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The carbon dioxide (CO,) conversion to useable compounds remains a great contest to scientists, engineers,
and environmentalists with regard to the reverse of the oxidative degradation of organics. This conversion
is essential for the development of complementary fuels and raw materials for various industries, which in
turn will help in avoiding the drastic increase in tropospheric temperature due to greenhouse effect leading
to global warming. The solar energy is the earth's essential power source along with the other various
forms of energy for example fossil fuels, hydropower, wind, and biomaterials, etc. The final goal is to
establish the artificial photosynthesis, which can be replicated thru various chemical reduction techniques
of CO, by employing appropriate photo-, thermal- and electro-catalysts in order to produce different one
carbon atom (Cy) and higher carbon atoms containing products. Besides, the utilization of clean and sus-
tainable CO, towards high-value products is of great interest today due to the recognized environmental
worries and subsequent lessening of the fossil fuels utilization load to meet the energy demand of
mankind. This way, solar energy can directly and/or indirectly be altered and stored in chemical energy
form for industrial as well as societal applications. In this article our endeavor is to summarize the advances
in CO, chemical reduction research area till date especially in free radical-based methods such as elec-
trochemical, photochemical and plasma chemical for the development of carbon species up to two carbon
(Cy) atoms containing products perceived in the chemical reduction of CO,. The author hopes that this piece

of work will be helpful to researchers and readers who are focused on the field of CO,.
© 2023 Southwest Petroleum University. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

dizziness, visual and hearing abnormality/dysfunction due to
binding with hemoglobin. Moreover, at ~ 10% by volume, it causes

The Paris agreement highlights that the global CO, emissions
require to be halved by 2030 and total nil by 2050 [1]. Existing
capture and utilization technologies of CO, along with forthcoming
new technologies can help to achieve these goals. We have sys-
tematically gathered related information and summarized it to
bring insight on capture and utilization of CO, thereby controlling
the rise in global temperature. As CO, is the key leading subject of
this article, at the onset we need to discuss some of its funda-
mentals. CO; is a colorless, odorless, and non-toxic gas which is
generated through oxidation of organics and decomposition and/or
acid reaction of inorganic carbonates. However, 1% of CO, makes
people drowsy and at ~ 5% by volume, it is toxic [2]. Inhaling causes
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danger of asphyxiation [3] leading to death of human and animals.
On the other hand, CO, is used as refrigerant, foaming rubber and
plastics, for inflating life rafts and life jackets, in fire extinguishers,
carbonated beverages, etc. Most importantly, it is a caretaker of
blood pH, and hence is essential for survival.

CO; consists of one carbon atom and two oxygen atoms in a
linearly arranged molecule. The UV—Vis absorption spectrum of
CO, reveals a constant increase in absorption < 175 nm wavelength
with a diffused peak having maximum absorbance ~ 135 nm with a
very low absorption coefficient [4,5]. CO; is infrared (IR) sensitive
due to some of its active vibrations, which produce an oscillating
dipole. Two different types of IR active vibrations (stretching and
bending modes) exist in CO, molecule. Each of these modes create
2 types of vibrations, producing a total of 4 (following 3n-5 prin-
ciple, where n is the total number of atoms present in the molecule)
types of vibrations as shown in Fig. 1. The symmetrical stretching

2405-6561/© 2023 Southwest Petroleum University. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC
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vibration does not make any change in the dipole moment thus it is
not active to IR spectroscopy, whereas the asymmetrical stretching
vibration (Fig. 1) triggers activeness of the molecule resulting IR
absorption in 2349 cm™! region. The two bending vibrations of CO,
(Fig. 1) with matching frequencies exist at the same region doubly
degenerated at 667 cm™ ' [6—8].

In natural atmosphere, currently CO; is available at ~ 0.04% [9]
and the solubility of CO; is about 76 cm® in 100 mL water at 25°C,
which alters the solution pH to 3.76—3.9, close to the pK,; of H,CO3
[10]. Moreover, the CO, solubility changes with the change in
temperature and pressure. With increase in temperature CO, sol-
ubility decreases whereas with increase in pressure the CO; solu-
bility in water increases till the pressure reaches to a steady value
(above 700 atm) of CO, pressure [11,12]. Furthermore, CO; solubi-
lity depends on the nature of solvents (non-aqueous/organic) [13].
The oxygen-rich organic solvents such as acetone, 1,4-dioxane,
methyl acetate, and 2-methoxyethyl acetate, interact favorably
with CO; via Lewis acid (which accepts a pair of electrons and forms
a covalent bond) or Lewis base (which donates a pair of electrons
and forms a covalent bond) resulting in their diverse solubility [14].

In aqueous solutions, CO; exists as CO»(aq), H,COs(aq), HCO3(aq)
and CO£(aq), which are generated through the below-mentioned
reactions [15—18].

COZ(gas) - COZ(aq) (1)

Solution of CO; in water behaves as a weak acid having pH ~3.9.

COx(gas) + H20(1iq) — H2CO03(aq) (2)

Subsequently, it is equilibrated between the dissolved CO, and
the carbonic acid (H,COs3), a weak acid, where only ~ 1% of HyCO3
dissociates to HCO3~ and CO$~ following two different reaction
steps.

H2C03wq)zqugm +HCO3,q (3)

(4)

Furthermore, it is understood that on CO, dissolution, pH of
solution changes depending on the quantity of CO; dissolved. The
weakness of the acid is a reason why the solutions of carbonates are
often alkaline [17], which is because of the release of OH™ (see
reaction 5).

HCO3,q) = Hfyq) + CO5° (aq)

CO# (aq) + H20(iiq) — HCO3(aq) + OH (aq) (5)

— — ! !
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Fig. 1. IR spectra of CO,, adopted from Ref. [8].
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The carbonate also gives HCO3 when it reacts with H,COs3,

CO3 (aq) + H2CO3(q) = 2HCO3 4 (6)

The solubility of CO, also depends on pH of solution. It increases
in the pH range between 6 and 11 because of the increase in HCO3
concentration [11]. The CO, solubility in water is also enhanced
upon addition of additives such as NaOH, NayCOs or NaHCO;
because of their alkaline nature. Moreover, the chemical reductions
of carbonates and bicarbonates are difficult.

In nature, plants play a significant role in CO, preservation in
Earth's atmosphere through a natural CO, cyclic process [19,20]. In
brief, terrestrial CO, is consumed by plants to produce their own
food (carbohydrate) through photosynthesis. The living animals
present worldwide, including human beings use plants and plant
materials as food and on their decay, CO, returns back to atmo-
sphere. The CO, cycle is presented in Fig. 2.

Historically, the CO; concentration in the atmosphere has varied
significantly with respect to time. As believed, the early atmosphere
of Earth was predominantly comprised of CO, [21,22] and around
14,000 years ago (end of the last ice age), the CO, level in air
increased to about 50%. Following this global climatic transition,
the CO, concentration in the atmosphere remained almost steady
(~ 280 ppm) until the end of 18th century [3,18,23]. As human
civilization progressed, based on the higher energy requirement/
consumption versus lesser energy generation, the emission of CO;
from different anthropogenic activities for example deforestation,
fossil fuels burning, cement manufacturing, and waste incineration
in total have disturbed the balance between CO, sinks and natural
sources. CO, emission has been escalating continuously in the at-
mosphere since 1900 through the aforesaid activities and has hence
disturbed the natural CO, conservation cycle (Fig. 2). Other sources
of CO; emission such as living beings’ respiration, the decay of dead
plants and animals matters, volcanic eruptions and evaporation
from oceans add up more CO, to the atmosphere. At present, the
CO; concentration has reached ~ 405 ppm (0.04%), which grew
with a rate of about 2—3 ppm annually since 2009 [24] and is
currently reaching a total global anthropogenic CO, emissions
amount ca. 35.5 Gt per year [25]. Again, CO; is plentifully present in
ocean water than in air with an estimated net growth of 2 Gt dis-
solved CO, in seawater per annum [26—29].

On a daily basis we notice concerning CO, emissions contrib-
uting to global temperature rise through various news agencies.
Human activities releasing CO, and the burning of fossil fuels
together contribute nearly 80% of total emission into the air [30].

CO, is the major contributor to the enhanced greenhouse effect
accounting for a total of around 60% of the increase in heat trapping

coal & gas
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compounds

Cellular | |
Respiration

Consumed by
Animals/Human

Fig. 2. CO, conservation cycle.
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[21,31,32] over the geological time as estimated using GEOCARB
modelling. The scientists and the meteorologists are with an
agreement that the most probable cause of these changes is the
man-made emission of “greenhouse gases” (GHGs), which trap the
heat in the Earth's atmosphere. High CO, concentration in the
environment consequently increases the input of radiative energy
to the Earth. And the increase in CO; concentration in atmosphere
is connected to the observable climatic changes, which has been
tested using modern methods of time-series analysis. Furthermore,
the rise in global temperature due to CO, insights the significant
role of CO;y; as estimated, the average global temperature increases
with a rate of 0.0055 + 0.00096°C per year [33—38]. It is also
apparent that the rise in abnormal weather events, for example
summer droughts, flooding, etc., is someway related to the changes
in global climate.

2. Materials and methods

For this article, the available literature on CO, chemical
reduction was analyzed carefully, which especially deals with the
generation of products up to C; containing compounds. Three
different fields such as electrochemical, photochemical and
plasma chemical were shortlisted due to their high impact on
green chemistry when compared to thermal chemical reactions
where the left-over chemicals load extra care for their cleaning/
purifications. As compared to C; containing products derived from
CO,, C, containing products are very few but their inclusion is
crucial for the further development in this field. In this article, we
summarize the advancements in the field of CO, chemical
reduction listed in the literature to date, which are discussed in
the following sections.

Due to the rise in CO, amount in atmosphere, the interest in its
chemical reduction is growing with time because of its prospective
use as carbon source, and the efforts to mimic the photosynthetic
carbon incorporation [39—44]. The transformation of CO, using
different energy inputs in various methods such as photolysis
[44—56], radiolysis [57—62], electrolysis [63—77], sonolysis [78,79],
plasmolysis [80—94], and thermal/thermolysis [95—103] have been
investigated by researchers/scientists around the world during last
few decades. We have aimed to review the applications of various
methods (electro, photo, and plasma) for chemical reduction of CO,
into a variety carbon (up to 2 carbon atoms) containing products
through this article. In the subsequent sections, we present the
fundamental aspects of electro-, photo-, and plasma chemical
methods in brief.

2.1. Electrochemical processes

Before we implement the electrochemical method for CO,
reduction, it will be beneficial to include the thermodynamical data
such as heat of formation of CO, = 336 kcal-mol~' [104] and
electron affinity = —0.6 + 0.2 eV [105] for realizing the stepwise
reduction processes as given below:
COy(aq) + 2e~ + 2H" — HCOOH (7)
HCOOH + 2e™ + 2H" — HCHO + H,0 (8)
9)

(10)

HCHO + 2e~ + 2H" — CH30H
CH3OH + 2e” + 2HT - CH4 -+ Hzo
According to reactions (7)—(10) to transform CO, to HCOOH,

HCHO, CH30H and CHy, 2, 4, 6 and 8 electrons are needed respec-
tively [106].
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Electrochemistry discusses the transformation of electrical
energy into chemical energy and vis-a-vis. Oxidation or reduction
of materials/compounds at well-controlled electrode potentials
by withdrawing or adding electrons in electrochemistry proposes
several prospects in environment related engineering. Normally,
an electrochemical cell [107] operates redox reactions, which in
general comprises of three (counter, working, and reference (one
each)) electrodes, an electrolyte (conducting medium), cell
boundaries, and optional facilities such as cooling/heating of the
entire cell for desire experimental temperature control and stir-
ring of electrolyte to get uniform reactants/products distribution.
Similarly, gas inlet and outlet along with pressure control facility
are attached to get desired experimental pressure. To prevent
metal leaching or corrosion associated contamination because of
structural material, the inner part of the autoclave cell is either
made up of quartz/glass or Teflon coated to make the surface inert.
The quantitative information of an electrochemical cell is gener-
ally achieved considering the potential difference between the
working and counter electrodes as monitored with respect to the
reference electrode. Normally, standard calomel electrode (SCE)
or normal hydrogen electrode (NHE) or standard hydrogen elec-
trode (SHE) or reversible hydrogen electrode (RHE) is used as
reference electrode.

The yields of products in electrochemistry are expressed in
faradaic efficiency (FE) and energy efficiency (EE). The faradaic ef-
ficiency (nf) is defined as [108]:

Coulombs obtained

~ (Total molecules consumed) x nF (E1)

nr

where F is Faraday constant (96,500 coulombs/mol), and n is
number of electrons.

The electrochemical reduction of CO, generates several prod-
ucts such as HCOOH, HCHO, CO, CHy, etc. The energy efficiency (&),
for a product for instance HCOOH formation [109] is expressed as:

_AH x (percent faradaic efficiency)
NF (Erev + Nc + Mg + MiR)

(E2)

where 4H 644 kcal/mol; Epey 143 V, for
COyg) + H20() = HCOOH(aq) + Op(g) reaction and 7, 1q and npg
represent the concentration, the activation and the ohmic over
potentials respectively.

As mentioned above, CO; is believed to be a feasible energy
storage medium [66]. The transformation of CO, to useful products
is a capable long-term goal for generation of raw materials for in-
dustries and/or for fuels. It will be noteworthy to include at this
juncture the knowledge about the redox potentials of CO, and its
different product couples (see reactions 11—15).

