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Abstract 
 
The globe is facing momentous environment challenges to improve the 

quality of air, soil and water. This is widely accepted that the primary cause 

of global change is the release into the environment of so-called greenhouse 

gases. Carbon dioxide (CO2) which is primarily emitted by burning of fossil 

fuels such as coal, oil, gas is a significant greenhouse gas. The influence is 

now known as unalterable, plus this may direct to the destruction of human 

civilization. It   is a complicated matter with no simple solution, yet at the 

end of road light is on, due to the extreme increase in the atmospheric study 

and development in CO2   trap and consumption. Although conservative 

transformations strategies for carbon dioxide comprise of  photosynthesis and 

enzymatic biochemistry, amine capture, electrochemical, and photochemical 

that is sunlight driven photocatalysis are reported in literature review, 

however very few drawbacks have been reported on carbon capturing 

through Nano-fluids or with help of nano-based particles.This review firstly 

elaborate about the nanoparticles, its basicproperties; classification and the 

most recent development in carbon dioxide capture processes allowed by 

nanotechnology along with an summary of the traditional  carbon capture  

technologies.  
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1 Introduction 

Nanotechnology: It is a field that combines chemistry, physics and 

biology so it can be called a multifunctional field. Between various 

interpretations, the U.S. Environment Protection Agency describes it as work 

production of atoms, macromolecular forms in every aspect utilizing a 

dimension scale of 100 nm; creation of devices along with systems having 

novel properties of small size .The technology is being applied in various 

industries such as pharmaceutical, engineering, IT sector, Medicinal field. 
 

1.1 History of Nanotechnology  

Enormity doesn’t come close size toas; small scale surprises will come in. 

The word “Nano” was derived from Greek word that stands for “Dwarf”. 

Nanotechnology word was presented by Nobel Laureate Richard P.Feynman 

known as the father of nano-science. In his lecture nanoscience was 

presented at the American Physical Society session in 1959.Feynman 

proposed a path that would allowed scientists to hire and handle single atoms 

and molecules it wasn't until 1981, with the progress 2 inventions: Scanning 

tunnelling microscope that could "spot" single atoms and birth of cluster 

science, innovative nanotechnology started[1], [2].  

A variety of important developments were produced in the second half of 

the 1980s and early 1990s, which had a critical effect on the future 

development of nanotechnology. In 1991, National Scientific Funds' first 

nanotechnology system started running in the USA. The United States 

National Nanotechnological Initiative was approved in 2001.Since then; 

there have been many developments in science and technical research 

throughout the world, particularly in countries such as Japan, Korea, and 

Germany[3], [4]. Thus, at the turn of the 1960s, the nanotechnology 

paradigm was created, while the 1980s and 1990s are the beginning of 

nanotechnology growth in its own right. Hence the entire time up to the 

1950s can be considered as the nanotechnology prehistory. Consumer 

nanotechnology based goods that are marketable in more than 20 countries. 

In 2003, Samsung launched antibacterial technology in their appliances, 

refrigerators, air fresheners, and suction cleaners using ionic Ag NPs with the 

trade name Silver NanoTM. Abraxane TM,a human serum albumin NP 

material containing paclitaxel, was developed, marketed and introduced  in 

the drug market in 2005[5], [6].Though there were some 1814 

nanotechnology-based commercial goods available commercially worldwide 

in 2014. Nowadays it is widely accepted that nanotechnology is budding as a 

key aspect for commercial success in 21
st
 century and is regarded as the 

“Next industrial revolution”. Table 1 shows Major developments of 

Nanotechnology 
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Table 1 Major developments of Nanotechnology. 

 

1.2 Classification of Nanoparticles 

1.2.1 On Basis of Dimensions 

Authors classified nanoparticles on the basis of dimensions. Figure (1) 

such as;  

1.      Zero dimensional (0D) that is measured within the nanoscale. These 

nanostructures range between 1-100 nm in each direction. Ex: nanoparticles. 
2.      In one dimensional (1D) one direction remains large and the other two 

are in nanometric range, having shape like rods. Ex: Nanotubes and rodes. 
3.      TwoDimensional (2d) has a plate-like shape and has 2 dimensions 

outside the nanoscale. This class includes graphene, nanofilms, and 

nanocoatings. 
4.      ThreeDimensional (3D) are materials in no dimension limited to 

nanoscale. This class includes nanotubes, bundles of nanowires. [3]. 
 

 

 

 

 

 

1959 - Richard Feynman concieved the 
idea of "nanomaterials.  " 

1974- Tainguichi use the term 
"nanotechnology" for firsst time. 

 

1981 - IBM develops "Scanning Tunneling  
Microscope " 

 

1985 – “Buckyball” - Scientists at Rice 
University and University of Sussex 
discover C60 

1991 – Carbon nanotube discovered by S. 
Iijima 
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Figure 1 Structure of nanoparticles on the basis of dimensions. 

 

1.2.2 On Basis of Structure 

Nanoparticles are explicitly labelled in the following mentioned 

organic, inorganic and carbon based. 
 

Organic Nanoparticle 

These NPs are recyclable and non lethal. Examples are: Dendrimers, 

micelles, liposome and ferritin etc. Some of these have an empty core (Figure 

1), known as nanocapsules, and are perceptive to heat and sun-like thermal 

and electromagnetic rays.  This exceptional quality makes them a perfect 

choice for drug delivery. The organic nanoparticles are quite often used in 

the life science sector since they are competent and can be inserted into other 

cells in the body designated as targeted drug delivery[7], [8]. 
  

Inorganic Nanoparticles 

In this area NP are harmless, hydrophilic, biocompatible and highly stable 

as compared to organic nanoparticles. These consist of metal and metal oxide 

such as gold nanoparticles, Iron oxide NPs , Silver Nanoparticles. Beneath 

these semiconductors such as ceramics, silicon is also categorised. 
  

