 2 g of CTAB was added to the nitrate solution. After stirring the mixture for 

30 minutes, 10 milliliters of sodium hydroxide was gradually added until the pH 

reached 10. After aging the solution for two to four hours while stirring, repeatedly 

wash it with ethanol and DI water to keep its pH balanced. An oven was used to dry 

the product for 24 hours at 70 degrees Celsius, and an electric furnace was used to 

calcine the solid material for two hours at 400 degrees Celsius. CuO nanoparticles 

weighing 1.51 g were produced. 

 

Figure 3.2 Synthesis of copper oxide (CuO) nanoparticles 

3.4 Synthesis Of Copper Oxide Doped Copper Ferrite Nanocomposites 

With few adjustments, a binary CuO-CuFe2O4 nanocomposites were created using 

the ultra-sonication process [120]. To create a final dispersion, 0.1 M CuFe2O4 and 

0.1 M copper oxide nanoparticles were mixed in 200 ml of deionized water and 

ultrasonically agitated for an hour (Table 3.1). Centrifugation was used to gather the 

precipitates, which were then cleaned with ethanol and deionized water and dried in 

a vacuum desiccator for 24 hours at 80 
o
C. Binary nanocomposites of CuO-CF are 

the end result. 
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Figure 3.3 Synthesis of copper oxide doped copper ferrite binary composite (CuO-

CF (BC)) 

Table 3.1 Ratio of binary composite formation 

Binary composite Molarity % age Mass 

CuO-CuFe2O4 0.1 M 10 % CuO-90 % 

CuFe2O4 

0.159g CuO-3.406g 

CuFe2O4  

3.5 Characterization Techniques 

Analysis was done using X-ray diffraction (XRD), scanning electron microscopy 

(SEM), and Fourier transform infrared (FT-IR) to ascertain the elemental makeup. 

The surface morphology of the nanocomposites was investigated using SEM, and the 

optical properties of the samples were assessed using a UV-vis (UV-visible) 

spectrometer. The size and shape of the nanocomposite, the degree of orientation of 

the nanoparticles in the matrix, and the crystalline phases are all determined using 

the XRD technique. Additionally, it was employed to examine the interfacial 

interactions between the nanoparticles and the matrix as well as the existence of 

defects. The FT-IR approach was used to examine the chemical surface and reactive 

sites of the nanoparticles. 

3.6 Photocatalytic Activity Measurement 

In order to investigate the photocatalytic reduction of CO₂ in the presence of 

photocomposites comprising different concentrations of CuO dopant over copper 

ferrite (CF) nanoparticles, CuO-CF composites were made using an optical reactor 

system. The experiment was carried out under a UV-Vis light source for six hours, as 

shown in Figure 3.4. The visible and ultraviolet light sources' intensities were 

measured using a Lux meter. Within the reactor, a quartz tube was placed in the 

center of a 12W UV lamp, producing a radiation source with an intensity of 3.5729 

W/m². A 100W tungsten lamp was used as the visible light source and placed 5 cm 

in front of the reactor to introduce combined UV-Vis radiation [121]. One valve 

allowed gas to bubble, another allowed gas to evacuate and was attached to a pump 

that circulated CO₂ gas into the reactor, and a third valve allowed CO₂ to circulate 
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continuously. The fourth valve provided a sampling port for product analysis. The 

reaction temperature was maintained throughout, and the glass reactor was supported 

on a magnetic stirrer to guarantee a consistent suspension. Photocatalytic activity 

was determined at a pH of neutral, with the illumination temperature kept between 

65 and 70 °C. The gas pressure was kept at roughly 30 psi during the reaction. A 

thermocouple was placed within the reactor and its tip made contact with the catalyst 

sample in order to detect temperature changes in real time. In order to confirm the 

photocatalytic process of CO₂ reduction, blank experiments were carried out in 

complete darkness, without any catalyst, and without UV-Vis light. Control 

experiments verified that the observed photocatalytic activity was caused by the 

presence of the CuO-CF catalyst in light-only conditions. 

 

Figure 3.4 shows the experimental setup for the photocatalytic conversion of CO2 to 

CH3OH using a UV-Vis lamp as a radiation source 

3.7 The Process Of Photocatalytic Reduction Of CO₂ 

The photocatalytic CO₂ reduction reactions were conducted in a specially designed 

glass reactor. A 0.2 g sample of synthesized CuO-doped copper ferrite (CuO-CF) 

photocatalyst was distributed using 80 mL of deionized (DI) water as the reducing 

media. The solution was constantly spun to guarantee a homogeneous suspension, 

and the pH was monitored and maintained at a neutral level throughout the 

experiment. Pure CO₂ gas was bubbled into the reactor solution for at least ten 

minutes before irradiation in order to replace any dissolved oxygen and fully saturate 
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it with CO₂. After saturation was verified, the photoreduction process was initiated 

by turning on both visible and UV light at the same time.  