CO, + 2e~ + 2H" — HCOOH (E” = —0.61 V) (11)
CO, +2e~ + 2H" — CO + Hy0 (E” = —0.52 V) (12)
CO, + 4e + 4H" — HCHO + H,0 (E” = —0.48 V) (13)
CO, + 66~ + 6H" — CH30H + H,0 (E” = —0.38 V) (14)
CO, + 8e™ + 8H" — CHy + 2H,0 (E” = —0.24 V) (15)

Although, the CO,/CO2" redox potential value is —2.21 V vs SCE
[109—111], but E” (standard electrode potential) turns into less and
less negative when employs more and more electrons in the
reduction reactions.
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In this process, the products for instance CO, HCOOH, CHy, CoHy,
C,04~, CH30H, C3Hs0H, (CH3),CO, etc. observed by reduction differ
with reaction conditions, electrolyte, electrode material, etc. The
extensive research on CO, electrochemical reduction have been
reported in recent past for generation of different products, which
are summarized in this review.

2.2. Photochemical processes

The utilization of photochemical means to destroy harmful or-
ganics due to oxidation and alternatively to transform them to
beneficial and/or less harm products during the chemical reduction
is the finest approach to take on the environmental pollution
related issues [112—119]. In addition, the utilization of CO,, the final
oxidized product of organics, through its conversion to suitable and
value-added products realizes an interesting awareness of the high
value of CO;. The use of solar light for such conversion at enhanced
rate using photocatalyst such as titanium dioxide (TiO3), zirconium
dioxide (ZrO;), iron(Ill) oxide (Fe;03), cadmium sulphide (CdS),
tungsten oxide (WO,), tin oxide (Sn0O,), etc. is an attractive alter-
native. Amongst these, TiO, (a model semiconductor chosen to
discuss general properties) is considered as an economical, and
easily available non-toxic photo catalyst, which can work under
solar light. The band gap energy (Epg) between valence and con-
duction bands of TiO is ~ 3 eV (Ej for anatase (one form) is 3.2 eV
and for rutile (another form) is 3 eV) [113,114]. On light exposure
(when the incident light energy (Epy) > (Epg), TiO» generates elec-
tron (e~) -hole (h™) (charge carrier) pair. The primary step in TiO,
photo catalytic oxidation due to the formation of both °*OH
(E°=2.72V)[120,121], an oxidant and Oz (E° = —0.33 V) [121,122],
a reductant occurs during the reactions of photo-generated charge
carrier with air/O, available in aqueous system through reactions
16—20.

TiO, ™ e~ + TiOs" (16)

TiOz" + HoO— °OH + H' + TiO, (17)

e +H" > H (18)

H+H - H (19)
In presence of O, (in air or oxygen containing systems),

e+ 0y — 0 (20)

The photo-generated e~ having E° = —2.8 V[120,121] reduces the
available solute(s) present in the system. Furthermore, the genera-
tion of *OH in TiO, photolysis has been understood with the gen-
eration of hydroxy products of aromatic compounds [123,124]. The
EPR and absorption spectrum studies confirmed the existence of
°OH [116] and the trapped electron [113,114,125,126] in light
exposed TiO, systems. All the processes together along with
photolytic charge carrier generation within the conduction and
valence bands and the redox reactions proceeding on semi-
conductor surface are explained in Fig. 3. In the presence of *OH/h™
scavenger (normally alcohol), the TiO,-based system is converted to
reducing condition, and on addition of an electron scavenger (N,O
or Oy), the absolute oxidation favoring environment can be made.

Conversely, TiO; is inherently acting as an n-type (donor levels)
semiconductor but with doping of pentavalent cations such as: Nb,
Ta, etc. it is modified/changed to p-type (acceptor levels) semi-
conductivity for diverse applications. It belongs to transparent
semiconducting oxides (TSOs) category materials (which are
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Fig. 3. Primary steps along with their redox reactions in TiO, photolysis.

simultaneous optically transparent and electrically conductive and
offer important opening to formulate all-transparent homojunction
devices for energy storage and light harvesting) [127—129].
Furthermore, the particle size and the quantity of semiconductor
play important roles in photo catalytic activity [ 116,130]. Laboratory
synthesized and commercially available TiO; in various forms are
employed for CO, chemical reduction [116,131—138] to generate
various products, which depend on experimental conditions as
discussed in the following sections.

2.3. Plasma chemical processes

Many thermal reactions utilize catalysts, which are often costly,
prone to poisoning, and necessitate periodic standard regenera-
tion/replacement. To improve these issues, plasma-based technol-
ogies can possibly offer a different alternative to produce high-
value products. These technologies are faster and relatively
cheaper as compared to conventional methods.

The word ‘Plasma’ was first introduced by Irving Langmuir while
discussing a low-pressure discharge [139], which was generated
when a carrier gas gets in contact with electric field. In this process,
the neutral carrier gas is energized until an inter-atomic collision
becomes sufficiently violent and detaches electrons [140] ensuing
in the formation of reactive species, which is composed of charged
particles, free radicals, excited species, and various radiations
(photons) [141—143]. Plasma possesses net zero charge due to the
formation of equal quantity of negative and positive charged spe-
cies. Plasma is of two types: thermal and non-thermal. The gener-
ation of thermal plasma requires high pressure and high
temperature with high energy electrons. Non-thermal plasma de-
scribes a non-equilibrium condition at ambient pressure and
temperature, in which the electron temperature ~ 1 eV—10 eV re-
mains much higher than medium temperature. Non-thermal
plasma is a weak ionized gas, viable for weak bonds breaking,
which is conducive for free radical chemistry.

Generally, a very low (10* mL~'-10°> mL~!) amount of free
electrons and the counter cations are present in gaseous medium
due to natural radioactivity or cosmic ray background. In absence of
any dielectric (insulator) barrier, when the potential ‘V’ volt is
applied between the two parallel electrodes separated by a distance
‘d” mm, the background electron and counter ions contribute to
insignificant current flow. As potential/applied voltage increases,
the electrons and counter ions gain energy and start accelerating in
opposite direction towards the relevant electrode. The applied
electric field ‘V/d’ causes the electron and counter ion to gain en-
ergy by increasing the collision rate. Electrons undergo elastic
collision with different gas molecules while travelling towards the
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anode. During the process, electron transfers its partial energy to
target gas molecule and ionizes, thereby reducing its own energy.
In the influence of electric field, constellates of electrons are formed
before reaching anode. At the same time the cathode ions move
slowly towards the cathode and neutralize. With the passage of
time this vast number of electrons (electron avalanche) increases
the current above the background level, which is known as dark or
Townsend discharge. When the localized developed electron
avalanche between charged electrodes increases the space charge
field and reaches equal to applied electric field, then the Townsend
discharge converts into streamer discharge due to the breakdown
of medium (gas), and noticeable due to heating of the medium and
the light emanation. At favorable unrestricted current, a weak spark
grows, the ion bombardment increases the temperature of elec-
trode, and it starts to heat up and melts resulting in high ampere
arc; the operation of high-pressure xenon arc lamp is typical
example. Breakdown voltage is the minimum applied voltage at

Energy Efficiency (%) [AH59g] (k] /mol)
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properties, discharge gap and nature of dielectric [147,148]. DBD
plasma has wide applications in medical and societal welfare
[149,150].

In plasma chemistry, energy conversion and the conversion ef-
ficiency are normally used for quantitative measurements. For
typical CO formation from CO,, these quantitative parameters are
defined as:

[CO] Outlet

x 100
[C Z}Inlet

Conversion of CO, (%) (E3)

where [COz|mier is the [CO»] before the discharge operation and
[COJoutter is [CO] measured during plasma discharge in CO; to CO
conversion. The percentage of CO, conversion is evaluated with the
difference in [CO;] in discharge operation.

Likewise, the energy efficiency is calculated from CO, decom-
position by following E4 expression:

x 100 (E4)

which a portion of an insulator becomes conductive, which de-
pends on ionization step, electronegativity of gas component(s),
the electrode surface, and mean free path of electron in gas me-
dium. There is a significant difference between spark and
filamentary/micro-discharge. In spark, temperature of gas medium
becomes equal to the temperature of electrons i.e., 10°K. Also, it
draws high current (~ 100 A), high power (~ 100 W) and turns out to
be uncontrollable. Spark is a non-uniform discharge. If the elec-
trode surface becomes conducting then they allow high current to
flow, which normally damages electrodes. Alternatively, if one or
more electrode(s) is(are) covered with dielectric or a dielectric
barrier is placed in between electrodes, the applied potential helps
in polarizing dielectric layer(s)/surface(s), preventing free flow of
charge and restricts the system current. In discharge, the dielectric
surface charge gets neutralized because of current flow, hence its
density becomes restricted and discharge process remains nano-
second pulsed event. This phenomenon causes minimal heating of
the medium; it draws less current (LA to mA) hence uses less power
(mW). The dielectric layers control the discharge characteristics,
and the process is known as dielectric barrier discharge (DBD) or
cold plasma or non-thermal plasma or ‘silent discharge’ [144]. This
system is familiarly used in ozone generation [145]. The dielectric,
being an insulator, cannot pass direct current (DC); hence DC is not
used for dielectric barrier discharge. In DBD the thickness and the
dielectric constant, in combination with time derivative of the
applied voltage, dU/dt determines the quantity of displacement
current, which passes through dielectric(s). In the discharge gap,
the electric field must be high enough to cause the gas breakdown
[145,146]. Typically, chemically inactive materials such as quartz,
glass (Pyrex), mica, alumina, etc. Are used as dielectric.

The micro-discharge generation within the plasma due to the
absorption of energy by carrier gas consists of photons, excited
species, free radicals, ionized species, small ionic clusters, etc.
Each of these constituents initiates physicochemical changes and
chemical reactions. Thus, either by selecting appropriate re-
actant(s) within the gas stream, or by suitably coating of elec-
trode surface(s) or even by using different reactant mixture for
instance gas-solid or gas-liquids as packed bed, homogeneous
and heterogeneous reaction conditions can be achieved. The
charge transferred amount in micro-discharge depends on gas

~ Energy consumed (kJ)/moles of converted CO,(mol)
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(CO,=CO0 + 0y; AHyg9g = 283 KkJ/mol) [151].

The possible one carbon (C;) atom containing stable chemical
products generated from CO; include CO, HCOOH, HCHO, CH30H
and CHg. This kind of CO; conversion does not need C—C formation.
The other intermediate and/or stable products/species containing
only C atom(s) such as coal, graphene, etc. Are also produced from
CO, under diverse conditions other than > C; containing com-
pounds. The details of their formations are discussed below.

At the onset we will discuss the formation of compounds con-
taining only C atom(s) and subsequently the discussion will be
focused on C; and C; compounds.

3. Discussion
3.1. Carbon based compounds

3.1.1. C radical and C compounds

In CO, approximately 73% oxygen (0O3) and 27% carbon (C) are
available in the molecule. O; is a major product obtained efficiently
from CO; in human metabolism during respiration. An ideal
method which can convert CO, to C and O, under moderate con-
ditions is greatly attractive; however, because of the extremely
adverse thermodynamics, direct CO, transformation requires
extreme conditions. A direct methodology is required to minimize
the oxygen supply, which is in high demand in deep space explo-
ration missions of man. For this an electro-thermochemical hybrid
looping (ETHL) has been developed to convert CO, to C and O at
mild conditions with theoretically 100% oxygen recovery efficiency
[152]. In ETHL process, the electrochemical step generates CO
initially from CO, reduction. This combines in a thermochemical
step, and further converts CO to C in a catalytic bed reactor
following the Boudouard reaction as mentioned below:

2C0, — 2CO + O, (1)

2C0 — C + CO, (22)

In another research, the oxygen-deficient magnetite prepared
from magnetite powder and Hy reaction, decomposes CO»
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efficiently into C at 300°C. The formation mechanism emphasizes
that the adsorbed CO, on oxygen-deficient magnetite surface un-
dergoes decomposition into elemental C and oxygen ions. Later, the
C converted to CHy after reaction with H, at 150°C—300°C [153] as
shown in Fig. 4. Moreover, elemental C can be extracted prior to its
reduction with Hj.

Furthermore, many catalytic methods that work above 600°C
necessitate high energy to meet heat requirement, which makes
these methods financially expensive. During the process the cata-
lysts gum up speedily, limiting catalyst's ability to continue the
reaction progress [154—156]. A new catalyst (active palladium
combined with liquid gallium) has been developed by Esrafilzadeh
et al. [157] in which the liquid allows palladium to convert alkanes
into alkenes without gumming up. This concept has been imple-
mented in CO, conversion by using a prepared room temperature
electrical conducting liquid alloy of gallium, indium, and tin. This
silvery mixture later spiked with catalytically active cerium. This
catalyst helps CO, reduction electrochemically to a layered solid
carbonaceous species, at low potential (—310 mV). In this process, a
part of cerium at liquid surface reacts with O from the surrounding
air forming ultrathin layer of cerium oxide, and the high fraction of
cerium remains protected by the liquid metal. CO, was dissolved in
dimethylformamide (DMF)-based liquid electrolyte containing less
quantity of liquid metal. The metal later is charged with an elec-
trical current; as a result, the surface CO, slowly gets transformed
into solid carbon flakes [158—160], which was later detached
naturally from metal surface. The mechanism proposed with mul-
tiple steps reactions is shown below:

4Ce(Galinstan) + 302(air) — 2Cez03 (23)
Ce,03 + 3H,0 + 6e~ — 2Ce(® + 60H~ (24)
cel® 4 co, — Ce0, + C (25)
CeOy + 2H,0 + 4e~ — Ce + 40H™ (26)
40H™ — Oy + 2Hy0 + 4e (27)

During the process, CeO, was constantly reduced to elemental
Ce through reaction 26 with applied reductive potential, which led
to the catalytic process, and correlated with the incipient hydrous
oxide adatom mediator (IHOAM) [161] principle. The reactions
(23)—(26) occur at working electrode whereas O, evaluation (re-
action 27) occurs at counter electrode.

Oxygen deficient Magnetite

Catalytic bed

CH41m

2g)

Fig. 4. Generation of elemental C and CH4, concept adopted from Ref. [153].