Metal Based Nanoparticles  

The particles which are produced by disruptive or proactive approaches 

from metal to nanometric sizes are called metal dependent nanoparticles; 

approximately all of these metals can be switched to   respective 

nanoparticles. The metals often used for the formation of nanoparticles are 

aluminium (Al), zinc (Zn), cobalt (Co), Iron (Fe), gold (Au), cadmium (Cd),  

lead (Pb), Copper (Cu)and silver (Ag). 
  

Metal Oxides Based Nanoparticles 

        The metal oxide based NPs are synthesised to amend the properties of 

their particular metal based nanoparticles, for instance Iron (Fe) straight 

away oxidised to iron oxide (Fe2O3) in the occurrence of oxygen at room 

temperature that boost its reactivity as compared to iron nanoparticles.  
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Metal oxide nanoparticles are synthesised mostly due to their better 

reactivity and efficiency. These are used in fabrication of electronic circuits, 

sensors, fuel cells, coatings etc. The commonly synthesised nanoparticles are 

Aluminium oxide (Al2O3), Iron oxide (Fe2O3), Magnetite (Fe3O4), Zinc 

oxide (ZnO), Silicon dioxide (SiO2), Titanium oxide (TiO2)[9], [10]. 
  

 Carbon Based Nanoparticles 

These are made entirely of carbon which is known as carbon derived 

nanoparticles and originate in morphologies like hollow tubes, spheres. Can 

be divided into fullerenes (C60), graphene, carbon nano tubes (CNT), carbon 

nanofibers.    Figure 2 shows Structures of Carbon based nanoparticles. 

 
Figure 2 Structures of Carbon based nanoparticles. 

 

1.3 Properties of Nanoparticles 

When the particle size is small below 100nm, solid particles tend to show 

peculiar properties from the large substance dependent on Quantum 

mechanics. The surface related properties and the quantity properties play a 

basic function in rendering the distinction with that of the nanoparticles in 

the properties of the bulk material. Varying the particle size can change the 

properties like solubility, colour, and transparency. Other than this 

conductivity, optical and catalytic behaviour change with the alteration in 

surface of particle. The materials obtained in a type of nanoparticles have a 

moderate activity in catalytic activities compared with the surrounding 

material and material like gold which is one of poor catalyst, in form of 

nanoparticles give excellent catalytic properties. Reducing the melting point 

of ultrafine particles is known as one of the special characteristics of 

nanoparticles correlated with aggregation and grain production of 

nanoparticles. 

 



 

 
 

 

 

 
7404 Amrit Kaur et al  

 

 
Figure 3 Carbon dioxide consumption area wise. 

 

 

2  Molecular Structure of Carbon dioxide  

The molecule Oxygen and carbon atom are held together by sharing 

electrons, possessing strong electron affinities. Carbon dioxide is a linear 

triatomic molecule having molecular weight 44. The length of bond between 

C and O is 112 which are currently shorter than a normal double bond length 

and CO2 bond energy is 803 kJ/mol. It has a circular axial symmetry, a 

horizontal plane of symmetry and sp2 hybridisation. The combination of high 

energy and polarity make it a highly stable compound. The C atom in the 

molecule is usually first targeted in CO2 reduction reaction. The nucleophile 

immediately hits the C atom with a partly positive charge. The nucleophile 

may be neutral material with a lone pair of electrons such as amine and can 

also contain metal bond, under these cases the chemical kinetics of CO2 

totally relies on polarization between an O atom. As carbon dioxide is inert 

as well as   highly stable so, its reduction is challenging, the reduction and 

capturing requires   elevated atmospheric and pressure circumstances. Figure 

3 shows Carbon dioxide consumption area wise. 

 

3 Conventional Methods for Conversion 

CO2 can theoretically serve as a renewable raw material   and can be used 

as a reagent for the synthesis of different chemicals plus in an environment 

friendly form of solvent. It offers a feasible substitute to replace the 

replenishing petroleum feed stocks that are used to manufacture chemical 

compounds of industrial significance. Amusingly, the conversion of CO2 is 

very striking as it uses renewable electricity to electrolyze water. In order to 

produce syn-gas, H2 must react with CO2. Thus, new applications of carbon 

dioxide in chemical synthesis and purification would obstruct petroleum 

utilization.     
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The molecule Oxygen and carbon atom are held together by sharing 

electrons, possessing strong electron affinities. Carbon dioxide is a linear 

triatomic molecule having molecular weight 44. The length of bond between 

C and O is 112 which are currently shorter than a normal double bond length 

and CO2 bond energy is 803 kJ/mol. It has a circular axial symmetry, a 

horizontal plane of symmetry and sp2 hybridisation. The combination of high 

energy and polarity make it a highly stable compound. The C atom in the 

molecule is usually first targeted in CO2 reduction reaction. The nucleophile 

immediately hits the C atom with a partly positive charge. The nucleophile 

may be neutral material with a lone pair of electrons such as amine and can 

also contain metal bond, under these cases the chemical kinetics of CO2 

totally relies on polarization between an O atom. As carbon dioxide is inert 

as well as   highly stable so, its reduction is challenging, the reduction and 

capturing requires   elevated atmospheric and pressure circumstances. 

 Similarly depleted oil or on shore saline aquifers have several possible 

CO2 storage facilities, other techniques are being studied for collecting, 

processing and conversion of CO2. It must be extracted from the waste gasses 

before CO2 can be processed and nitrogen, water, dust particles is the main 

CO2 trapping mechanism that typically includes capture by solvent 

absorption. Over time advances have also culminated in the direct conversion 

of CO2 into useful industrial products instead of just pure confiscation of 

nanoparticles. The outline for CO2 conversion is sketched in figure 4. 
 

 
Figure 4 Sketch for conversion of Carbon dioxide. 