For the duration of the photocatalytic reaction, CO₂ was continuously bubbled in the 

reactor at a constant flow rate of 0.15 mL/min and a maintained gas pressure of 

about 30 psi. To collect scattered catalyst particles, liquid-phase samples were 

collected hourly using a 5 mL syringe equipped with a membrane filter. Through 

sample analysis, the concentration of photocatalytic reduction products was 

ascertained. Liquid items were quantitatively analyzed using gas chromatography 

(Agilent 6890N with Head-space Sampler G1888, USA) with polyethylene glycol 

and a DB-Wax column as the stationary phase and a Flame Ionization Detector (GC-

FID). The carrier gas was high-purity nitrogen gas (99.995%) [122]. The liquid 

product that was mainly investigated was methanol (CH₃OH). 

A calibration curve was made using a known standard quantity of methanol in order 

to determine the unknown amounts of photocatalytic samples. The MDL for 

methanol detection was established at 25 ppm, the lowest concentration that 

generated detectable signals under the existing GC-FID conditions [123]. 
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CHAPTER 4 

RESULTS 

4.1 Optical Analysis 

4.1.1 Ultraviolet-Visible Spectroscopy (UV-Vis)  

The UV-visible spectroscopy approach was used to examine the optical properties of 

as-prepared nanoparticles, such as CF, CuO, and CuO–CF binary composite. These 

nanoparticles were ultrasonically dissolved in pure ethanol prior to measurement. 

The UV-Vis spectrophotometer was used to measure their absorption spectra. A 

higher surface-to-volume ratio results in a greater surface density of flaws, which 

raises the optical absorption. The copper ferrite (CF) nanoparticles showed high 

absorption at around 348 nm, indicating involvement in charge transfer transitions, 

as a result of the d–d electronic transitions of the Cu²⁺ and Fe³⁺ ions (Figure 4.1 (a)). 

However, CF nanocrystals exhibited minimal photocatalytic activity in the visible 

range because of their UV-dominated absorption nature [124]. CuO nanoparticles' 

UV-Vis absorption spectra showed a single, noticeable absorption peak at roughly 

275 nm, which is a typical band of CuO (Figure 4.1 (b)). This significant blue shift 

relative to bulk CuO is caused by the quantum confinement effect induced by the 

nanometer scale. Due to internal crystal field effects or lattice distortion, CuO 

absorbance coefficient decreased as wavelength increased, a feature common to 

many semiconductor materials [125]. On the other hand, with a peak range of 

roughly 410 nm, the CuO-doped CF (CuO–CF) binary composite demonstrated 

enhanced light absorption in the visible and UV regions (Figure 4.1 (c)). The 

enhanced absorption spectrum in CuO–CF is due to the synergistic effect of CuO 

and CF nanoparticles, which enhances sustained light-harvesting capabilities. The 

enhancement provides better photocatalytic ability for CO₂ reduction under UV-Vis 

irradiation [126]. Ahmed et al. determined that the optimal UV-Vis spectrum range 

for photocatalytic CO2 reduction was between 300 and 430 nm [127]. 
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Figure 4.1 UV-Vis spectrum analysis of: (a) CF, (b) CuO, and (c) CuO-CF (BC) 

Bad-Gap: 

Using the Tauc plot based on UV-Vis absorbance data, the band gap energy (Eg) of 

each sample was calculated using the following formula: 

                                          (𝐡𝐯)𝟐 = 𝐀 (𝐡𝐯 − 𝐄𝐠)                                                                              

(1) 

Where: α 

α = absorption coefficient, which is determined using 

      𝛂 = 𝛑𝐤/λ                                                                                                

(2)      
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n is equal to ½ for indirect transitions and 2 for direct transitions, where hv is the 

photon energy and A is the proportionality constant.  