378

Petroleum 10 (2024) 373—398

3.1.2. Graphene

Graphene, the strongest (> 40 and > 300 times stronger than
diamond and A36 structural steel respectively) carbon allotrope,
consists of a single layer of C atoms arranged in a 2D honeycomb
lattice type nanostructure [162]. It is used in paints, anti-corrosion
coatings, sensors, efficient electronics, flexible displays, efficient
solar panels, DNA sequencing, drug delivery, etc. Molina-Jirjn et al.
[163], have reported an extraordinary CO, utilization for graphene
production. In their work, a simple single-step process has been
developed where CO, is converted to a multi-layer graphene by
atmospheric pressure chemical vapor deposition (APCVD) directly.
Cu and Pd bi-metallic alloy film has been employed both as het-
erogeneous catalyst as well as substrate. High Cu amount is
essential for CO, conversion. This discovery serves as a groundwork
for further development of alloy materials for CO; reduction to
graphene.

Furthermore, many catalytic reactions require high temperature
to synthesize high quality graphene [164]. A graphene synthesis
method using different carbon sources such as C;Hy, CO; and CO
have been developed using copper foil, which in turn inspires the
role of electronic promoters in catalysis sciences at room temper-
ature. The promoters are the substances which increase the cata-
lytic activity, but actually they are not catalysts. Under the study,
Hajian et al. [165] have applied charges to modify the electronic
effects of piezoelectric materials.

Additionally, the generation of graphene through CO, reduction
electrochemically is high challenge; this requires good control over
the reaction kinetics, solubility of various gases, diffusivities of
multiple ions, and growth/nucleation of carbon on desired surface.
Graphene has been generated successfully from CO, using
CaCl;—NaCl—CaO molten salts [166]. In this case CO, is effectively
fixed by oxygen ions in molten salt to form carbonate ions, and later
it splits into graphene electrochemically at stainless steel cathode,
while O, is released at RuO,—TiO, anode. This finding leads to a
new generation procedure for high-valued graphene synthesis
from CO-, contributing also to establishing a low-carbon and sus-
tainable world.

The utilization of graphene has slowed down due to its high
cost. A low carbon footprint and low-cost graphene synthesis from
CO; has been introduced to overcome these issues. This technique
is initiated by direct molten carbonate electrolytic CO, splitting to a
nano-thin carbon nanoplatelets of 25—125 graphene layers, which
later transformed to graphene electrochemically. This worthwhile
product (graphene) incentivizes the utilization of CO; [167]. Gra-
phene has also been successfully synthesized by using Ni, Fe and Ce
containing trimetallic novel catalyst [168]. In another work, a three-
dimensional crape myrtle flower-like graphene of large surface area
with high conductivity has been generated after the reaction of CO;
and sodium metal [169]. Additionally, the burning of magnesium in
dry ice generates few layers of nanosheets of graphene, which is an
innovative way for the production of graphene, a most promising
carbon nanostructures by capturing CO, [170].

Under plasma application, CO, and N are used in a closed re-
action container; with applied high-voltage electricity graphene
has been generated [171]. In another work, the researchers have
synthesized graphene-like vertical structures from CO; using
plasma enhanced chemical vapor deposition [172].

The transformation of CO, to CO, HCOO~/HCOOH, HCHO,
CH30H, CHg4, etc. may perhaps be considered under artificial
photosynthesis. The adsorption and the activation of CO, and/or the
intermediate species at electrode and/or catalyst surface are crucial
steps to improve the conversion kinetics and product efficiencies
[173]. The electro-, photo- and plasma chemical efficiency could be
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improved by the utilization of various materials, which is discussed
in the following sections.

3.2. C; compounds

3.2.1. Carbon monoxide

The major advantage of chemical reduction and/or utilization of
CO; is the generation of Cq products such as CO, HCOOH, HCHO,
CH30H and CHg4. Although CO is a toxic gas, it possesses several
applications in bulk chemicals manufacturing, and thus is recog-
nized as an industrial gas [174].

The reaction of carbonaceous CO, feedstocks producing CO is
endothermic in nature. This gasification reaction is thermody-
namically favored at higher temperature (> 680°C) (CO, gasifica-
tion) [95,96]. CO, gasification is available from biomass, coal,
municipal solid wastes, sewage sludge, etc. to produce CO. The
Boudouard reaction is well-known CO generating reaction, in
which charcoal (solid carbon) reacts with CO;, and produces CO.
COz(g) + C(s) — 2€0O(g) (28)

This is an easy way for CO, mitigation through which CO; ob-
tained from a variety of combustion outlets is converted to CO fuel
gas.

3.2.1.1. Electrochemical. An economical bismuth-carbon monoxide
evolving catalyst (Bi-CMEC) has been produced upon cathodic po-
larization of an inert glassy carbon electrode in acidic solutions
containing Bi>* [175]. This catalyst has been applied in combination
with 1-ethyl-3-methylimidazolium tetrafluoroborate ([EMIM|BF4)
ionic liquids to affect the CO; electrocatalytic conversion to CO with
significant current density at < 0.2 V. Bi-CMEC is selective and
operates with ~ 95% FE for CO generation.

Single-atom catalysts with interesting properties have been
developed as an exciting example but unique from their nano-
crystal counterparts. For example, Ni single atoms dispersed into
graphene nanosheets have active sites for electrocatalytic CO,
reduction reaction (CO,RR) to CO [176] without the involvement of
Ni nanoparticles. Normally, Ni catalyzes the hydrogen evolution
reaction (HER) solely in CO,RR conditions, whereas the available Ni
single atom exhibits high selectivity for CO (95%) at 550 mV over-
potential in water. The current density has been topped up to
> 50 mA - cm 2 with CO formation turnover frequency of
2.1 x 10° h~! with 97% CO selectivity. Furthermore, the HER is
known since the 18th century, and is often studied in electro-
chemical processes [177,178] in water. Water electrolysis is not a
very economic method for hydrogen production, but it supplies
high purity H, without polluting the environment. The possible
reactions taking place in HER are:

2H0(1) — 2H(g) + O2(g) (29)
which includes a cathodic reaction,

2H,0 + 2e~ — 20H + H» (30)
and an anodic reaction

40H™ — 4e~ — 2H,0 + O, (31)

It is important to note that in aqueous systems or solvents
containing significant quantities of water, the HER is constantly in
competition with CO, reduction [179—181].

The highly conductive and porous 3D graphene structure in iron
porphyrin-based graphene hydrogel (FePGH) electrocatalyst has
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shown effective CO production from CO,. High FE ~ 96.2% of CO
production has been achieved at low overpotential (280 mV) [182].
Moreover, in absence of porphyrin, this hydrogel system exhibited
100% H; efficiency but with modification of material (simply by
adding porphyrin) the efficiency and product selectivity are
changed significantly (see Fig. 5). In the presence of porphyrin, the
graphene hydrogel showed as an efficient and strong catalytic ac-
tivity for CO, reduction at low overpotential, and these changes
varied with porphyrin loading amount. The high porphyrin loading
FePGH showed substantially improved current densities which
reduced the thermodynamically stable CO, to form CO3"

The application of precious group metal (PGM) for example
gold, palladium, platinum, rhodium, and silver catalysts on CO,
reduction to CO under alkaline conditions via electro catalyzed is
limited due to the high material price [183]. Nickel and nitrogen-
doped porous carbon catalyst (Ni—N—C) [184] has been devel-
oped and suggested as an alternative of PGM catalyst based on the
performance on pure CO formation from CO, under industrial
electrolysis conditions. The developed PGM-free catalyst has been
used as Gas Diffusion Electrodes (GDEs) to produce reactive three-
phase interface which exhibited CO partial current densities above
200 mA - cm? and stable faradaic CO efficiencies (~ 85%).

Furthermore, the electrochemical reduction of CO, at cathode is
always balancing with the oxygen evolution reaction (OER) at anode.
The energy barrier and OER kinetics should be considered for overall
efficiency of electrical energy to chemical fuel conversion. The OER in
KHCOs3 electrolytes mostly depends on noble metal (Ir- and Ru-)
based electrocatalysts present at anode. By anodizing a metallic
Ni—Fe composite foam in low (0.1 M) KHCO3 solution at 85°C under
a high-current ~ 250 mA/cm?, OER on NiFe foam is accompanied by
anodic etching, and the surface layer evolves into a nickel—iron
hydroxide carbonate (NiFe-HC) material. The resulting NiFe-HC
electrode in CO,-saturated 0.5 M KHCO3; showed superior OER ac-
tivity to IrO, with an overpotential of 450 and 590 mV to achieve 10
and 250 mA/cm?, respectively. The paired NiFe-HC with a CO,RR
catalyst of cobalt phthalocyanine/carbon nanotube (CoPc/CNT) in a
CO; electrolyzer has brought a selective CO, conversion to CO with
>97% FE and concurrently anodic water oxidation to O, [185].

In a combined experimental and theoretical investigation on
CO, electrochemical reduction, polycrystalline Sn surfaces [186]
have been proved as capable catalysts for selective HCOO~ pro-
duction. Sn electrodes produce CO, HCOO™ and Hj across a range of
potentials where HCOO™~ production becomes favored at
below —0.8 V vs RHE with highest 70% FE at —0.9 V vs RHE. The
scaling relations for Sn and other metals have also been analyzed
with experimental current densities and theoretical (density
functional theory (DFT)) binding energies. *COOH, a key interme-
diate has been reported for CO formation.

Generally, for catalyst design on transition metal-based mate-
rials, the role of morphology, size, surface modifications, grain
boundary densities and metal support interaction are significant
[187], Au catalyst is one of the excellent examples. Because of the
low product formation rates (photocatalysis) and high capital

~100% HER ~96%
H H, CO, CO
Porphyrin
——
Porphyrin/
Graphene hydrogel Graphene hydrogel

Fig. 5. Product selectivity changes from 100% HER to 96% CO, conversion to CO with
the introduction of porphyrin in graphene hydrogel system [182].
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investments (solar thermo-chemical cycles) in competing tech-
nologies, the reverse water-gas shift (rWGS) catalysis emerges as a
leading technology to transform CO; to CO efficiently. It is note-
worthy to describe at this point about the water-gas shift (WGS)
reaction [188], which is the reaction between CO and H,O vapor
leads to CO; and Hy products. This is an important reaction, which
is normally used in manufacturing hydrogen along with ammonia,
hydrocarbons and methanol syntheses.
CO + H0 — CO; + Hy (32)

The rWGS reaction with support of suitable catalyst is an effi-
cient way to utilize CO, in CO production and subsequently to
minimize its environmental impact as a greenhouse gas. For this
purpose, active CuFe/Al,03 catalyst is used in a solid oxide elec-
trolysis cell [189]. The rWGS is followed by the modified
Fischer—Tropsch (FT) reaction [190—192]. On hydrogenation, the
generated CO is converted to liquid fuel (alcohols, diesel, and gas-
oline) [193]. Furthermore, the novel-Cs doped Fe—Cu—Cs/Al;03
multicomponent catalyst has exhibited high level CO, conversions
with absolute selectivity to CO [194]. On the other hand, the
formate obtained from CO, and Hy has been anticipated with CO
intermediate formation. Nevertheless, the formate dissociation
mechanism is the key reaction path for CO production where Cu(I)
species are formed from Cu® oxidation [195]. Fe-based catalysts are
highly active for CO, to CO conversion, and their activity and
selectivity are enhanced upon addition of promoter (Cs) [194,196].

As mentioned above the modified Fischer—Tropsch is utilized
for CO, conversion, it will be supportive if the actual FT process is
explained in brief at this point. The FT process [197—199] is the
chemical reaction that converts CO and H, (syngas) mixture into
liquid hydrocarbons in presence of catalysts at one to several tens of
atmospheres pressures and temperatures of 150°C—300°C. This
process has three main elements: catalyst, gas loop and reactor,
which works in three steps. The first step includes the conversion of
a carbon source, such as natural gas, biomass, coal, or organic
waste, into syngas. Syngas is the feed material for FT process, which
is the second step in the indirect liquefaction process. FT synthesis
is the catalytic polymerization and hydrogenation of CO, and finally
produces a synthetic crude oil (syncrude, a multiphase mixture of
hydrocarbons, oxygenates and water). The third step includes the
refining of syncrude to products.

Interestingly, electrochemical reduction of CO, at an extremely
low temperature (—30°C) has also been investigated with Cu elec-
trode in methanol electrolyte. CHs, CO and ethylene (C;H4) are found
as CO, reduction products. Under ideal experimental conditions, the
FE of CH4 reported is > 42%. At this temperature, the efficiency of HER
is decreased to < 8% because of the competition reaction [200].

The metal complex [(tpy)(Mebim-py)Ru(Il)(S)]** (tpy = 2,2’
6’,2"- terpyridine; Mebim-py = 3-methyl-1-pyridylbenzimidazol-
2-ylidene; S = solvent) is reported as a strong reactive electro-
catalyst for CO, reduction to CO. In this case, an electrocatalyst in
two-compartment electrochemical cell has been explained for CO,
splitting [CO, — CO + 1/2 0,] [201]. In presence of [(tpy)(Mebim-
py)Ru(IN(NCCH3)]>*, CO, experiences further reduction at ligands
to produce CO and CO3~ as end products through metal-
locarboxylate intermediate formation [202—215].

2C0, + 2~ — CO + CO%~ (33)

3.2.1.2. Photochemical. The anatase and the rutile forms of TiO,
signify that the former is superior catalyst for CO supply, while the
latter (rutile) is more efficient in hydrogenation of the adsorbed CO
[216]. The pure or doped photocatalysts as composites or as solid
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solutions are generally presented along with their corresponding
preparative methods and catalytic performances. A monolith pho-
toreactor has been evaluated with a cell type reactor for photo-
catalytic reduction of CO, in presence of Hy. The monolith (monolith
is a geological feature comprising of a single massive stone or rock)
channels have been dip-coated with TiO, nanoparticles and its per-
formance on CO, photoreduction has been reported higher in pres-
ence of Hy than HyO with 200 CPSI cell density. The higher CO
evolution has been observed at 1.5 CO,:H; molar ratio [217].