 



 

 
 

 

 

 

7406       Amrit Kaur et al  

 

3.1   Adsorption method 

Capturing CO2 using solid adsorbents is seen as one of exciting 

technology. The CO2 capturing approach includes physical adsorption, 

chemical adsorption and membrane separation.  The adsorbent surface is 

protected by a single layer or multilayer of the molecular adsorbent defined 

as physical adsorption due to Vander wall forces. Chemisorption is some sort 

of   adsorption involving a chemical reaction between the surface and the 

adsorbate. This method can reduce cost of the post combustion technologies. 

Although,progress in this method can be influenced by reversible adsorbents 

and high adsorption capability. The typical adsorbents are the base materials 

of Zeolites, activated carbon and alkali base materials.  

 Modified Zeolite N-doped carbon has a strong potential of absorption 

compared to organic and inorganic metals, adsorption reaches up to 304.5 

mg/g at 273 K and pressure upto 192.7 mg/g at 298 Kelvin.  Zeolite analcine 

showed higher capacity i.e 74.71 mg/g than Zeolite-5 at 320 k..However, 

there were some inconveniences including impurities and at high temperature 

regrowth occurs. Other adsorbent was activated carbon having capacity to 

adsorb CO2 is 1408 mg/g. It has good thermal stability, good film adsorption, 

minimal-cost commodity and a large ability for adsorption at extreme 

pressures. In 2014, synthesis of Zeolites as adsorbents from paper sludge and 

broken glass   was recorded, which was a great cost effective move. 

Therefore to cope up with several drawbacks, Nanomaterial based capture 

systems gained more focus presently as they inhibit excellent properties. 

Introducing a small amount of nanoparticles physically or chemically in a 

base solvent leads to liquid nano-absorbents. 
 

3.1.1 Carbon Base Nanomaterial 

Carbon materials are strong adsorbent products, including activated 

carbon, carbon nanotubes, fullerenes and graphene. This material can be 

manufactured in bulk and have systemic porous macropores and micropores 

that is essential in carbon dioxide capturing because the macropores provide 

low counteraction and wide ground surface to micropores. There is broad 

surface area and elastic properties allow these materials to be used in a range 

of environments such as acid, alkali and water vapour and play a significant 

role in adsorption of carbon dioxide. Till date many types of porous materials 

had been commercialized like  in 2011 researchers recorded super activated 

carbon (VR-5 and VR-93) processed using KOH as an activating agent 

through a chemical process , which results in 500 cm3 adsorption  at room 

temperature and 50 bar pressure. It has been said   recently   that carbons 

formed by KOH activation including the origins of nitrogen display steep 

CO2 adsorption, even if the temperature is increased. Although the activation 

properties are strong, usage of KOH still has several drawbacks. Since KOH 

is heavy dehydrating agent, it induces tool corrosion, as temperature 

increases corrosivity increases which is not favourable for industrial 

application.Therefore to overcome this issue now researchers use chemical  
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activators major one is K2CO3 as activating agent with urea and nitrogen 

.The results were tremendous as average CO2 uptake was 3.17mol/g at 1 bar 

and 25 °C, 5.12 nmol/g at zero degree temperature.  Some activated carbon 

material with their adsorption efficiency stated in table 2 below. 
 

Table 2 CO2 capture through activated carbon. 

 

aterial CO2 

capture 

efficiency 

Temperature Pressure 

Conditions 

Refrences 

KLB2(KOH 

activation) 

15.4 0 30 19 

CMC-3(KOH 

activation) 

MACE-7 (KOH 

activation) 

5.22 

 

6.0 

25 

 

 

0 

1 

 

 

1 

20 

 

21 

NGC-650-

4(K2CO3 

ACTIVATION) 

6.23 0 1 22 

3.1.2  Graphene Base Adsorbents 

To obtain specific and high CO2 adsorption power on graphene based 

adsorbents it is important to incorporate heteroatoms such as N, B,S and Al 

into the framework of the substance. Adding atoms transforms its inert sp
2
 

hybridized state into the active state as a result of contact with CO2 during 

adsorption process.Pretty close to research, Li group used thermodynamics 

and density functional theories to research the adsorption process of CO2 on 

nitrogen and sulphur doped graphene base products. It was evaluated that the 

graphene structure defect with N, S doping producing change in the 

conjugated pi bond of the graphene which increased CO2 adsorption potential 

under mild conditions. Another 3D material BN-Gas co doped with nitrogen 

prepared in 2017 by Liu using solvothermal approach for CO2 

adsorption.Some of the graphene base materials listed down: 

Graphene has been one of the most researched nanomaterials among 

carbon based after Geim and Novodelov innovated it in 2004. The two 

dimensional, hexagonally packed lattice form, analogous to a honeycomb 

with single carbon sheet offers outstanding physical, biological, electrical 

and thermal properties .Every single carbon atom in graphene is sp
2 

hybridized and creates a single layer surface that is visible on all sides to the 

external world. Such characteristics give it a very large surface area of 2630 

m
2
g

1
 and shown that it is useful for quick and strong CO2adsorption from 

flue gases. Graphene oxide and reduced graphene oxide are chemically 

modified types of graphene. Graphene oxide can be generated from graphite 

powder without much effort; possessing nanoporous sheet like structure and 

including a large number of functional groups. Due to inclusion of more 

oxygen containing reactive functional groups on its top, the chemical 

reactivity of graphene oxide is strong when opposed to initial graphene. 
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Table 3 Graphene base adsorbents developed in recent years. 