The linear component of the Tauc plot was extrapolated to the x-axis (hv) to yield 

the following Eg values for the materials: CF nanoparticles showed appropriate band 

alignment for photocatalytic applications with a band gap of 1.39 eV (Figure 4.2 (a)), 

which was very close to values documented in the literature. It is marginally lower 

than previously published values (e.g., 1.42 eV of Kezzim A et al.) because of 

perhaps bigger crystallites. Figure 4.2 (b) shows that the band gaps of CuO 

nanoparticles were 2.18 eV, which is well within the reported range of 1.8 to 2.5 eV 

for CuO. The tiny variations are caused by synthesis techniques and influences of 

nanoparticle size; the band gap is somewhat blue-shifted because the quantum 

confinement effect is greater for smaller particles [125]. Marotti et al. claim that 

larger crystallite sizes lead to a lower band gap. The 1.64 eV band gap of the CuO–

CF binary composite supports its ability to absorb visible and UV light (Figure 4.2 

(c)). The modest band gap, which offers the ideal energy barrier for electron 

transport and excitation, boosts the efficiency of the photocatalytic CO₂ reduction 

process. The CuO and CF interaction improves interfacial charge separation, reduces 

electron-hole recombination, and promotes charge mobility, making the binary 

system superior to its component parts [124]. 

   



31 
 

 

 

 

Figure 4.2 Tauc‟s plot to estimate band gap energies (Eg) of synthesized 

nanoparticles: (a) CF NPs, (b) CuO, and (c) CuO-CF (BC) 

4.1.2 Photoluminescence Spectroscopy (PL) 

Electron-hole (ē/h+) pair recombination, migration, and trapping effectiveness in 

photocatalytic materials were all examined using PL emission spectra. Decreased PL 

intensity emissions are associated with a decreased ē/h+ pair recombination rate. All 

of the necessary samples' intensities were qualitatively assessed under the same 

experimental setup. Last but not least, a PL experiment was conducted for CF NPs in 

conjunction with CuO and CuO-CF in the range of 300-800 nm wavelength light 

source in order to comprehend the charge separation behavior in hybrid catalysts 

surface. The data obtained from this experiment is displayed in Figure 4.3. The 

likelihood of strong photogenerated charge recombination on the CF NPs 

photocathode surface is indicated by a sharp emission peak detected in the CF NPs at 

486 nm [128]. At an excitation wavelength of 460 nm, a prominent emission peak 

for the CuO and the CuO–CF binary composite was observed at 482 nm. Oxygen 

vacancies, surface effects, interstitial ion effect, and electron recombination between 

the donor and acceptor level defects of the nanoparticles may be the cause of the 

peaks displayed by the p-type semiconductor copper oxide nanoparticles [129]. 
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Figure 4.3 PL emission spectra /spectral analysis of CF NPs, CuO, and CuO-CF 

(binary composite) 

4.2 Structural Techniques 

4.2.1 FT-IR 

Figure 4.4 (a, b) shows the FTIR spectra of the CuFe2O4, CuO, and CuO-CuFe2O4 

nanoparticles, which were recorded in the 4000–400 cm
-1

 range. The FTIR spectra of 

CuFe2O4 nanoparticles are displayed in Figure 4.4 (a). At 2972.33 cm
-1

 and 2900.27 

cm
-1

, the band vibrations O–H interacting through H-bonds were detected. In the low 

wavelength region, the peaks displayed the distinctive peaks of spinel-made ferrites, 

with the MO (M) vibrations represented by Cu or iron at 694.56 cm
-1

, 598.93 cm
-1

, 

534.97 cm
-1

, and 430.2 cm
-1

 [130]. Infrared spectroscopy of copper oxide 

nanoparticles is displayed in Figure 4.4 (a). This figure shows that there are five 

peaks. The O-H stretching, O-H bending of a hydroxyl group, C–O asymmetric, C–

O symmetric, and Cu–O bond are the factors associated with the peaks at 3590.97, 

1620.51, 1380.21, 1134.23, and 511.97 cm
-1

 wave number, respectively [131]. The 

FT-IR spectra of the CuO-CF binary composite are displayed in Figure 4.4 (b). The 

stretching vibration bands of the O-H functional group are responsible for the 

distinctive absorption band of 3340.73 cm
-1

. The presence of O-H bending and C-H 

bond properties allows for the observation of the bands at 1543.33 and 694.56 cm
-1

. 
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510.3 cm
-1

 is where the significant absorption peaks the presence of Cu-O and Fe-O 

vibrations allows for the observation of 470.56 cm
-1

 [132]. 