In another work, Cu" quaterpyridine complex [Cu(qpy)
catalyst has been designed to transform CO,, and found highly
efficient and high selective for visible light driven CO, reduction in
acetonitrile (CH3CN) containing [Ru(bpy)3]** (bpy: bipyridine) as
photosensitizer and BIH/TEOA (1,3 dimethyl 2 phenyl 2,3 dihydro
1H benzo [d ]imidazole/triethanolamine) as sacrificial reducing
agent. The photocatalytic reaction enhances significantly in pres-
ence of HyO (1%—4% V/V), with a turnover number (TONco) of
> 12,400 and 97% selectivity for CO production [218].

Furthermore, three different kinds of photocatalytic systems for
CO; reduction have been utilized. First, two component systems
with different rhenium(I) complexes have redox photosensitizer
and catalyst characteristics used in the reaction solution. The ring-
shaped rhenium(l) trinuclear complex and fac-[Re(bpy)(CO)
3(MeCN)]" mixed system displays as most capable photocatalytic
system with quantum efficiency (®cp) 0.82 at 436 nm. The second,
supramolecular photocatalysts, possesses different uses such as a
catalyst, redox photosensitizer, and bridging ligand in one molecule
which brings @co = 0.45, turnover number (TON¢p) = 3029, and
turnover frequency (TOFco) = 35.7 min~ . The third is artificial Z-
Scheme photocatalyst in which the photocatalysis is shown by
stepwise excitation of both semiconductor and supramolecular
photocatalyst [219]. In supramolecular photocatalysts, the photo-
sensitizer and catalyst, linked to each other are more efficient and
durable photo catalyzer as compared to their corresponding mix-
tures and hold strong oxidation and reduction powers. Similar
observation has also been observed in hybrid photocatalyst with a
semiconductor system. This is an example of photocatalyst for CO,
reduction using visible-light via Z-Scheme mechanism, where the
semiconductor and the photosensitizer unit of supramolecular
photocatalyst are excited stepwise to transfer electron from semi-
conductor to catalyst unit. In the next steps the photocatalytic
reduction of CO, includes the addition of various functions to the
photocatalytic systems, for example CO, collection for using low
CO; concentration, water oxidation, and light-harvesting [219]. As
mentioned, the artificial Z-scheme photocatalyst comprises of two
connected semiconductor photocatalysts: oxidation photocatalyst
and reduction photocatalyst one each. The electron cascade steps of
vectorial charge flow profile in this two-step photoexcitation sys-
tem [220,221] resembles with Z alphabet, thus naming as Z-scheme
system (shown in Fig. 6). Its mechanism confers an efficient charge

]2+

(Electron mediator)

PS1

(Reduction site)

(Oxidation site) PS:photosensitizer

Fig. 6. Schematic presentation of Z-scheme.
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separation and shows strong oxidation and reduction abilities
within the system.

More interestingly, the N, S co-doped aminated coal-based
carbon nanoparticles (NH2-CNPs) are synthesized by thionyl chlo-
ride chlorination followed by passivation with ethylenediamine.
The NH,-CNPs vesicle-type spherical particles containing meso-
porous structure are capable of adsorbing CO,. The defect NH-
CNPs structure due to N and S doping has a capability to produce
electrons under visible-light irradiation along with efficient pho-
togenerated carriers’ separation. This leads to the production of CO
along with CH30OH, C;H50H, H, and CH4 as photocatalytic CO,
reduction products with 76.6% CO, conversion relating to CH30H
selectivity [222].

Another photocatalyst has been prepared by a combination of
commercial TiO, P25 with a mesopore structure and carbon
spheres with a microporous structure for superior CO, adsorption
capacity. The combined TiO,-carbon spheres/silica cloth photo-
catalysts exhibited better efficiency in CO, reduction to CO than
CH4 formation. The 0.5 g graphitic carbon spheres combined with
1 g of TiO, P25 has resulted in ~ 100% CO selectivity, eliminating CO
separation process from CH4 and Hy gas mixture after reaction
completion [223].

Furthermore, the formation of S-scheme heterojunction is well
recognized as a favorable approach for the improvement of efficient
photocatalytic system. CsPbBr; nanocrystals/CoAl layered double
hydroxide (LDH) nanosheets S-scheme heterojunction has been
fabricated and employed in photocatalytic CO, conversion to CO
and CH4. The composite containing 60 wt% CsPbBr3 has exhibited
the best performance under visible light, which was enhanced by
2.6 and 9.9 times as compared to CsPbBr; and CoAl-LDH, respec-
tively. The S-scheme heterojunction promotes the electron-hole
separation and also provides a higher redox potential of the com-
posite material, resulting in an outstanding CO, photocatalytic
reduction performance [224].

3.2.1.3. Plasma chemical. A successful demonstration on DBD cold
plasma for the conversion of CO, to CO has been presented
[91,92,225—-227]. Using low (50 Hz) and high frequencies (11, 15, 19
and 25 kHz) the instant production of CO has been reported.
Various central electrodes, for example Pyrex and bare metal
(aluminium, copper, and stainless steel) along with outer Pyrex
tube combinations respectively in double dielectric (DD) and single
dielectric (SD) coaxial reactors have been utilized separately. The
copper central electrode containing SD reactor system produced
the highest CO translating 13% CO, conversion efficiency in neat
CO, systems. The gas residence time, applied electric voltage, and
discharge gas gap are significant parameters to control over the CO
production [91]. The 353 nm band in optical emission spectrum in
CO, DBD cold plasma signifies the CO formation follows one route
through CO3 species [91,225,226]. The activated species such as CO,
CO3 and °OH in CO, plasma are also detected [228]. Moreover, the
extent of Ar control over the CO; conversion efficiency and brings
the highest ~ 26% CO, conversion in 90% Ar mixing CO, system
[92,229].

CO generation takes place in Ar mixed CO; plasma systems
through plasma derived Ar-species, few selective reactions of
which are listed below:

Ar —» Arp*(m=1-3) +Ary (n=1,2) + e~ (34)
Ar*/Ary + CO; — CO2*/CO3" + nAr (35)
Ar* + COp — CO + O + Ar (36)
COp — COp* — CO+ 0 (37)
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CO;" +e +Ar —» CO+ 0 +Ar (38)
0+0 — 0y (39)
COy+e — C+20+e" (40)
CO+e > C+0 (0O+e) (41)
COs" + e~ — COx* — CO + O (42)

In another experiment, the researchers have suggested that the
frequency and dielectric material have no effect on CO; conversion
and energy efficiency; however, the discharge gap causes a
considerable effect on CO, transformation. Furthermore, the spe-
cific energy input results in a significant effect on energy efficiency
and CO, conversion. The plasma chemistry model for CO; splitting
has revealed the rational agreement with experimental CO; con-
version and the energy efficiency [230,231].

Similarly, CO, decomposition has also been investigated in he-
lium and nitrogen diluents systems [232—234]. Zeng et al. [235]
have employed Ar diluents for CO, decomposition using packed
(Ni/Al;03) bed plasma systems and achieved 56% CO, conversion
showing the importance of suitable packing for enhancing con-
version efficiency. Furthermore, the plasma decomposition of CO,
diluted (2.5%) in He has been performed in presence of metal (Au,
Pd, Pt, Rh and Cu) catalysts. The 30.5% CO, conversions are obtained
with 80% selectivity for CO [234]. Also, the DBD reactor packed with
hydrotalcite (magnesium-aluminium hydroxycarbonate) as solid
sorbent, plasma has shown capable of desorbing CO, from the
hydrotalcite surface, and this desorption starts instantaneously
after plasma ignition indicating the possibility for immediate con-
trol over the process [236]. More packed-bed DBD coaxial reactors
have been developed to split CO, into industrial fuel CO
[228,237,238]. The foam Fe, Al, and Ti packing materials are placed
into the discharge gap of the DBD reactor and investigated for CO,
conversion. The foam Ti has shown the best CO, decomposition rate
(46.61%) amongst these foam metals. The density functional theory
indicates that CO, adsorption possesses a lower activation energy
barrier on foam Ti surface.

CO> can also be converted to CO and O by non-thermal plasmas
(NTPs) even in the presence of substantial amount of O,. CO;
conversion is reported as 15%—21% in presence of 0—20% O, but the
conversion declined with 50% O-. This conversion in conventional
thermal chemistry requires a few thousand K temperature in
absence of catalyst. But in the NTP reactor, with BaTiO3 packing CO,
conversion to CO is achieved at ambient pressure and temperature
below 373K. In this case other than CO generation, it brings an
opportunity to use CO, as an oxidant, i.e., a source of O radical [239].

3.2.2. Formic acid

Formic acid (FA) (HCOOH), a beneficial chemical holds wide
applications in agriculture, food, pharmaceutics, textiles, and lab-
oratory because of its reducing and strong acidic properties. It is a
potential hydrogen storage component through its decomposition
to H, and CO, and works as a material for chemical energy storage
[240]. The HCOOH synthesis methods are mainly based on fossil
fuels utilization, which are classified into various processes such as
methyl formate hydrolysis, formamide hydrolysis and oxidation of
hydrocarbons. Among these, the methyl formate-based method is
presently dominant and in 2014, the HCOOH production capacity
through this method has been estimated to be 770 kton-year™!
comprising ~ 90% of total worldwide installed capacity [241].

3.2.2.1. Electrochemical. The electrocatalytic CO, reduction to
HCOOH in alkaline aqueous solution with differently synthesized
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tin-oxide (SnO;) particles on multi-walled carbon nanotubes
(MWCNT) using SnCl; or SnCly precursors has been reported. The
highest Faradaic and energy efficiencies 64% and 27% respectively
have been reported at —1.40 V vs. SCE with SnO; obtained using
SnCl,. The SnCl, and SnCly precursors exhibit different retention of
Sn(Il) valence state in a surface of tin oxyhydroxide [SngO4(OH )4].
The particle morphologies control over the activity and product
selectivity [242]. Furthermore, a high-pressure semicontinuous
batch electrolyzer has been employed for CO, conversion to
HCOOH/HCOO~ on a tin-based cathode employing different
membranes such as bipolar membranes (BPM) and cation exchange
membranes (CEM). The effects of CO, pressure, flow rate, cell po-
tential, electrolyte concentration, and membrane type on FE and
current density (CD) for FA formation have been investigated. The
increasing CO; pressure causes high FE up to 90% and CD ~ 30 mA/
cm? at 3.5 V, but FE value decreases significantly at higher poten-
tials. Although BPMs are expensive but these have several advan-
tages over monopolar ion (cation or anion) exchange membranes,
(i) BPMs permit the use of two different electrolyte solutions to
sustain a constant pH gradient over the membrane, (ii) low product
crossover, and (iii) performs basification and acidification without
addition of bases and acids [243—246]. Even though the working
principles of BPM and CEM are different, both exhibit analogous
performances for CO; electrolysis with respect to FE and CD.

The grain boundaries (GBs) are modified to manipulate the
binding energies of reaction intermediates and thus step up the
CO,RR with < 10 nm size nanostructured materials. Around 2 nm
Sn0O, quantum wires (QWSs) composed of individual quantum dots
(QDs) and various GBs on the surface are synthesized and explored
for CO2RR. The ultrathin SnO,QWs with exposed GBs have shown
greater current density and enhanced FE over 80% for HCOOH and
ca. 90% for Cq products as compared to SnO, nanoparticle with
larger electrochemically active surface area 60% [247], showing the
importance of quantum wires in product formation.

The electrochemical CO,RR to liquid products suggests a direc-
tion for the energy-dense storage of alternating renewable elec-
tricity. The superior Si photocathodes decorated with Sn porous
nanowire (having high density of grain boundaries) catalyst offered
photovoltage-assisted conversion of CO, to liquid HCOOH under
visible light [248]. The FE ~ 60% for HCOOH formation has been
achieved at —0.4 V vs. RHE under visible light leading 11.0% effi-
ciency for HCOOH formation. The high-selectivity electrochemical
CO2RR to HCOOH using conductive single-crystal Ga,03 has also
been reported. The single-crystalline Sn- and Si- doped Ga,0Os3 are
produced adopting an edge-defined film fed growth method [249].
Both Sn- and Si-doped Gay03 cathodes produced HCOOH with
about 80% FE. The DFT calculation revealed that the adsorbed CO,
reacts with protons and electrons to form H—CO, on Gay0s3 surface,
as shown in reaction (43). The weakly bind adsorbed formate
confirmed with Raman scattering analysis [250], which quickly
desorbs by reacting with another proton and electron:

CO2—Gay03 + HY + e~ - HCOO—-Gay03 (43)

HCOO-Gay03 + H™ + e~ — HCOOH + Gay03 (44)

As discussed above in the CO product section, a combined
theoretical and experimental investigation on electrochemical
CO2RR to HCOO™ selectively [186] using polycrystalline Sn elec-
trode surface as catalyst has been reported. This electrode produces
multiproduct such as HCOO™~, CO and H; across a wide range of
potentials, wherein HCOO™~ formation favored at potentials more
negative than —0.8 V vs RHE and achieving to an utmost FE of 70%
at —0.9 V vs RHE. The *OCHO has been recommended intermediate
theoretically for HCOO~ formation where Sn's optimal *OCHO
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binding energy helps this selectivity. In another study, the elec-
trochemical cell with a Dioxide Materials Sustainion™ anion ex-
change membrane along with a nanoparticle Sn GDE (Gas Diffusion
Electrodes) cathode containing an imidazole ionomer has exhibited
better performance on CO, electrochemical reduction to pure
HCOOH [251]. Hg and Pb electrodes are also explored for CO;
reduction. The observed high overvoltage in CO, reduction to
HCOO™ at Hg electrode with a neutral electrolyte reveals a low
value for efficiency of electric energy utilization. HCOOH is further
reduced to methanol in perchloric acid electrolyte (at Pb electrode)
or in buffered HCOOH electrolyte (at Sn electrode). The potential
dependency of HCOOH reduction to CH3OH indicates that the
HCOOH adsorption on electrode surface near pzc (point of zero
charge) is the overall reaction rate controlling step [136]. Likewise,
the Bi;0,C0Os-coated carbon fibre electrodes with higher selectivity
and stability have also been designed for electrochemical CO,RR to
HCOOH [252]. These electrodes produced HCOO™ in liquid phase
selectively with maximum 69% FE.