 

Adsorbent Temperature 

(°C) 

Pressure(bar) Adsorption 

capacity(nmol/g) 

a-GDC-2 25 20 21.1 

CS-GO (CS 

aerogel 

modification) 

25 - 4.1 

IFGO 0 2 8.2 

GPN-800 0 1 3.54 

NG7 0 1 5.8 
 

Some studies indicate that on average CO2 absorption on a single sheet of 

graphene is around 37.93 wt; given that CO2 molecules have parallel 

orientation on graphene. As per the DFT calculations, CO2 adsorb 

exothermically on layer vacancy defects. Identically, in faulty graphene with 

monovacancies the adsorption potential was four times higher than in the 

defect free graphene. Also it has been observed that CO2 molecules bind at 

vacancies along with the activated carbon atoms resulting in the creation of 

C-O bondings. This represents that graphene is also one of the best 

adsorbents. Moreover graphene sheets have also been changed to boost their 

gas adsorption ability with amine functionality, double coated hydroxides 

and metal particles. For instance, polyaniline decorated with graphene 

displayed a better CO2 adsorption due to chemical interactions between 

amine groups and carbon dioxide. However the chemical alteration of amine 

over graphene improves basicity of the film, rendering adsorption of acid and 

can form carbamate anion. Table 3 provides Graphene base adsorbents 

developed in recent years. 

Further, the composite content adsorbed more carbon dioxide than UiO-

66 and certain other Zeolites and activated carbon. Chowdhury and 

colleagues produced a titanium oxide nanocomposite among GO utilizing 

diverse mass ratios and calculated the specific adsorption capability. The 

results of adsorption indicated that the TiO/GO nanocomposite developed 

showed strong selective adsorption towards CO2, it might be possible 

because of immersive impact of TiO2 nanoparticles with graphene oxide 

sheets with improves  porosity which renders it a very suitable substrate to 

extract carbon dioxide  from power plants. 
 

3.2   Photocatalytic Conversion  

As we know that solar energy is the non-finite source of electricity, and 

using this source to minimize CO2 to fuels, hydrocarbons are among the 

easiest ways of addressing the issue of climate change as well as crises in 

power. It is often referred to as artificial photosynthesis. With recent 

technical development we can not only remove carbon dioxide but also turn 

it into energy bearing products such as methane (CH4), formaldehyde 

(HCHO), formic acid (HCOOH) and ethylene (C2H4).  
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The first photochemical reduction was reported by Halmann with p-gap 

photoelectrode which gives products HCHO, HCOOH and CH3OH, after this 

it becomes a major research topic. Well, there are two types of photocatalytic 

reduction:  Firstly, a Photochemical system (PC system) that consists of easy 

devices to work with and reachable photocatalysts which use an unique blend 

of particles with proficient solvent. Here, the driving force is solar power, 

organic compounds and lighter hydrocarbons. The second process is 

photoelectrochemical cell (PEC system) that comprises a counter electrode 

and semiconducting photoelectrodes. It is generally recognized that the 

overall photocatalytic CO2 reduction cycle requires three critical steps in 

both PC and PEC systems. The event photons with energy value equal to or 

greater than the photocatalyst band space energy are consumed in the first 

step in order to create pairs of electron holes. Then the photogenerated 

electrons and holes then move to the photocatalysts particle layer in the PC 

system and anode in the PEC system. Lastly photogenerated electrons 

dissolve CO2 into fuels and meanwhile the holes oxidize H2O into O2. In an 

aqueous setting,CO2 interacts with H2O to create carbonaceous products and 

oxygen collectively without using any symbolic reagents is an ideal photo 

reduction method. The water oxidation reaction is therefore another 

important thermodynamic element that defines overall efficiency of solar 

energy conversion, as an acceptable photoreduction occurs in aqueous 

media.The characteristics for possible photo-

catalyst are calculated by the water oxidation redox potential and carbon 

dioxide degradation rate limiting steps. 

2H2O (l) → O2(g) + 4H
+
(aq) + 4e

− 
 ;  Eox  = -1.23 V 

CO2(aq) + e
−
→ CO2 ; Ered  =  -1.65 V 

 
Figure 5 Outline of photocatalytic reduction 
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Although, the photocatalytic process occurs under mild conditions with 

low energy input as CO2 does not absorb in ultraviolet regions (200-900nm) 

hence it requires photosensitizers. The studies from past years reported the 

significance of catalyst for enhancing the efficiency and selectivity of 

reaction. Semiconductors like Titanium oxide(TiO2),Zinc oxide  

(Zno),gallium oxide (Ga2O3), Cadmium oxide (CdSe) are used as 

photocatalysts. Among these TiO2 is considered most suitable in terms of 

cost and stability and performance. Freundlich adsorption equation and 

Freundlich constant results in 0.1and 0.5 for CO2 adsorption over TiO2 

making it most favourable photocatalysts. But Titania (TiO2) has two major 

drawbacks: it is photoactive only under UV light as it has 3.20eV wide band 

gap energy which takes only 4% sunlight emerging from the phenomenal rate 

of photo induced electron hole pair and large energy band recombination. 

Modification in TiO2 with different types of metal, non- metals porous 

material to increase its photocatalytic activity is essential. Figure 5shows  

Outline of photocatalytic reduction 

From past years, several methods have been used to enhance the catalytic 

property of Titania, such as the extensive ground surface modification used 

to block the recombination of photogenerated hole pairs on TiO2. Specific 

nanoparticles were loaded onto titanium which consist of palladium, silver, 

platinum, gold, which shows effective results. In depth, the metals Fermi 

stage is positioned below the titanium conductive band (CB) and Schottky 

barrier may develop between titanium and metal interface by filling up this 

metal on titanium. The Schottky barrier works as an electron trap that 

restricts the motion of energized electrons to semiconductors, thus preventing 

replication. It has been shown that the amount of CH4 production expanded 

in the sequence Ag<Rh<Au<Pd<Pt which correlates so well with 

improvement in the separation quality of the electron- hole. Hence Pt is the 

most powerful co catalyst for removing photogenerated electrons. Analysis 

on CO2 reduction over TiO2 –base catalyst is summarized in table 4: 
Table 4 Modified TiO2 materials for carbon dioxide reduction. 