  

Figure 4.4 FT-IR spectra of CF NPs, CuO nanoparticles (a), CuO-CF binary 

composite (b) 

4.2.2 XRD 

The XRD pattern of the CF NPs, CuO, and CuO-CuFe2O4 binary composite is 

displayed in Figure 4.5. [133]. The CF NPs X-ray diffraction pattern included a 

number of intense diffraction 2θ angles at 29.92, 36.68, 48.5, 57.2, 60.4, 65.12, 73.4, 

and 88.04°. XRD analysis was used to identify the CuO pearls' crystallinity and 

crystal phases. With miller indices of (111) hkl value, the main peak of CuO is 

indexed at 2θ = 52.3°. A few more CuO peaks may be seen at 32.69° (110), 36.68° 

(002), 58.06° (112), 64.71° (202), 73.8
o
 (113), 77.23

o
 (311), 85.02

o
 (222), and 87.66° 

(310). Only the pure monoclinic phase of CuO is visible in the produced 

nanoparticles upon notification reflection peaks, and this value is in good agreement 

with the value found in the literature (JCPDS card No. 05-0661) [134, 135]. XRD 

pattern for the ultrasonic power-synthesized magnetic composite (CuO-CF) sample. 

It is seen that the entire peaks in this pattern match the usual pattern of copper oxide 

and copper ferrite, confirming their presence in the binary composite as synthesized 

[133]. 
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Figure 4.5 X-ray diffraction patterns of CF NPs, CuO and CuO-CF 

4.2.3 Energy-Dispersive X-Ray Spectroscopy (EDX) 

The Bruker model EDX instrument was also used to determine the elemental 

compositions of the copper ferrite, copper oxide, and copper oxide doped copper 

ferrite binary composites and nanoparticle components. The elements copper, iron, 

and oxygen are confirmed to be present in CuFe2O4 by the EDX analysis (see Figure 

4.6 (a)). In addition, it was determined that the atomic ratio of Cu:Fe was 

25.89%:53.49% with an uncertainty of ±1.90%. For the chemical formula CuFe2O4, 

the expected atomic ratio of 1:2 is nearly met by the Cu:Fe atomic ratio as found by 

EDX analysis. It was also found that the atomic percentage of oxygen in CuFe2O4 

was 20.63%. The presence of the copper and oxygen components in the CuO is 

further confirmed by the EDX spectrum shown in Figure 4.6 (b). Additionally, it was 

found that the atomic ratio of Cu:O was 48.02%:51.98% with a ±2.98% uncertainty. 

For the molecular formula CuO, this ratio is extremely near to the theoretically 

predicted value of 1:1 [49]. The successful production of the binary composite 

(CuO-CF) was confirmed by the presence of Cu and Fe, which defined the formation 

of copper and ferrite oxide [117]. 
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Figure 4.6 The EDX spectrum of the CF NPs (a), CuO (b), and CuO-CF (c) 

4.3 Morphological Techniques 

4.3.1 SEM 

The Zeiss Supra 40VP type Scanning Electron Microscope (SEM) measurements 

were used to analyze the samples' surface morphology. The SEM pictures of the 

powder-formed samples are shown in Figure 4.7. The nearly spherical particles that 

make up CF NPs are equally dispersed throughout the crystalline structure and have 

a size in the nanometer range, as shown in Figure 4.7 (a). The copper ferrite 

nanoparticles' spherical form is consistent with the scientific literature [136]. An 

image of nearly uniformly dispersed CuO nanoparticles with urchin-like morphology 

can be found in Figure 4.7 (b) [137]. Because the copper oxide nanoparticles in CF 

nanoparticles are distributed randomly, the binary composites have a rougher 

surface, as seen in Figure 4.7 (c). Additionally, the urchin-like structure of CuO 
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nanoparticles is visible in the micrographs when the weight fraction of CuO 

nanoparticles in the composites increases. 

  

 

Figure 4.7 SEM micrographs of CF NPs (a), CuO (b), and CuO-CF binary composite 

(c). 

4.4 Photocatalytic Activity 

We conducted a number of control tests to make sure that the synthesis of methanol 

would result from the photocatalytic reduction of carbon dioxide. These tests 

included 1) one in which carbon dioxide was not introduced into the photocatalytic 

reactor; 2) one without any visible or ultraviolet light source; 3) one without the 

photocatalyst that was added to the reactor; and 4) one without the use of water as a 

reducing agent. There are no products to identify since the impurities, not the CO2, 

must be the source of the products in such an experiment [138]. To avoid 

overestimating product production, the amount of product identified in the real CO2 

reduction is adjusted by the amount in the blank operation if product formation is 
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detected [139]. When all the requirements were met, methanol was formed (Table 

4.1).  