In another report, using lead dioxide (PbO;) electrode in ionic
liquid (IL)-containing catholytes, the electrochemical reduction of
CO, to HCOOH has been demonstrated. 1-benzyl-3-
methylimidazolium tetrafluoroborate ([Bzmim|BF4) has been
observed as the superior IL to improve the efficiency of PbO,
electrode on HCOOH formation [253].

The role of oxygen vacancy in Co304 single unit cell layer
exhibited significantly on CO, reduction in 0.1 M KHCOs electrolyte
for specific formate generation. The FE is 87.6% with oxygen va-
cancy rich in contrast to 67.3% FE with poor oxygen vacancy Co304
at —0.87 V vs SCE. The oxygen vacancy herein serves as active sites
for stabilizing the intermediate species by lessening activation
energy barrier [254]. The electrochemical CO, reduction in
methanol-based electrolyte has been reported with zinc particle-
pressed electrodes. In this case, zinc particles mixed with CuO
and CuyO powders are pressed and engineered to a disk plate
electrode. In absence of copper oxide, only CO and HCOOH are
produced [255]. Methanol is used as it has 4 times higher CO,
solubility than water.

3.2.2.2. Photochemical. In photocatalytic sciences the researchers
have insighted interesting findings on chemical reduction of CO,.
The synthesized ternary metal chalcogenides with molybdenum,
bismuth, and cadmium (Mo—Bi—Cd) combination have been
employed for CO,RR [256]. The HCOOH formation rate is high
208 pmol-g~—'- h~! with 72% FE. Mele et al. [257] have prepared a
low-cost stable composite material using TiO, powder with Cu(lII),
porphyrins and phthalocyanines, and applied it for CO, photore-
duction [258].

Solar energy has been utilized to react CO, with water to
generate HCOOH at an energy conversion efficiency of 0.15%. Under
the investigation, AIGaN/GaN anode and indium (In) cathode are
used. The high energy conversion efficiency has been achieved
because of high quantum efficiency (28%) at 300 nm, which is
attributed to effective electron-hole separation in heterostructure
of the semiconductor [259]. This shows the alteration of solar en-
ergy conversion efficiency with material modifications.

The application of renewable energy, for example PV (photo-
voltaic) solar energy is one of the essential restraints for realizing
HCOOH generation with more carbon footprint (CF) value than the
standard HCOOH production. However, the impact of CF on elec-
tricity from PV is still shadowed by CF derived from the high
requisite of steam in purification stage to achieve commercial pu-
rity [241]. The metal sulfide semiconductors (Zn-based sulphides
for example Ni-doped ZnS) combined with various Ru-complex
such as Ru(4,4’-diphosphonate-2,2’-bipyridine) (CO),Cl, catalysts
have been synthesized and employed in visible light-driven CO,
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reduction. The highest CO, photoconversion activity with a turn-
over number > 100 has been achieved for HCOOH formation with
this hybrid photocatalysts [260]. Furthermore, the possibility of
continuous production of HCOOH in a two-step process has been
studied by exploiting a thermodynamically stable methyl formate
intermediate [261].

The photocatalytic performance of CdSe quantum dots (QDs)
anchored onto the nanosized Pt or Pd metal decorated TiO; nano-
fibers (NFs) has been tested for activation as well as reduction of
CO, using UV-B light separately. The UV-B light, a spectrum of ul-
traviolet light in 290 nm—320 nm wavelengths region causes Vit D
production (advantage) and skin cancer (disadvantage). In this
research, the generation of HCOOH, CH30H, and methyl formate are
reported as primary products [262].

The metal-free, chemically stable, and visible light sensitive
graphitic carbon nitride (g-C3N4) semiconductor has drawn much
interest in CO, reduction research to get CH30H, HCOOH, and CHy
products. This material is not suitable for water oxidation. The
hybridization of g-C3N4 and tungsten (VI) oxide (WOs3) has been
explored further to increase the oxidation potential of g-C3N4 for
water oxidation. The g-C3N4 and WO3 composite photocatalyst has
shown maximum photocatalytic activity on CO, reduction [263] for
HCOOH and other products. In another investigation, the cadmium-
loaded ZnS microcrystals and ZnS—CdS solid solution microcrystals
have been employed for CO; photoreduction to HCOO™. The
quantum efficiency of HCOO™ production is 32.5%, which is two
times higher than that observed with plain ZnS microcrystals [264].

The metal—organic frameworks (MOFs), a class of crystal-line
micro-mesoporous hybrid materials with extended 3D network
exhibit a variety of prospective applications [265—272]. For
example, photoactive catalyst TigOg(OH)4(bdc-NHs)g(NH2-MIL-
125(Ti)) (a MOF material) (bdc-NH, = 2-amino-benzene-1,4-
dicarboxylate; ATA 2-aminoterephthalate) reduces CO, to
HCOO™ effectively in acetonitrile on visible light irradiation. The
reaction is quite similar to the formation of charge carriers over
photoexcited metal oxide semiconductors. In this case Ti*" is
reduced to Ti>* whereas triethanolamine, a sacrificial agent
works as electron donor. The colour change (from bright yellow
to green) insights the existence of Ti>* in titanium oxo-clusters of
NH,-MIL-125(Ti) and later confirmed by ESR and UV-DR spectral
measurements. The isotopic labelled '3CO, experiments
confirmed the CO; reduction into HCOO™ [272]. Similarly, syn-
thesized carbon dots (CDots) based materials such as (CDots)-
decorated, and CDots-embedded NH,-UiO-66 particles (another
MOF) are investigated for photocatalytic activity on CO, chemical
reduction. The results indicate that the location of CDots can
significantly affect the photocatalytic activity of NH,-UiO-66
particles. The embedded CDots exhibit highly improved activity.
The charge kinetic investigations suggest that the embedded
CDots are more promising for charge separation and transfer.
Besides acting as electron receptors, CDots also serve as photo-
sensitizer [273].

The photocatalytic reduction of CO; in different solvents such as
water, acetonitrile and CCly has been studied with TiO, nano-
crystals embedded in SiO, matrices (Q-TiO»/SiO2) photocatalyst.
The total yields of reduction products (HCOO~ and CO) increase
with the increase in dissolved CO, concentration. Furthermore, the
ratio of HCOO™ to CO is influenced by solvent nature and increases
with the dielectric constant of solvent (for example: CCl4 has the
lowest dielectric constant amongst these solvents hence yielded
less products). The rate of CO; reduction is higher in Q-TiO3/SiO;
than that in bulk TiO;, but the HCOO™ to CO ratios in both systems
remain identical. The solvent polarity plays a crucial role in prod-
ucts formation through initially generated CO; and its adsorption
performance within the photocatalyst [274—277].
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CO, photoreduction is an interesting method that permits the
synthesis of fuels and chemicals. One of the constraints of CO,
photoreduction in the liquid phase is the low solubility of CO; in
water. This has been focused on designing a fully innovative pres-
surized photoreactor (up to 20 bar pressure) to improve produc-
tivity. The photoreduction of CO, in liquid phase has been
performed using commercial TiO, (Evonik P25), TiO, obtained by
flame spray pyrolysis (FSP) and gold doped P25 (0.2 wt% Au—P25)
in the presence of NaySOs3 as hole scavenger (HS) to produce
HCOOH and HCHO. In basic environment (pH = 12 to 14), the CO,
solubility is enhanced, and it forms carbonates (as discussed above)
which is reduced to HCHO and HCOOH and consequently forms CO/
CO; + Hjy in the gas phase through photo reforming. Furthermore,
the deposition of 3 nm—5 nm Au nanoparticles onto TiO; influences
the products distribution quantitatively and increases the selec-
tivity to gas phase products [278].

Furthermore, there are reports on photochemical HCO3 con-
version to formate/formic acid [279—284], however as we have
concentrated mainly on CO; hence these are not explained
elaborately.

3.2.2.3. Plasma chemical. A DC plasma electrochemical system has
been explored for the conversion of dissolved CO; into some useful
products such as HCOOH and (COOH),. Using the optical absorption
technique, it has been noticed that a single plasma-injected sol-
vated electron reduces a single COz(aq) to CO3z, which either
combine to produce C;03 or disproportionate to give HCOO~
[285].

3.2.3. Formaldehyde

Formaldehyde (HCHO) is a naturally occurring and pungent
smell giving colourless gaseous organic compound. It polymerizes
spontaneously into paraformaldehyde (8—100 units degree of
polymerization), hence it is stored in aqueous solution. It is an
important precursor to many chemical materials, which are used in
synthesis of polyoxymethylene plastics, industrial resins, and
important building chain to produce useful life commodities, etc.
[286]. It has been a main reagent in chemical industries for several
decades, and its overall demand reached 30 megatons annually. At
present it is exclusively produced under methanol oxidation over a
catalyst such as silver, a mixture of iron and molybdenum and va-
nadium [287,288]. More recently, the application of HCHO and its
derivatives have been suggested as a disinfectant or as a synthetic
reagent. The aqueous HCHO and paraformaldehyde function as a
liquid organic hydrogen carrier (LOHC) molecule for hydrogen
generation and proposed as to use for hydrogen fuel cells [289].

3.2.3.1. Electrochemical. CO, electrochemical reduction in seawater
with a boron-doped diamond (BDD) electrode at ambient condi-
tions has led to generate HCHO with FE 74% at —1.7 V vs. SCE. The
low FE 15 and 1.1% respectively for HCOOH and H; have also been
reported as electrochemical products at —1.7 V vs. SCE [290]. The
activation of stable CO, through complexation with an activator N-
heterocyclic polymers (e.g., poly(4-vinyl) pyridine, PVP) can control
both the kinetics and thermodynamics of CO, photo-
electrochemical reduction reaction. In this case a solar light driven
photoelectrochemical process for producing HCHO and CH3CHO
selectively on multi-layered Cu/rGO/PVP/Nafion hybrid cathode has
been presented where the reaction pathway-initiated with CO,
activation followed by electron-coupled proton transfer across rGO
layer [291].

3.2.3.2. Photochemical. Commercial and laboratory prepared TiO»
samples have been used in CO, reduction photo catalytically. TiO;
samples prepared in laboratory by using TiCly and Ti(OC4Hg)4
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precursors are labelled as sample A and sample B respectively, and
later prepared Cu-loaded and SiO; supported TiO, samples. HCHO
and CH3CHO are major products obtained with sample A prepared
from TiCly whereas CH4 is mainly produced in the presence of
sample B synthesized from Ti(OC4Hg)4 in CO, reduction reaction.
Furthermore, the formation of HCHO increased by an order
of magnitude with bare or silica supported sample A in presence of
1 wt% Cu loading as compared to sample B with respect to photo-
reduction of CO, [138]. The reactions taking place for the formation
of HCHO, CH3CHO and CH4 other than the charge carrier formation
reaction (reaction 7) are listed below:

CO, + 2H* — HCOOH (45)
HCOOH + 2H® — HCHO + H,0 (46)
HCHO + 2H® — CH30OH (47)
CH30H + H® — *CHs3+ Hy0 (48)
*CH3; + H®* — ‘CHy4 (49)
*CH3 + HCHO — CH3CHO + H* (50)

A bifunctionalized TiO; film consisting of a catalysis zone and a
dye-sensitized zone has been fabricated for visible-light utilization.
HCOOH, HCHO and CH3O0H [292] are produced in CO, photo-
catalytic reduction efficiently following electrons transfer mecha-
nism. CO, reduction and O, evolution take place simultaneously on
different catalysts zones. The products’ yields are enhanced with
external electrical power.

CO, photoreduction has been performed with various photo-
active materials of metal oxide systems supported on magnesium
oxide (MgO), aluminium oxide (Al,03) and silicon dioxide (SiO,)
using a batch reaction system. C;—C3 compounds are reported as
CO, conversion products. Acidic oxide supported catalysts exhibi-
ted high selectivity towards C; compounds such as HCHO, etc.
whereas basic oxide supported systems preferentially produce
C1—C3 compounds. No change in the characteristics of photo-
catalytic materials was observed even after 6 h operation [293].

Ti-SBA-15 (Ti doped SBA-15) (SBA-15 is a mesoporous silica
uniform hexagonal pores material with a narrow pore size distri-
bution and tunable pore diameter to 5 and 15 nm) has been
exposed to light in presence of different gas mixtures such as CO,
and H,0 or CO; and H; separately. The CO, and H, mixture led to
the lowest formation rate of CH4, CoH4, and CoHg products. HyO is
found to be more efficient than Hy in CO, activation. HCHO is
extremely reactive over the catalyst system, yielding a product
distribution (C;—C;) of similar nature as observed with CO activa-
tion. The proposed mechanism indicates that the involvement of
initially generated CO followed by the consecutive formation of
HCHO converts later to hydrocarbons apparently by the reaction
with photo-activated HO and its associated intermediates
[294,295].