 

Catalyst Light source Product(nmol/g) 

Pt/ TiO2 Hg lamp(365 nm) CH4 (4.8 ) 

Ag/ Tio2 nanorods UV light(365 nm) CH4(2.6) 

NiO/In2O3 over 

TiO2 crystals 

Hg light(500 W) CH4(240) 

Ti-MCM-41 UV light CH3OH and CH4 

According to research paper quoted in 2018 Pt/C-TiO2 photocatalysts in 

various Pt concentrations (0.5-0.3 wt) was formulated using a 

photodeposition pathway and checked for reduction of CO2.ICP-OES 

estimated the crystalline scale of C-TiO2 rises by Pt which was significantly 

smaller than the nominal estimate. 
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This increased the surface area and CH4, CO2, H2was found as the 

principal product whereas highest yield for all products were achieved at 

0.88% loading of Pt on Titania surface.     

  

 
Figure 6 Modification on Titanium surface with Pt 

 

Another alternative for TiO2catalyst is Metal Organic Framework. It is 

often classified as collaborating composites, which are a number of 

micro/meso porous hybrid crystalline materials. Such crystals are made up of 

inorganic metal ions or clustered linked to organic ligands or moieties. The 

metallic centres usually serve as crystalline lattice binding nodes and are 

positioned by the ligand. Addition to this, MOFs such as ZIF-6715 and Ru-

MOF16 displayed substantially longer separation time relative to TiO2- base 

catalyst. A variety of reasons are behind the use of MOFs as photocatalysts. 

Firstly, certain MOFs can operate like semiconductors partially because 

of the existence of the organic ligand as it can act as somewhat of a freight 

transporter by photo excitation of metal clusters. The   ligand serves as an 

antenna for catching photons as light irradiation induces electrons to fire up 

from Valence Band to the Conduction Band and passed to metal targets via 

ligand to metal load transition. Secondly, their unsaturated metal atoms or 

catalytically active ligands are responsible. Alternatively, creation of 

additional binding sites can also be achieved by functionalizing a parent   

MOFs structure.  MOF-5 semiconductor behaviour was detected as it was 

exposed to light irradiation resulting in a fraction of seconds. Figure 6 shows 

Modification on Titanium surface with Pt. 

      The first attempt to improve the photocatalytic ability of MOFs by 

functionalizing substituents  originated from  NH2-MIL-125(Ti) synthesis  

by inserting an amino functional organic ligand (H2ATA).However, there 

was no effect on parent MIL-125 structure and on the absorption of  CO2 

under natural conditions for NH2-MIL-125(Ti) and parent MIL-125(Ti) was 

found to be 132.2 and 98.6 cm
3
g

-1
. New studies have mentioned certain MOF 

materials like UiO-66, that exhibit semiconductor for photocatalytic CRR 

sites.  
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Other composite i.e. Co-ZIF-9/TiO2 featuring an excellent designed 

nanostructure in which TiO2 and Co-ZIF-9 have been linked strongly. Here 

ZIF-9 demonstrates maximum photocatalytic behaviour with a cumulative of 

29.17 which is 2.1 times bigger than flat TiO2. There are also studies on the 

use of MOFs products for metal nanoparticles. For example Ag nanocubes 

with an effect on surface plasma coated with Re-NOF to form AgRe3-MOF 

and the photocatalysts demonstrate 5 times increase in operation over Re3-

MOF under visible light. Thus provided that this field is fairly new, the latest 

studies and efforts are expected to arouse modern photocatalytic reduction in 

MOF base CO2 and eventually open inexpensive, secure and  efficient 

catalyst development.  

            As everything has some drawback, so here also the key problem 

confronting large scale use of MOFs in artificial synthesis is that their 

present rate of output is restricted only to relatively small amounts. The 

measurable problem of Metal organic framework is linked to their 

photocatalytic consistency as opposed to the well established semiconductor 

catalyst. Some studies have shown that while their efficiency is good and 

under certain cases better than oxide semiconductors, after a variety of runs 

their durability is impeded. Trying to overcome the stability deficiency may 

spark interest in further investigation into the use of MOFs in reduction of 

photocatalytic carbon dioxide.     

   
 

3.3   Electrochemical Reduction 

Seen from the past two periods electrochemical reduction has prompted a 

keen interest in academia and industrial applications which can be carried out 

at room temperature and under atmospheric condition making it possible to 

stabilize the catalyst and identify further optimization. The first 

electrochemical analysis of CO2 reduction was documented with the use of 

[Ru(bpy)2(CO)2](PF6)2 complex in 1992. This system is useful as, (i) it can 

be used for the manufacture of   chemicals and decrease in dependency for 

energy on fossil fuels. (ii) The process can be controlled by adjusting 

potentials and reaction temperature (iii) It offers a high capacity energy 

storage system for renewable sources. (iv) The set up for electro reduction is 

easy modular.Cells that consist of 2 chambers detached via anion exchange 

membrane that is commonly used in electrochemical reduction of the form 

H- type. The active electrode and reference electrode is in the cathode 

chamber, and the counter electrode is in the anode. The ion transfer 

membrane reduces decreased chemical conveyance to the counter electrode 

and can result in further oxidation. As electrolyte can be processed in this 

manner, chemical intake can be minimized to water. With the help of gas 

chromatography the gaseous compounds such as CO and CH4 may be 

measured.  
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However this form of cells are not beneficial for liquid drug, so 

researchers use other material such as membrane base to address this 

problem, which is used in this polymer electrolyte membrane separating 

anode and cathode with porous gas diffusion electrodes on both sides of the 

membrane to lengthen the catalyst- CO2 interaction. In particular, the use of 

flow cell electrolyte flow provides the electrode surface with new electrolyte 

which affects the pathways of the reaction. A GDE typically consist of 

abounded black carbon matrix that disperses metal catalyst particles. The 

implementation of these were performed by Mahmood by using GDE 

impregnated with lead to reduce CO2 to formic acid with a current output of 

almost 100 % at a density of 150mAcm2 and electrode potential 1.8V. The 

following parameters are most relevant and generally calculated to determine 

the effectiveness of catalyst. 