Table 4.1 Elucidates sundry control experiment to affirm the source of carbon-

based compounds, X = Without particular substance,  = Sign shows 

availability of particular reactants 

Experiment 

No 
Reaction Conditions Methanol 

Formulation CO2 Light 

Intensity 

Photocatalyst Reducing 

Agent 

 1 X    X 

2  X   X 

3   X  X 

4    X X 

5      

To do this, 0.5g of photocatalyst—which acts as a reducing agent by supplying 

electrons to aid reduction—was dissolved in 80mL of water. The photocatalytic 

photoreactor was purged at pressures beginning at 30 Psi while maintaining a steady 

flow rate of 0.15 mL/min. The catalyst surface was kept 5 cm from the illumination, 

and the light was evenly distributed throughout the reactor walls at an intensity of 

about 3.5729 W/cm
2
 [121]. For every composition of the photocatalytic 

nanocomposite, liquid samples were taken over the course of an hour, and the 

reaction lasted for about five hours. Hourly liquid samples were analyzed using a 

GC-FID (Agilent 6890N with Head-space Sampler G1888, USA) with a 

polyethylene glycol stationary phase and a DB-Wax Column. Nitrogen, which was 

99.995% pure, served as the carrier gas for the analysis [140]. The possibility for 

detecting gaseous molecules like CO, CH4, H2, etc. was not investigated in our 

studies; instead, we solely looked at the generation of liquid products. To ascertain 

the unknown content of the finished product and the linear response of the detector 

to a specific component, the calibration curve for methanol at various concentrations 

was plotted. The Minimum Detection Limit (MDL) for methanol was determined to 

be 25 mg/mL, the lowest response value found [141]. 
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4.5 Photocatalytic CO2 Reduction Performance 

The methanol yield for CF NPs, CuO, and CuO-CF binary composite was plotted 

against time in order to determine the photocatalytic activity for the synthesis of 

solar fuels. In comparison to CF NPs and CuO, which were found to have yields of 

around 0.025 and 0.040 mmol g
-1

 h
-1

, respectively, CuO-CF had the highest yield 

(0.12 mmol g
-1

h
-1

). The table displayed the photocatalysts' methanol yield. Rapid 

charge carrier recombination and restricted electron transport result in the lowest 

yield of CF NPs. Because of the large amount of oxygen atoms in their electronic 

structure, CF NPs have a defect that prevents electrons from traveling freely, which 

lowers their quantum efficiency (Table 4.2) [142]. 

The following formula was used to determine the rate of methanol yield [143]. 

       
                                                               

                                                    
 

The provided expression can be used to evaluate the quantum efficiency or yield 

[122]. 

    
                                             

                        
       

    
              

   
           

                   
   

where A stands for photocatalyst irradiated area (0.00321 m
2
), IE for light intensity 

(3.5729 W/cm
2
), λ for the light wavelength that was bombarded (>400 nm for visible 

light), h for plank's constant (6.634 × 10-34 J.s), C for light speed (3 × 108 m.s
-1

), T 

for reaction time in seconds (3600 s), and NA for Avogadro's number (6.02 × 1023). 

Table 4.2 Photoreduction of CO2 into methanol under certain controlled 

experimental conditions 

Sampl

e 

Reaction 

Precurso

r 

Reducin

g Agent 

Visible/U

V Light 

(nm) 

Time 

(hour

) 

Methanol 

Yield 

(mmol/gh

) 

Quantum 

Efficiencyma

x 

(%) 

CF NPs CO2 H2O 400/267 4 0.025 0.5 
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CuO CO2 H2O 400/267 4 0.040 1.2 

CuO-

CF 

CO2 H2O 400/267 4 0.120 3.5 

4.6 Effect Of Pressure On CO2 Photoreduction 

The CO2 pressure was raised from 30 kPa to 180 kPa in order to use photocatalysis 

to convert carbon dioxide into methanol. According to the graph, photoreduction of 

carbon dioxide increased to about 90 kPa. This could be because the higher 

concentration of carbon dioxide in the photocatalytic system made it easier for 

carbon dioxide to be converted into solar fuels like methanol and formic acid. As the 

pressure increases, more carbon dioxide enters the reaction system and diffuses more 

readily to the catalyst surface's reactive active sites. Additionally, the increased 

pressure prevents catalyst poisoning by halting backward reduction reactions on the 

catalyst surfaces. Figure 4.8 illustrates how the production rate (mmol/gh) and 

quantum efficiency (%) dropped above 90 kPa and up to 180 kPa. This could be 

explained by the fact that carbon dioxide was unable to adhere because unstable and 

ineffective byproduct molecules occupied reactive active sites. Therefore, absorption 

must occur at the ideal pressure (Poptimum) for carbon dioxide to be converted to 

methanol. 