As discussed above, with pressurized photoreactor, CO, photo-
reduction in liquid phase has been investigated using commercial
TiO (Evonik P25), TiO; obtained by flame spray pyrolysis (FSP) and
gold doped P25 (0.2 wt% Au—P25) containing hole scavenger
(NayS03). HCHO has been reported as products in liquid phase
along with HCOOH [278].

3.2.3.3. Plasma chemical. The selective reduction of CO, with Ar
carrier in presence of organic compound either mixed in the gas-
phase or present as a contact solid surface has been investigated
under DBD cold plasma to yield HCHO. Cg to C12 hydrocarbons and

384

Petroleum 10 (2024) 373—398

organic surfaces such as wax, plastics and polymers are employed
separately as H-atom source. HCHO as a DBD product retains on
solid surfaces and in gas phase are analyzed by pre-concentration
using appropriate HCHO absorber solutions followed by colori-
metric measurement. On leaching out the HCHO retains on surfaces
into the absorber solution, HCHO production efficiency has been
reported as ~ 5% of CO; [89]. The reactions taking place in addition
to above mentioned plasma-based reactions (reactions 34—36,38)
are listed below:

Ar* (or Ar,") + >CH- — >CH-* (or > CH"-+ e7) + Ar (51)
>CH- — >CH-* + >C*- + H° (52)
>CH"- + e — >C*- + H* (53)
>CH-* — >C*- + H* (54)
CO+H* - HC"=0 (55)
HC* =0 + H* — HCHO (56)
>C*- + >C*- — Dimeric Product (57)

3.2.4. Methanol

Methanol (CH30H), the simplest alcohol, is a chemical building
block for hundreds of daily use products, including plastics, paints,
construction materials, etc. It is a light, colorless, volatile, and flam-
mable liquid. Methanol, an energy carrier is generally used to fuel
automobiles, ships, boilers, and cooking stoves as a clean energy
resource [296]. It is a toxic alcohol, on exposure it is extremely
dangerous, with significant illness and mortality if left untreated.
Furthermore, cold methanol is also used as CO, absorbent industri-
ally in Rectisol process [297], and as mentioned above it possesses
higher CO; solubility than water. In earlier times, methanol was
synthesized by the destructive distillation of wood. In industry either
from pure CO, and pure H, mixture or from a mixture of CO, CO,, and
H», methanol is synthesized by using suitable catalyst [298].

3.2.4.1. Electrochemical. The selective conversion of CO, to meth-
anol has been investigated with p-GaP semiconductor electrode
containing a homogeneous pyridinium ion catalysts using Hg—Xe
light as reaction initiator and obtained FEs ~ 100% at potentials (>
300 mV) below the standard potential (—0.52 V vs SCE) at pH 5.2. In
absence of pyridinium ion no CH30H is produced indicating that
CO, interacts directly at the electrode surface via a pyridinium-
mediated process and generates CH30H possibly through hydride
transfer mechanism from pyridinium ring to CO, [299]. The pyr-
idinium and its derivatives are useful for CO, reduction to HCOOH,
HCHO, and CH3OH. Interestingly, high faradaic yields for CH;0H
have been reported in both photoelectrochemical and electro-
chemical systems at low overpotentials. At electrodes, HCOOH and

CO,,+6¢+6H’ @_,@ CH,OH+H,0
N

9
N

P-GaP

Fig. 7. Photo-electrochemical reduction of CO, on p-GaP catalysts, adopted from
Ref. [300].



G.R. Dey

HCHO are reported as several intermediate products enroute to
sequential 6e~ reduction product CH30H, where the pyridinium
radical plays a crucial role (see Fig. 7). The mechanisms of the
reduction process proceed through different coordinative in-
teractions between the pyridinium radical and CO,, HCHO, and
other related species where the pyridinium radical [300] binds to
intermediates and radical species covalently at various steps as
shown in Fig. 7 and in reactions 58—65.

D=0
" 58
N H ; _ (58)
|
H
O = ,,—_\\
+ — N 59
IiI/ - N (59)
N N
@ +COZ :I—T\\'
N N (60)
| ¢
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(61)
(62)
(63)
(64)
(65)
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In this mechanism, the initially reduced pyridinium (pyH") to a
surface hydride pyH® at Pt electrode plays important role in
methanol formation [301] via several covalently bonded interme-
diate species. Furthermore, the quantum chemical calculations
elucidated the stage-wise mechanism for pyridine-catalyzed CO,
reduction to CH3OH. In first stage, the pyridine (Py) transforms into
pyridinium (PyH") through a H" transfer (PT) (pH effect), later it
followed by an e~ transfer (ET) to produce pyridinium radical
(PyH?®) in photoelectrochemical p-GaP system and photochemical
[Ru(phen)3]2+/ascorbate system. PyH® undergoes further PT—ET
steps to form dearomatized 1,2-dihydropyridine (PyH;) species,
the key closed-shell. The second phase involves several reduction
steps, and it is predicted that the PyH,/Py redox couple is kinetically
and thermodynamically capable in hydride and proton transfers
catalytically to CO, and other succeeding intermediates (HCOOH
and HCHO) to yield ultimately CH3OH.

The gas-diffusion electrodes are fabricated using commercial
Cuy0 and Cuy0—Zn0O mixtures deposited on carbon papers and
assessed for continuous CO; electroreduction in a filter-press
electrochemical cell [302]. In this system CH3OH as major and
small amounts of ethanol (C;Hs0H) and n-propanol (CsH;OH)
are produced. The highest CO, conversion efficiencies to liquid-
phase products are 54.8% and 31.4% for CuyO and Cup0/ZnO-
based electrodes respectively at —1.39 V and —-1.16 V vs. Ag/
AgCL

The FE for methanol production is close to 100% at Sn elec-
trode in a limited potential region related to a low current den-
sity. The potential dependence of HCOOH reduction to methanol
proposes HCOOH adsorption on electrode near the point of zero
charge (pzc) could be the rate-controlling step in overall reaction.
Several transition metals for example Au, Ag, Zn, Cu, Ni, Pt, and
Fe surfaces have been employed in electrocatalytic conversion of
CO, to CH30H. The reaction rates for CH30H and CH4 products
selectivity in the framework of CO binding energies for these
metals are described. The selectivity toward CH4 or CH30H for
most of these metals is low. In this study, deeper surface
chemistry for transition metals with new insights to direct
development of the advanced CO, conversion catalysts have been
presented [303].

3.2.4.2. Photochemical. The synthesized TiO, species within the
mesoporous zeolites (Ti-MCM-41 and Ti-MCM-48) framework by
hydrothermal synthesis method has demonstrated unique photo-
catalytic reactivity for CO, reduction with H,O to CH4 and CH30H.
TiO, dispersion within the zeolite framework along with the exis-
tence in tetrahedral coordination is realized with the in-situ pho-
toluminescence, diffuse reflectance absorption, ESR and XAFS
investigations. The excited state of highly dispersed TiO, species
plays a significant role in this reduction exhibiting a high selectivity
towards CH30H production [304].

The CO; has been photo-catalytically reduced to methanol in a
steady-state optical fibre photoreactor containing ~ 120 Cu/TiO3-
coated fibres with 365 nm light from Hg lamp. Using 53 nm thick
Cu/TiO; film [305] containing 14 nm sized spherical particles with
1.2 wt% material loading, the utmost CH30H rate (0.45 umole/g cat
hr) has been achieved. The Cu,0 clusters and active Cu species on
TiO, surface play key role in CH3OH formation. Moreover, >
1.2 wt% Cu loading brings a lower rate of CH30H yield due to its
masking effect on TiO, surface. Similarly, the photocatalytic ability
of rGO—CuO nanocomposites has been explored for CO, reduction
under visible light irradiation. The neat CuO nanorods exhibit very
low photocatalytic activity owing to fast recombination of charge
carriers. But rGO—Cu;0 and rGO—CuO have shown significant
photocatalytic activities with 5 and 7 times higher CH30H yield
than pristine Cu oxides respectively. The better activity of CuO in
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rGO—CuO nanocomposites has been ascribed to slow recombina-
tion of charge carriers and efficient photo-generated electrons
transfer through rGO skeleton [306]. Furthermore, TiO,-rGO
nanocomposites has shown excellent photocatalytic activity on CO;
reduction to CHg (2.10 pmol - g~! - h~!) and CH30H (2.20 pmol -
g~ 1. h™1), showing the collective effect of TiO, and graphene [307].

The enzyme containing amorphous TiO, particles consists of
interconnected 400—600 nm range sizes nanospheres. The encap-
sulated dehydrogenases such as formaldehyde dehydrogenase,
formate dehydrogenase and alcohol dehydrogenase sequentially
convert CO, to HCOOH, HCHO and CH30H using a terminal electron
donor nicotinamide adenine dinucleotide (NADH) for catalyzed
reduction [308].

The photocatalytic activity as well as visible light response of
Bi,S3 are higher than CdS. Hence, the photocatalytic properties of
BiyS3, CdS and Bi,S3/CdS have been studied for CO, conversion to
CH30H utilizing visible light source. The photocatalytic activity of
Bi,S3/CdS hetero junction photocatalyst has been observed higher
than those of plain CdS and Bi,Ss and yielded utmost methanol
(613 pmol - g~!) when the weight proportion of Bi,S3 to CdS used
was 15% [309].

The developed synthetic approaches have been adopted to en-
gineer nanostructured photocatalytic materials for effective light
harnessing as well as charge separation and later applied on CO,
photoreduction to CH4, CH30H and some olefins [50,310,311]. As
discussed above, in the absence of CdSe QDs, Pd-decorated TiO»
nanofibers (NFs) have exhibited superior performance for CH30H
along with HCOOH production. Moreover, the presence of CdSe, Pt-
decorated TiO, NFs showed higher selectivity towards CH3OH
following CO, photoreduction mechanism pathway through hy-
drogenation [262].

3.2.4.3. Plasma chemical. Hydrogenation CO; is one of the broadly
research areas to produce methanol. The conventional CO; hydro-
genation requires high Hy pressure and high temperature, but the
extensively developed nonthermal plasma (NTP) is utilized for CO,
hydrogenation to methanol. The plasma-based techniques not only
have outstanding advantages, such as ambient temperature and
atmospheric H, pressure but also carries terrific potential to be
power by electricity in a flexible manner due to its easy operation
(just switching on/off) [312]. For example, a pioneering work done
by Wang et al. [313], on the utilization of CuO/Al,03 in plasma for
methanol synthesis. 21.2% CO, conversion with 53.7% selectivity to
CH30H (11.3% yield) in atmospheric pressure and room tempera-
ture using an NTP reactor has been reported. In other experiments,
Cu/g-Aly03 catalyst at 4 wt% Cu loading and CO3/H; plasma led to
the success of 10% CO, conversion with ~ 50% CH3OH selectivity
[314]. Upon H,0 addition the selectivity increases to 65% (for H>O/
CO;, ratio 1). The density functional theory reveals that the
interfacial sites of Cu cluster and g-Al,03 establish a bifunctional
effect: activate CO, molecules and strongly adsorb the key in-
termediates to support hydrogenation. In this case H;O promotes
CH30H desorption by competitive adsorption over Cu/g-Al,03
surface. Similarly, plasma-driven CO, hydrogenation at near-
ambient temperature and pressure by adding MgO, y-Al,03, and
a series of CoxOy/MgO catalysts separately has been investigated to
enhance CO, conversion and products selectivity. CoxOy/MgO
exhibited excellent results, converting up to 35% of CO, with
highest methanol yield (10%) [315]. The CO, hydrogenation to
methanol has also been studied in a DBD with and without a
catalyst (CuO/ZnO/Al,03 catalyst in pellets containing copper con-
tent of about 440 kg/m?) system, at high pressure (up to 8 bar) and
at temperature (50°C—250°C) [316]. It is noteworthy to include that
the plasma discharge effectively lowered the optimum catalyst
performance temperature. Similarly, a series of binary mixed metal
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oxides, such as, NiO, Fe;03, 5% NiO—Fe;03 (5NF), 10% NiO—Fe;03
(10NF), and 15% NiO—Fe;03 (15NF) catalysts are explored for CO;
conversion to CH3OH. These binary mixed metal oxides are highly
active as compared to their pure metal oxides forms. Moreover,
increasing NiO mixings lead to the agglomeration of NiO particles.
At 200°C, around 1.5%, 2%, and 3.2% CO, conversion is achieved for
5NF, 10NF, and 15NF combination respectively. Excitingly, with cold
plasma ignition at 200°C, around 5.4%, 6.2%, and 10.2% CO, con-
version is obtained for 5NF, 10NF and 15NF respectively. The 15NF
catalysts exhibit the maximum CO, conversion and produce only
CHj4. Plasma coupling with the catalyst led to high CH30H yield, and
around 5.8 times enhancement is reached with 10NF at 200°C as
compared to thermal catalysis. It revealed that the combination of
plasma and thermal heating makes a significant change to the
catalyst morphology (creation of a mixture of spinel compounds
(NiO—Fe,03, NiFe;04, and Fe304)), which in turn leads to a sub-
stantial increase in the catalytic activity [317,318].

3.2.5. Methane. Methane (CH4), the simplest one carbon atom
containing hydrocarbon, is a powerful greenhouse gas available in
small quantities in the atmosphere. The natural sources of CHy
include emissions from oceans and wetlands (emission from
marshy land hence known as marsh gas), and from the digestive
processes of termites. Being the main constituent in natural gas,
CH4 fuels industrial plants and powers homes among its other
major applications. High concentration of CH4 can reduce the
amount of oxygen breathed from air resulting in slurred speech,
memory loss, vision problems, nausea, facial flushing, and head-
ache. Severely, there is possibility of changes in heart and breathing
rate, balance problems, and numbness. In 2019, 360 million tons (~
60%) of CHy4 released worldwide was through anthropogenic ac-
tivities, whereas the natural sources contributed around 230
million tons of CH4 [319]. Reducing its emission by capturing and
utilizing leads to environmental and economic benefits.