1. Onset potential that is ECR method often requires kinetics, which 

contributes to significant extra negative endpoint than the realistic CO2 

exclusion power.  

2. We calculate current density which is stated as dividing the overall 

current by the operating electrode surface area that affects the reaction rate. 

3. Faradic effectiveness can be calculated as faradic = anF/Q, here a is 

number of e
-
 transferred, n is the no. of moles and F is Faraday constant. This 

describes the product selectivity. 

4. Tafel slope shows the paths of the reaction and rate of determination of 

the phases obtained from the plot of over potential against current density 

graph. 

Here, metal electrodes can be grouped by form of reaction products into 

four groups. The selectivity for CO2 conversion to hydrocarbon is seen in 

first category Cu. The second group consist of Zn, Au, Ag containing CO as 

a product; the last group contains Pb, Sn, Cd which form formic acid from 

reduction of CO2. Furthermore, Hydrogen production of Ti, Ni and Pt is 

observed. The electrochemical reaction goes through three main phases that 

is CO2 is adsorbed chemically through a solvent. Secondly, movements of 

electrons is to shackle C-O bonds. Lastly, rearranging products produced to 

free from the surface of catalyst. Electrochemical reduction products are very 

beneficial chemicals which are used in the electro-fabricating, leather and 

tanning industries. HCOOH can also be regarded as a good option for fuel in 

direct formic acid fuel cells because of its safety.  

The half electrochemical reaction with equivalent electrode potential listed 

below. 

                     CO2 +2H
+
 +2e

-
    HCOOH; E=-0.250 V 

                     CO2+2H
+
+ 2e

-
                CO + H2O; E = - 0.106 V 

                                         CO2 +4H
+
 +4e

- 
    HCHO +H2O; E = -0.070 V 

                    CO2 +6H
+
 + 6e

-
    CH3OH + 2H2O; E = 0.016 V 

                    CO2 + 8H
+ 

+ 8e
-
    CH4 +2H2O; E = 0.169 V 
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So from these reactions we came to know that CO2 undergoes multiple 

electron reduction, sometimes mixed products are also formed. It is generally 

agreed that CO2 reduction take place as the first step in a single electron 

which happens at potential 1.90 bands this move is assumed to be rate 

deciding the reduction process. Radical formed is highly unstable and 

different reaction pathways are illustrated below: 
 

3.3.1  Formation of Formic Acid 

Formic acid is formed when 2 protons and an electron are absorbed by 

CO2 radicals. The most famous form of electrolyte is bicarbonate salt having 

pH zero gives HCOO
-
 commonly. Radical binding is the other method for 

formation of HCOOH as radical binds by carbon with catalyst and react with 

proton or H2O. The electrodes made up of elements which are under p block 

like Sn ,Hg and Pb  show extreme selection for HCOO
-
 . Figure 7 shows 

Reaction mechanisms for formic acid. 

 
Figure 7 Reaction mechanisms for formic acid. 

 

3.3.2 Pathway for Carbon Monoxide 

CO is formed through 2-electron reduction reaction , in this a proton 

attack CO2 via O2 and  COOH intermediate is formed and further CO and 

H2O forms when H
+
 attacks and e- to the oxygen atoms of hydroxyl. A 

scientific report states that , CO is more probable to build up on  electrode on 

which CO2 radicals including Cu, Au, Zn and Pd are easily absorbed where 

as CO2 is consumed weakly on Pb, Hg, In therefore produce HCOO as key 

product. Figure 8 shows Reaction mechanisms for CO. 
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Figure 8 Reaction mechanisms for CO. 

 

3.3.3  Formaldehyde 

HCHO is unusual electrochemical reduction product and typically poor 

in Faradaic performance. In 2014 it was noticed that boron doped diamond 

electrode was used to minimize the CO2 emissions into HCHO and achieved 

a Faradic output of 74% in Methyloxide and 62% in sodium chloride 

solution. Possible reaction activate the formation of an intermediate *COOH 

by either a proton conversion to CO2 radical or PECT. At first *CO is 

generated after water removal. Subsequently *CHO is produced by PECT. 

HCHO from the active sites expected to be inferior to the electrode surface ( 

Canizzaro type reaction). Figure 9 shows Reaction pathways for 

formaldehyde. 

 

Figure 9 Reaction pathways for formaldehyde. 

 

3.3.4 Methanol Formation  

In terms of high energy density, methanol is a good liquid fuel, easy to 

transport. It is also produced through hydrogenation of the intermediate 

methoxy group. In 1983, Canfield and Frese demonstrated that certain 

semiconductors such as n-Gas, p-lnp and p-gas are capable of processing 

methanol directly from CO2 but at exceedingly low current densities and 

Faradic efficiencies. Many other researchers have made several attempts to 

improve both and result of these was found to be pyridinium ion which 

reduce carbon dioxide at low over potential. Figure 10 shows  Reaction 

mechanisms for Methanol. 
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Recently pyridine has been extensively studied, utilizing it as a co-

catalyst to form the active pyridinium species.  

Figure 10 Reaction mechanisms for Methanol. 

 

3.3.5 Methane Formation 

Methane can grow, with more reduction. One potential route obeys the 

same moves as methanol production before * OCH3 intermediate formation. 

Another theory is projected: if the potential added is negative enough for the 

adsorbed *COH organisms may likely to transform into *C and the 

estimation of DFT theory shows that once the *C species is created, it is easy 

to reduce in CH, CH2, CH3 and finally methane. Hence the secret lies in 

formation of *C but the threshold for energy is so high that it only exists at 

very negative potentials and to enhance this formation of *OCH3   plays a 

vital role. Cu base materials are the main form of electro catalyst that can 

manufacture hydrocarbons. Figure 11 shows possible mechanisms for 

methane formation. 