   

Figure 4.8 Photocatalytic CO2 reduction (a) Methanol yield, and (b) quantum 

efficiency 
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CHAPTER 5  

DISCUSSION  

The photocatalytic evaluation and synthesis of copper ferrite (CF), copper oxide 

(CuO), and their binary composite (CuO–CF) nanoparticles have yielded results 

about their appropriateness for photocatalytic CO₂ reduction to methanol (CH₃OH) 

production. The binary composite's superior structural, optical, and electronic 

properties allowed it to perform noticeably better than the other produced 

compounds, as shown by UV-Vis spectroscopy, FT-IR, XRD, SEM, EDX, and PL 

studies. First, it was shown that pure copper ferrite nanoparticles (CF NPs) produced 

using the ultrasonication method had a limited ability to use photocatalysis to 

decrease CO₂. This reduced activity is caused by its relatively narrow visible region 

absorption, high electron-hole recombination rate as indicated by PL spectra, and 

less ideal form as seen by SEM images. Additionally, although the predicted band 

gap for CF was within the acceptable range for visible-light photocatalysis, it was at 

1.38 eV, which did not lead to effective photoinduced charge separation or transfer. 

UV-Vis research revealed moderate absorption at 354 nm by d–d transitions in Cu²⁺ 

and Fe³⁺ ions; nevertheless, this was not enough to start an effective photocatalytic 

activity. To overcome these limitations, a CuO–CF binary composite was made by 

combining copper ferrite with copper oxide (CuO), a strong visible light absorber 

with an appropriate band gap (~2.18 eV). This strategy was predicated on the notion 

that CuO doping would enhance light harvesting capacity, quench charge carrier 

recombination, and increase surface defect features (such oxygen vacancies), all of 

which are critical for effective CO₂ photoreduction. The resultant CuO–CF binary 

composite showed better photocatalytic activity than either of their individual 

counterparts. The composite's UV-Vis absorption expanded widely into the visible 

spectrum with redshift at its maximum, suggesting better light utilization. The 

composite's band gap (~1.64 eV) was within the optimal region for CO₂ 

photoreduction, suggesting better charge mobility and a lower energy barrier for 
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photogenerated electron transfer. PL analysis revealed less recombination in the 

binary system, however SEM images revealed more distinct and connected 

nanostructures, providing more surface area for catalytic activities. EDX verified the 

uniform distribution of Cu and Fe elements in the binary matrix. Most importantly, 

improved. Pristine CF NPs lacked this synergy, which led to lower conversion rates. 

According to previous studies, the optimization obtained through the creation of 

binary composites supports the notion that heterojunction or composite 

photocatalysts significantly outperform single-phase materials. The findings of this 

study were consistent with earlier studies that emphasize the crucial role that surface 

oxygen vacancies and heterostructure interfaces play in boosting photocatalytic 

activity. 
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CONCLUSIONS 

This study investigated the synthesis, characterization, and photocatalytic 

activity of copper ferrite (CF), copper oxide (CuO), and their binary 

composite CuO-doped copper ferrite (CuO–CF) nanoparticles for the aim of 

photoreducing CO₂ to methanol (CH₃OH). Nanostructured materials were 

successfully created using a mix of chemical and ultrasonication procedures, 

and they were evaluated using FT-IR, XRD, SEM, EDX, PL, GC-FID, and 

UV-Vis spectroscopy methods. Copper ferrite nanoparticles exhibited 

inadequate photocatalytic activity due to substantial electron-hole 

recombination and inefficient visible light absorption, as indicated by PL 

results and the poor CH₃OH output from GC-FID analysis. The CF catalyst 

had a low band gap of 1.38 eV and was insufficiently active to convert CO₂ 

effectively when exposed to light. In order to overcome these limitations, a 

CuO–CF binary hybrid was produced by adding copper oxide to the CF 

matrix. The adjustment led to an improved band gap of 1.64 eV and 

improved light harvesting capabilities. The structural integrity and 

homogeneity of the composite were verified by the use of characterization 

techniques. UV-Vis examination revealed a red shift in absorption, while PL 

data verified a decrease in recombination. CuO–CF's photocatalytic activity 

was noticeably higher than CF alone, as seen by the enhanced methanol 

output. 
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