Sabatier reaction, a known reaction produces CH4 and H;0 from
H, and CO; at elevated temperatures (300°C—400°C) and ~ 3 MPa
pressures in presence of nickel catalyst. CO, hydrogenation to both
CH3OH and CHy is the most valuable process to convert the
renewable energy to carbon-based fuels along with liquid product
[320]. However, the utilization of this reaction for CO, methanation
is already in use on the International Space Station to reuse atomic
oxygen, and the propulsion systems utilizing cryogenic liquid CHa.
Ni nano-catalyst has shown excellent activity and high stability for
CO, reduction to CHy in presence of water, where water acts both as
hydrogen source and reaction medium [321]. The earth's abundant
metals such as Fe or Zn are used as re-generable reducing agents.
An exceptional yield (98%) of CH,4 from either CO, or HCO3 has been
reported at 300°C where the in situ generated Ni nanoparticle
catalyst demonstrates not only the exceptional catalytic activity but
also its high stability. Mechanistic studies recommend that the CHy
formation from HCO3 or CO, follows HCO3 — CO, — HCOOH —
CH4 pathway.

3.2.5.1. Electrochemical. Electrochemical reduction of CO, into
beneficial compounds is a major challenge in helping the closed
carbon cycle. An approach aiming for CO, electrochemical reduc-
tion empowered by electricity from renewable sources, but
photochemical methods driven by solar light are also doable. The
great challenge in these approaches is for the development of
catalysts based on low-cost Earth-abundant elements instead of
costly precious metals. Few of these catalysts are stable and se-
lective for CO, reduction and generate CO or HCOOH, and quite a
few catalysts can be able to produce low yields of hydrocarbons
[322]. The trimethylammonio groups functionalized iron tetra-
phenylporphyrin complex has been proved as an efficient and
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selective electrocatalyst for CO; reduction to CO and also catalyzes
CO, for eight-electron reduction to yield CH4 with visible light
irradiation under ambient conditions [322—324]. The nano-
structured copper cathodes are efficient and selective catalysts for
producing multicarbon (> C;) compounds during CO, reduction
electrochemically in which the produced copper nanocube catalyst
favors ethylene (CoH4) over CH4 production [325].

The Cu-based conductive metal-organic framework is used for
CO; electrochemical reduction to CH4 with high FE 80%, where the
Cu-based conductive metal-organic framework oxygen-
coordinated Cu sites exhibit higher selectivity [326]. In another
research the introduction of Au in Cu polytetrafluoroethylene
(PTFE) nanofibers has demonstrated high selectivity towards hy-
drogenation by suppressing C—C coupling leading to methane for-
mation with ~ 56% FE in CO,-reduction [327]. Furthermore, the
recently designed glutathione-modified copper electrode exhibited
superior CO, electrochemical reduction to CHy (61.7% FE with
153.7 mA - cm 2 current density) and the yield reported is 35-fold
higher than that observed in neat copper electrode [328].

Cobalt protoporphyrin restrained on a pyrolytic graphite elec-
trode reduces CO> in acidic aqueous solution at 0.5V overpotential.
CO is the main reduction product along with CH,4 as by-product. The
pH-dependent studies insight into the reaction mechanism in
which CO; is activated by cobalt protoporphyrin via the stabiliza-
tion of an intermediate, which performs as Brensted base. The basic
nature of the intermediate in CO; reduction bypasses a rigorous
proton—electron transfer mechanism, in contrary to Hy evolution
[329]. In this case the initially generated CO3 (with high negative
potential value) is shifted to less negative potential upon coordi-
nation with the catalyst (carboxylation), which later generates CO.
The CO formation reaction dominated more at higher pH and later
reduced to CH4 via HCHO. The reduction of catalytically inactive
Co®* to Co™ is expected to trigger both H, evolution and CO,
reduction pathways. Similarly, the electrochemical reduction of CO,
with Cu electrode has been studied in methanol-based electrolyte
containing lithium salts such as LiBr, Lil, LiCl, LiClO4, etc. At low
temperature (—30°C). CO, CHg, CoH4, and HCOOH are reported as
major products from CO, with maximum FE 71.8% for CH4 pro-
duction at —3.0 V vs. SCE in LiClO4 electrolyte system [330].

3.2.5.2. Photochemical. The novel photocatalysts containing
porphyrin and graphene have been designed for CO; reduction to
hydrocarbons (CHg4, etc.) utilizing visible light. These catalysts
reduce CO; to hydrocarbons (mainly C;H;) effectively and control
selectively over the transfer of photogenerated electrons from
graphene to CO; instead of H,O [331].

The Pt-sensitized graphene-wrapped defect-induced blue
titania photocatalyst generates ethane (Cy;Hg) and CH4 during
photocatalytic reduction of CO, [332]. The blue titania, a reduced
TiO, (TiO5_x) has oxygen vacancies (VO—Ti>*) but possesses high
photocatalytic activity at 425 nm than P25 and rutile. It contains
85% rutile and 15% anatase along with multitude defect surface
sites [333]. Furthermore, the transient absorption spectroscopy
study reveals that the photogenerated holes move into graphene
while the electrons pile up on Ti*t sites develop the
multielectron transfer processes and generate *CHs. This leads to
~ 259 pmol-g~! CHy4 (H addition) and 77 pumol-g~! CHg (through
dimerization) production under one Sun (AM 1.5G) radiance [332].

The ternary photocatalysts CdS/(Cu-TNTs) (sodium trititanate
nanotubes (TNTs; NayH,xTi307)) can catalyze to CO, and water
conversion into C;—Cs hydrocarbons such as CHy4, C;Hg4, CoHg, C3Hg,
and C3Hg during visible light irradiation in absence of any sacrificial
electron donors. In this system CO, bound composite surface serves
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as electron accepter whereas water serves the principal
photoexcited-state electron donor. The binding of CO, with com-
posite material plays an important role in this conversion [334].
Interestingly, the Cu addition to SiO, supported in-house synthe-
sized TiO, samples using Ti(OC4Hg)4 increased the photocatalytic
reactivity of CO, with and without water and led to CH4 formation
[138].

The adsorbed 5 nm average sized Cu,0 nanoparticles (1.74 wt%
loading) onto defective graphene (Cu;O/G) formerly synthesized
using alginic acid sodium salt have been used in photocatalytic
reduction of CO; to CHy4 in the presence of dimethylaniline (sacri-
ficial agents). The CH; formation rate achieved maximum
(326 pmol CH4 g~'-h™!) in UV—Vis irradiation conditions. The
spectral response of Cu,0 reveals that the light absorption with low
Cuy0 loading Cu0/G happens mainly due to the graphene part
[335]. Furthermore, the efficiency of monolith photoreactor for CHy
production during CO; reduction fetches 6 folds higher than TiO,
dispersed reactor system [217]. Under combined CO, capture and
methanation (CCCM), the different reactor configurations have
been suggested with different formulations such as dual functional
materials, adsorbent, methanation catalysts, etc. [336]. The adsor-
bent developing materials for example basic zeolites, carbon-based
materials, basic clays, amine-functionalized materials, alkali metal
oxides, etc. are used whereas methanation catalysts based on Ru or
Ni or other noble metals helps in hydrogenation.

The coal-based luminescent carbon dots (CDots) have been
synthesized by H,0, oxidation of inexpensive coal samples and
then coated composite nanoparticle Ag/CDots are fabricated to
attach CDots in situ to Ag surface following the simple silver mirror
reaction method. Its performance on photocatalytic reduction of
CO; to hydrocarbons (CHy, etc.) has been investigated. The com-
posite surface contains many oxygen groups, which exhibit good
adsorption of CO, and also enhances photocatalytic activity as
compared to individual Ag and CDots for organic fuels (hydrocar-
bon) generation [337].

The ambient such as Ny, Air, Oy, CO; are significant for CO;
reduction in suspended TiO, aqueous systems containing 2-
propanol as hole scavenger in which CO; has been generated in-
situ (except in the CO, systems) through 2-propanol photo miner-
alization [134,135]. The deviation of CHy yields, in N, aerated, O,
and CO, systems insight an interesting chemistry of the in-situ
generated CO,. CH4 formation yields trend as reported is: CHy yield
in COz-purged = aerated > oxygenated > N,-purged systems. It is
noteworthy to mention that the presence of O, in aerated and
oxygenated systems does not support the Photo Kolbe reaction
[135] to generate methane through *CHs3 formation. In this study C*
and °CH; species are recommended as enroute reaction in-
termediates to yield CHa.

3.2.5.3. Plasma chemical. As explained above in methanol section,
the plasma discharge with a series of binary mixed metal oxides
catalysts, such as, NiO, Fe,03, 5% NiO—Fe,03 (5NF), 10% NiO—Fe,03
(10NF), and 15% NiO—Fe;03 (15NF) convert CO; to CH30H and CHg.
The 15NF catalysts exhibit the highest CO, conversion and produce
only CHy4 [316,317].

As discussed above the products on chemical reduction of CO;
using electro-, photo- and plasma chemical methods depend on
many factors such as catalysts materials, CO, concentration (or its
pressure), reaction conditions, input energy/applied potential,
presence of additional chemicals (hole scavengers/ionic salt), etc.
Moreover, all these techniques lead to free radical based reactions
following two different pathways to produce methane as final
product under C; chemical category as shown in Scheme 1.
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Scheme 1. The mechanistic formation of C; products.

3.3. C; compounds

CO; is the most abundant and manageable carbon source on the
Earth, its utilization as beneficial chemicals produced through the
creation of C—C bond(s) is an important strategy. Various com-
pounds containing > C; atoms are mostly generated through radical
based reactions. Moreover, the carboxylic acids and its derivatives
found by carboxylation of carbon nucleophiles with the reaction of
CO; have extensive applications in pharmaceuticals and in material
sciences [338]. The CO, conversion to liquid fuels and multi-carbon
(> C; atoms) products is of technological significance with respect
to the negative CO, emissions approach. The formations of a few
important C, compounds are considered in the following section.

3.3.1. Electrochemical

Cu is an important transient metal, which catalyzes CO,
reduction reaction (CO2RR) to produce C, and/or higher carbon
containing hydrocarbons. Wei et al. [339], have reported a
simplistic way to enhance > C; products selectivity using poly-
crystalline Cu toward CO,RR. By coating Cu surface with a 50 nm
thick polyaniline (PANI) film, the FE of C;H4 (Co+ hydrocarbons) has
been enhanced to 60% from 15% at —1.1 Vgyyg in KHCO3 electrolyte
solution. High performance of Cu/PANI is explained with the elec-
tronic properties of Cu substrate. This leads to the interaction of
initially generated CO intermediate and facilities in CO—CO
coupling, which finally ended with C, or higher hydrocarbon for-
mation. In another research, a simple and effective benzimidazole
(BMZ)-modified Cu foil catalyst has been developed to improve CO,

Cu(BMZ),

Cu

Scheme 2. Cu benzimidazole generates C, products from CO,.
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conversion to selective C,/Cs products. In this case FE reaches 92.1%
for CO, reduction by lowering the HER to 7% FE at —1.07 Vgyg [340].
In this process low to high yields of ethylene (C;H4), ethanol
(CaHs0H), acetaldehyde (CH3CHO), 1 propanol (C3H7OH) along
with propionaldehyde (C;H5CHO) are generated (see Scheme 2).

CyHg and CyH4 generations using Cu-based catalysts have been
reported with a photovoltaic (PV) cell and electrochemical cell (EC)
coupling system in CO, reduction with 21% energy efficiency [341].
In such a coupling system, a PV cell normally provides photo-
generated electrons and holes to an EC for CO, reduction as well as
water oxidation respectively at cathode and anode [342,343].
Furthermore, the electrochemical conversion of CO, to CoHg is very
rare because the higher selectivity normally goes towards CHg,
CyHy, and CoH50H formations. The iodide-derived copper (ID-Cu)
and oxide-derived copper (OD-Cu) systems are employed to get in-
depth knowledge of the mechanism of CO, conversion to CyHg.
With traces of iodine species on the surface and positively charged
Cu species observations, the generation of CoHg is preferred more
on ID-Cu than OD-Cu. C;Hg formation follows the similar pathway
as CoH4 and C;H50H formations perform [344].

The single-crystal electrodes of Cu such as Cu(111), Cu(100),
Cu(S)-[n(100) x (111)], and Cu(S)-[n(100) x (110)] produced C,
compounds on electrochemical reduction of CO, at a constant
current density (5 mA-cm~2) in 0.1 M KHCO3 aqueous electrolyte
[74]. Copper single crystals are prepared using 99.999% pure
copper metal in graphite crucibles following Bridgeman method
[345]. Cu(111) electrode generates mostly CHy4 from CO,, while
Cu(100) favorably produces CyH4 showing the importance of
crystal orientations. Introduction of (111) steps to Cu(100) basal
plane directs to Cu(S)-[n(100) x (111)] orientations, which pro-
motes CoH4 formation by suppressing CH4 generation. Further-
more, the electrochemical reduction of CO, to C > 2 hydrocarbons
on a polycrystalline Cu electrode in bicarbonate aqueous elec-
trolyte has been investigated using N-substituted pyridinium
additives. High (70%—80%) selectivity for C; and C3 compounds
with significant C > 2/CH4 products ratio (> 100) have been
observed [346]. Importantly, the product selectivity has been
altered from C > 2 species to Hy (~ 90%) with certain N-hetero-
cyclic additives.