 
Figure 11 possible mechanisms for methane formation. 

 

3.4 Techniques for Mechanism Study 

The most widely employed laboratory method to study these pathways 

involves online electrochemical mass spectrometry technique that 

incorporates electrochemistry and mass spectrometry, enabling electronic 

study of volatile reaction products. The quantity of each substance can be 

tracked with differing electrode potential. 
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OLEMS has been recently used for CO2 mitigation research. For instance, 

the koper group examined the reduction cycle in methane and ethylene by 

defining the intermediate through OLEMS, in which he found out that *CHO 

is primary intermediate; C-O bond breakage contributes to methane 

formation. Yet the production of ethylene takes a different direction which is 

produced by CO dimer at first step . Another commonly used approach is 

Density Functional Theory (DFT) in ECR process research. It also promises 

a new perspective for design of new catalysts. On the basis of DFT only 

methane and methanol mechanisms are anticipated. Moreover the Norskov 

group developed a model indicating the relation between ECR in CO and 

power of adsorption of main intermediates on metal surfaces. The finding 

implies that a strong electrochemical requires COOH but not CO 

stabilization.  
  

3.5 Nanostructure Electrocatalyst 

Over the last decades nanotechnology has taken advantage of many 

modern approaches to develop effective CO2 transfer over electrocatalyst. 

Since metal based Nonomaterial has an extremely broad surface, structural 

refinements and mix metal alloys have enormous conductivity, less toxic and 

environment friendly.A major achievement is currently being made about the 

usage of novel metal base catalysts. Metals can be divided into three distinct 

classes, distinguished on the basis of reaction pathways first, for processing 

HCOOH elements are Sn,Cd,Hg,Pb and Bi. ii) Common CO producing 

metals such as Au,Ag and Zn. iii) Cu has a great capacity to manufacture low 

range hydrocarbons. Furthermore certain metals including Al and Ga show 

few electrocatalytic behaviour. Lastly Co selectivity against metal catalyst 

ratio is in order: Au>Ag>Cu>Zn>Cd>Sn>In>Pb. 

The transition metals including Mn, Fe, Co,Ni which  distribute 

automatically on conductive hosts  have been used to attack CO2RR. 

Nowadays, nickel and nitrogen doped carbon base SACs have drawn strong 

attention.The metal atoms' electronic state and coordination status at these 

sites can be modified through the direction of synthesis. The 2019 work 

showed that nickel nanoparticles coated with a nitrogen-doped carbon 

coating will more effectively display CO2RR behaviour. The findings in this 

study showed the nickel base catalyst with good quality can be obtained over 

mixed metal catalysts. Though single atoms were extremely CO selective 

with FE 82% at 0.6 V not all nanoparticles can show this behaviour. Another 

important element Bi that has remarkable properties such as environment 

friendly, low cost, easy to synthesise on large scale, a sort of promising 

electrode. In 1995, Bi wires were first used to electrochemically minimize 

CO2 by less than 30 atm in aqueous KHCO3 solution and FE of 82.7 % was 

obtained. The Bi catalyst prepared using electrodeposition methods have 

demonstrated effective Co2 behaviour. In current surveys it was noticed that 

grain boundaries have gained a lot of attention as it may stimulate the 

behaviour of CO2RR electrocatalyst and change the selectivity of RR 

products.  
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According to a research paper quoted in 2019, BiNPs / Bi2O3 NS 

containing abundant GBs were synthesized with high energy facets, through 

simple hydrothermal reduction pathway. Surprisingly, it reduces carbon 

dioxide up to a great extent and the basic factors behind this were defined as 

(i) Grain boundaries consisting of high facetted enhanced active sites  and 

stabilizing intermediate reaction. (ii) close contact between Bi nanoparticles 

decreased resistance to load transfer. (iii) Remaining Bi2o3 potentially 

enriched CO2 around Bi electrocatalyst to facilitate subsequent CO2RR. 

Thus Bi NPs / Bi2O3 is simple to produce on a wide scale and has decent 

efficiency for CO2 uptake. Further more studies are being done on the 

selectivity of GBs over Cu base material and other elements selectivity 

towards CO2 reduction.Table 5 provides  major Nanostructured metal base 

catalyst with efficiency in electrocatalytic conversion (2015- 2019). 
Table 5: Some of the major Nanostructured metal base catalyst with efficiency in 

electrocatalytic conversion (2015- 2019). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Electrocatalyst Electrolyte Main 

product 

Faradic efficiency 

Ultrathin CoO 

nanosheets 

0.1 M Na2SO4 HCOOH 90% 

N-doped nonporous 

carbon 

0.1 M KHCO3 HCOOH 81% 

Trigonal Ag Nps 0.1 M KHCO3 CO 96.8% 

Oxide derive Au 0.5 M NaHCO3 CO 94% 

Au-Cu bimetallic NPs 0.10 M KHCO3 CO, H2, CH4 CO(10%), 

H2(80%),CH4(minor) 

In-Sn nonporous 0.1 M KHCO3 HCOO- 78.6% 

Pd NPs 0.1 M KHCO3 CO (91.2)% 

Sn- quantum sheets 0.1 M NaHCO3 hydrocarbon 91% 

Cu nanocrystals 0.1 M KOH CO and Et-

OH 

42.9% 

Cu NPs in MOF 0.1 M NaClO4 H2 and 

HCOO- 

H2 (66%), HCOO-

(28%) 

Cu NPs on Py-N-rich 

GO 

0.5M KHCO3 C2H4 (19%) 

 

Pd decorated Cu 0.5 M KHCO3 CH4 46 % 

Cu3Pt nanoparticles 0.5 M KHCO3 CH4 21% 

B doped Cu 0.1M KHCO3 Ethylene and 

ethanol 

52% and 22 % 

O2 plasma with Cu 0.1MKHCO3 Ethylene 60% 

Cu2O/ZnO 0.5M KHCO3 CH3OH 17.7% 

Pd/SnO2 0.1 M NaHCO3 CH3OH 58.4% 

Cu2O/Ppy 0.5 M KHCO3 CH3OH 96% 

Cu- Porphyrin 0.5 M KHCO3 CH4 77% 

Single Ni atom over 

graphene 

0.2 M KHCO3 CO 96% 
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4 Conclusion 
 

Most prospective energy production and demand projections indicate a 

predicted weakness in liquid hydrocarbon, which had become a serious issue. 

Substantial work is currently under way to establish processes that can 

manufacture biologically compatible liquid fuel, gases from advanced CO 

technologies. This analysis narrowly explains the electrochemical, 

photochemical and adsorption methods for change of CO2 into value added 

products. The arrangement of the nanomaterials was investigated because of 

the chemical configuration, thermodynamics and kinetics. Hence, production 

of minimal price catalysts can develop the catalytic conversion of carbon 

dioxide. This paper presents advanced nanomaterials comprising catalysts of 

noble/ non noble metals (Pd, Au, Sn, Cu etc.) and amplification of 

electrochemical and photochemical conversions. Nano-structured Cu 

catalysts were thought to be ideal materials being comparatively inexpensive 

and can be a future research area. Photochemical CO2 reduction proves to be 

an effective process of transformation. As the method of reduction a bit 

complex, the goal is to transcend the restricting measures that are 

encountered during the process.Encouraged by recent developments in the 

splitting of solar water and photochemical reduction , potential breakthrough 

that lie in a combination of effective narrow band gap semiconductor and 

high CO2 selective catalyst which could decouple photovoltage generation 

from reduction sites. In addition a simplified metrology method should be 

built to calculate the solar energy conversion output and faradic performance, 

device air tightness. Similarly, the electrochemical approach has often gained 

popularity for the removal of carbon dioxide from the atmosphere. Here, 

catalyst seems to be the main aspect in combating the intensity, 

reproducibility and output of reactions. The scaling of metal electrodes is 

very convenient with low current, strong over potential and poor output of 

Faradic.There has been significant development in carbon dioxide extraction 

methods, but there is still a long way to go. Use of carbon dioxide requires 

the production of extremely specific and reliable catalysts. New resources 

and carbon recovery have an impact on CO2 transformation discovery.  

 

References 
 
[1] A. Shojaeizadeh, M. Geza, and T. S. Hogue, “GIP-SWMM: A new 

Green Infrastructure Placement Tool coupled with SWMM”,  J. Environ. 

Manage., Vol. 277, 2021. 

[2] R. Guo et al., “Donor engineering for diphenylsulfone derivatives with 

both thermally activated delayed fluorescence and aggregation-induced 

emission properties”, Dye. Pigment., Vol. 184, 2021. 

[3] S. Zhang, H. Liu, X. Li, and S. Wang, “Enhancing the efficiency of 

green perovskite-QDs-based light-emitting devices by controlling 

interfacial defects with diamine molecules”, Chem. Eng. J., Vol. 403, 

2021. 



 

 
 

 

 

 

7420 Amrit Kaur et al  

 

[4] A. K. Shakya, A. Ramola, and A. Vidyarthi, “Information hiding using 

private content-based random encryption and data reduction for rgb 

images”, Lect. Notes Electr. Eng., Vol. 661, pp. 623–632, 2021. 

[5] S. Stelitano, V. Lazzaroli, G. Conte, V. Pingitore, A. Policicchio, and R. 

G. Agostino, “Assessment of poly(L-lactide) as an environmentally 

benign CO2 capture and storage adsorbent”, J. Appl. Polym. Sci., Vol. 

137, no. 48, 2020. 

[6] M. Cervantes-Zapana, J. L. Yagüe, V. L. De Nicolás, and A. Ramirez, 

“Benefits of public procurement from family farming in Latin-

AMERICAN countries: Identification and prioritization”,  J. Clean. 

Prod., Vol. 277, 2020. 

[7] K. Mallikarjuna, K. Narendra, R. Ragalatha, and B. J. Rao, “Elucidation 

and genetic intervention of CO2 concentration mechanism in 

Chlamydomonas reinhardtii for increased plant primary productivity”,  J. 

Biosci., Vol. 45, no. 1, 2020. 

[8] J. Zhang et al., “Self-polishing emulsion platforms: Eco-friendly surface 

engineering of coatings toward water borne marine antifouling”,  Prog. 

Org. Coatings, Vol. 149, 2020. 

[9] M. Khatami et al., “Greener synthesis of rod shaped zinc oxide NPs 

using Lilium ledebourii tuber and evaluation of their leishmanicidal 

activity”,  Iran. J. Biotechnol., Vol. 18, no. 1, pp. 1–5, 2020. 

[10]B.-L. Chen, W. Mhuantong, S.-H. Ho, J.-S. Chang, X.-Q. Zhao, and F.-

W. Bai, “Genome sequencing, assembly, and annotation of the self-

flocculating microalga Scenedesmus obliquus AS-6-11”,  BMC 

Genomics, Vol. 21, no. 1, 2020. 

 

 

Biographies  
 

 
 

Amrit Kaur, Department of Chemistry, University Institute of Science, 

Chandigarh University, Gharuan, Mohali, Punjab, India. 

 

 

 

 

 

 

 



 

 
 

 

 

 
Capturing Pressure for Greener Future 7421  

 

 

 

Reenu Sharma, Department of Chemistry, University Institute of Science, 

Chandigarh University, Gharuan, Mohali, Punjab, India. 

 
 

RuchiBharti, Department of Chemistry, University Institute of Science, 

Chandigarh University, Gharuan, Mohali, Punjab, India. 

 
 

 