Various forms of oxidized Cu materials utilized as electro-
catalysts require large overpotentials. Moreover, a densely packed
Cu nanoparticles (NPs) ensemble has been utilized for selective
C,—C3 products formation. During electrolysis, Cu NP ensembles
undergo structural change into remarkable electrocatalytically
active cube-like particles combined with smaller nanoparticles.
CyHy4, C;Hs0H and n-propanol (n-CzH7OH) are found as main C,—Cs
products with low onset potential (—0.53 V vs. RHE). The C,—C3
attains 50% FE at only —0.75 V showing the performances of cata-
lyst at considerably lower overpotentials for selective product. This
approach indicates a new opportunity to realize multicarbon
products formation from CO, [347,348]. The hydrocarbon forma-
tion mechanism follows dual pathways: one (C;) pathway leading
to CHy4 and the other (Cy) pathway leading to CoHg. In C; pathway,
CHOads, the main intermediate produced through the breaking of
C—O0 linkage, which generates CH4. Whereas in C; pathway, the first
step is CO dimer formation, followed by the formation of a surface-
bound enediol or enediolate, or oxametallacycle formation. The
enediol(ate) and oxametallacycle intermediates control the selec-
tivity of C, to C;H,4 formation [349].

The reduction of CO; to C, products such as acetic acid
(CH3COOH) and ethanol (C;H50H) over a 3D dendritic copper-
cuprous oxide composite has been investigated. In KCl aqueous
electrolyte, 0.53 V and 0.48 V overpotentials are required respec-
tively for CH3COOH and C;H50H formations [350]. The conversion
of CO, to selective C+ compounds endure from a high



G.R. Dey

overpotential, low selectivity with a low reaction rate, and the
process is very sensitive to catalyst structure and the electrolyte
[351]. The electrochemical CO, reduction at an extremely low
temperature (— 30°C) has also been investigated (discussed above)
using Cu electrode in methanol electrolyte. CoH4 along with CHy
and CO are reported as reduction products. Because of C based
compound formation, the FE of Hy formation is depressed to < 8%
due to CO, competitive reaction [200].

The oxalate ion (C,03") production as a Zn salt through elec-
trolytic reduction of CO; in electrochemical cell containing CrNi-
steel cathode and zinc anode with acetonitrile mixed 0.2 M tetra-
butylammonium perchlorate electrolyte has been obtained [352].
The reactions taking place are given below:

CO; + e~ — COy (66)
CO% + COy — C0% (67)
C,05 4 COy — 05 + CO, (68)
CO% + CO3 — C,0%~ (69)
Zn + G058~ — ZnCy04 (70)

C,03~ thus precipitates as ZnC,04 and recovers later by simple
filtration.

3.3.2. Photochemical

The production of solar fuels brings a feasible way for decreasing
CO, concentration in atmosphere, which is an important step for
societal application. An efficient stable Pt-sensitized graphene-
wrapped defect-induced blue-coloured titania synthesized photo-
catalyst has been developed, which produces high yield of C;Hg
along with CH4 (discussed above) during CO,-reduction [333].

On increase in CO, pressure, CH3COOH and C;Hg are generated
in TiO, photo-catalytic systems. More recently, to counteract the
CO; balance in the atmosphere, CH30H or C;Hs50H are produced
using graphene oxide (GO) and TiO, composite materials in pho-
tocatalytic CO, reduction in water under UV/vis light irradiation
[353]. pH is a potential variable towards the product (CH30H and
C,Hs0H) selectivity. For example: GO-TiO, exhibited excellent
photocatalytic activity for C;HsOH formation at pH 11.0, whereas
CH30H production takes place at pH 4.0. With pH variation the
solubility of CO, changes (discussed above) along with various CO;
species, for example, H,CO3; dominates at acidic pH (4.0), HCO3 at
pH 7.0 (pK, = 6.4) and CO3~ at alkaline pH 11.0 (pK, = 10.3). The low
pH favors higher proton concentrations which reduce the theo-
retical reduction potential of CO; by assisting electron transfer to
CO, followed by protonation of the negative species, whereas at
higher pH the carbonates and bicarbonates act as hole scavengers
and are easily oxidized, reversing the overall process and lead to
more CyHsOH formation. Similarly, Li et al. [354] have also
demonstrated CH30H and C;Hs0H generation during CO, photo
catalytically reduction in suspended CuO-loaded titania powders in
water in the presence of NaySOs, a hole scavenger. The yields of
alcohols increase with CuO loading up to 3.0 wt%, beyond which the
yields decrease because of the masking effect of CuO on TiO,. The
enhancement of methanol and ethanol yields with more CuO
loading is due to formation of more active sites. Copper serves in
this case as an electron trapper and prohibits the recombination of
charge carriers, increasing photo efficiency significantly. These in-
vestigations highlight that the modification of photocatalytic ma-
terials and the reaction conditions are important for product
selectivity. Oxalic acid (H,C,04), another useful product has been
obtained in photocatalytic CO; reduction on TiO2 [355] and its
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Scheme 3. The mechanistic formation of a few selective C2 products.

generation has been proposed with 2C0$" + 2H" — HOOC—COOH
reaction. The overall mechanisms for above-mentioned C, product
formation in photochemical reduction of CO, are summarized in
Scheme 3.

As the investigation for efficient catalysts for photoreduction
of CO, progresses, the nanostructured perovskite oxides have
emerged as a new group of high-performing photocatalytic ma-
terials. Perovskite is a semiconductor material that has a similar
crystal structure like calcium titanium oxide and used to trans-
port the electric charge whenever the light hits the material
[356]. The perovskite oxide materials for CO, photoreduction are
mostly nanostructured forms of titanates, tantalates, cobaltates
and niobates, which are much preferred owing to their better
chemical stability, bandgaps, nontoxic nature, tunable crystal
structures and surface energies. These materials display an
extended optical-absorption edge, favorable band-alignment and
longer charge carrier lifetimes relating to reduction potential of
activated CO, as compared to conventional semiconductors and
nanomaterial catalysts and yielded C; and C, species as CO;
reduction products [357]. Furthermore, the CO, reduction re-
quires significant energy because of its remarkable thermody-
namic stability. Using sunlight along with co-catalysts to reduce
CO; and simultaneous to overcome these shortcomings leads to a
great achievement in the fields of photocatalysis. Several ap-
proaches have been applied to improve the photocatalytic
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= HCOOH
Chemicals CcO
& | HCHO
Fuels /,’ CH,OH
g CH,
C,=CH,
©
(COOH),
CHLCHIG
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Scheme 4. The schematic presentation of CO, mitigation through electro-, photo- and
plasma-chemical reactions to various products.
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efficiency of CO, reduction in the most effective TiO, based
photocatalytic systems [358,359] for oxalic acid, formic acid and
other C;—C; products.

As discussed in CHy4 section, the CdS/(Cu-TNTs) ternary photo-
catalyst has been employed to convert CO, and water into C{—C3
hydrocarbons such as CH4, C;Hg, C3Hg, C2Hy4, C3Hg using visible light
irradiation without any sacrificial electron donor. Free Hy was not
observed over 5 h of photo-irradiation although the proton
reduction is thermodynamically favored over CO, reduction in
aqueous system. The stoichiometric fraction of Nat in TNTs is an
important factor affecting hydrocarbon formation. The coordina-
tion of CO, on the ternary catalyst leads to surface-bound CO, and
related carbonate species formation. As proposed the bidentate
binding of CO, at particular reactive sites reduces the reaction en-
ergy barrier. The copper on TNTs plays a key role in the transient
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trapping of *CHs (confirmed with ESR), and finally dimerized to
CyHg [334].

TiO, and different Cu wt% loaded TiO, (TC(0.5—5.0)), 10 wt%
TC(2.0) supported on molecular sieve 5A (10 wt% TC(2.0)/MS) have
been employed for CO; reduction in alkaline aqueous solution in a
batch reactor. HyC,04 yield increased remarkably in Cu—TiO, sup-
ported molecular sieve catalyst system. This catalyst stimulates
charge separation, which enhances the selective formation of
H,C,04 along with CH30H, and CH3COOH. The product formation
depends on the extent of CO, adsorption by the composite photo-
catalyst. The adsorption and desorption mechanism of CO; on a
catalyst has been suggested for the reason of products selectivity.
The maximum yield of H,C,04 reported is 65.6 pg-h~!-g~! per cat
in 0.2 N NaOH containing solution over 10 wt% TC(2.0)/MS photo-
catalyst. The formation of CH30H (0.4 pg-h~—'-g~! per cat) and

Table 1
The list of the electrochemical reduction products of CO, along with their faradaic efficiency.
Products Electrode/electrocatalyst used Stability FE (%) Ref Remarks
Carbon flakes Ce—Ga/dimethyl formamide Not gumming up [158]  Worked at —310 mV
Graphene Stainless steel/CaCl,—NaCl—CuO [166] At controlled reaction kinetics
Molten carbonate [167]  Economical
co Carbon/Acidic Bi** 95 [175]  Economical
Ni-single atom dispersed into graphene nanosheet = High [176]  97% CO selectivity
Iron porphyrin-based graphene 96.2 [182] Worked at low over potential (280 mV)
Ni-nitrogen doped porous carbon 85 [183] At alkaline conditions
Ni—Fe (KHCO3) > 97 [185]  Considered oxygen evolution reaction (OER)
Polycrystalline Sn 70 [186]  Theoretically supported intermediate
Cu in methanol 42 [200] At -30°C
HCOOH Multiwalled carbon nanotube SnO, 64 [242]  Importance of Particle morphology
SnO, quantum wires 80 [247]  Importance of Surface area
Si decorated Sn porous nano wire 60 [248] Worked at —0.4 V
Sn—Si doped Ga;03 80 [249] Importance of adsorbed CO,
Bi0,CO3 coated nanofibre High 69 [252]  High selectivity
HCHO Boron doped diamond high 74 [284]  CO, reduction in sea water
Multi layered Cu/rGO/PVP/Nafion [285]  Photoelectrochemical
CH30H p-GaP with pyridinium ion 100 [293]  Photoelectrochemical
Cu,0—Zn0O >20h 54.8 [296]  Filter press electrochemical cell
CHy Cu-metal-organic framework 80 [320] High CHy4 selectivity
Au in Cu polytetrafluoroethylene 56 [321]  Suppressing C—C coupling
Glutathione-modified Cu 61.7 [322]  Importance of COOH and NH, groups of glutathione
Co protoporphyrin [323] In acidic conditions
Cu 718 [324] At -30°C
CoHy Cu-polyaniline 60 [333]  Favors CO—CO coupling
C,Hg, ethanol etc. Cu-benimidazole 92.1 [334]
CyHy, ethanol etc. Cu-nanoparticle 50 [342]  CHO,qs intermediate
CH3COOH, ethanol 3D dendritic Cu—Cu,0 80 [344] Different overpotential for different products
H,C,04 Cr—Ni steel Zn salt 90 [346] No unwanted by-products
Table 2
The list of the photochemical reduction products of CO,.
Products Photocatalyst Light Ref Remarks
co Cu(Il)quaterpyridine complex Visible [218] 97% selectivity and turnover no. > 12,400
Rhenium(I) trinuclear complex 436 nm [219] Quantum efficiency 0.45
N,S doped NH,CNPs Visible [222] 76.6% conversion efficiency
TiO,- carbon/silica 350—400 nm [223] ~ 100% selectivity
CsPbBr3/CoAl Visible [224] Boost electron—hole separation
HCOOH AlGaN/GaN 300 nm [259] 28% quantum efficiency
ZnS—CdS — [264] 32.5% quantum efficiency
HCHO Cu-loaded SiO, uv [138] %age of Cu control product yields
MgO, Al,03, SiO; system [287] > 6 h stability of catalysts
CH30H CdS/Bi,S3 Visible [303] Heterojunction photocatalyst
CdSe—Pt decorated TiO, nanofibre 290—-320 nm [262] ~ 90 ppmg~'-h~'methanol
CHy Porphyrin graphene Visible [325] Selectively control of photogenerated electrons
Pt-sensitized graphene blue TiO, 425 nm [327] ~ 259 pmol-g~! CH,4 through H addition to *CHs
CdS/Cu-Trititanate nanotube Visible [328] No sacrificial electron donor
Cu,0/G UV—Vis [329] Maximum 326 pmol-g~' CH,
TiO, uv [49,134] High yields in aerated systems containing hole scavenger
CyHsOH GO-TiO, UV—Vis [348] Crucial role of pH
H,C,04 Cu TiO, molecular sieve [354] High yields of oxalic acid due to high adsorption of CO,
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CH3COOH (15 pg-h~'-g~! per cat) is quite low [360]. Interestingly, a
substantial amount of CH3COOH has been produced when photo-
catalysts such as Rh—TiO;, Cu—TiO,, and Ru—TiO, [361] are used in
CO; reduction, and in Cu—TiO; and Rh—TiO, systems the yields are
maximum (4.1-5 x 10~ mol).

In electrochemical studies, various intermediates play crucial
role in product formation where Cu and/or Cu-based material
exhibit superior contribution in free radical based CO, reduction.
Copper is the only metal that has shown high selectivity over
CO2RR to multi-carbon products under these three selective fields.
Moreover, the selectivity of different C;—C, products along with
carbon species introduced in detail have limited energy efficiency,
uncontrolled selectivity, low stability, and unknown mechanisms.
Hence, there are yet many tough challenges, which should be
addressed in the near future.

Furthermore, various forms of semiconductors such as
anchored, highly dispersed, and finely powdered varieties lead to
CH4, CH30H, HCHO, HCOOH and CO formation. The formation ef-
ficiencies of photolytic products depend on catalyst, reaction
temperature and CO; to H,O ratio. The increase in CO; to H,0O ratio
and the temperature enhance the catalytic activity, but the pres-
ence of excess H,O decreases the reaction rate. At high pressure
COy, (~ 2.5 MPa pressure) HCOOH, CH3OH in radical-based liquid
phase and CH4 are major products in gas phase in TiO; containing
systems, and CHy yield enhances upon addition of NaOH/Na;SO4.
The low CH4 yields obtained in HCOOH and HCOO™ reduction
systems support two different routes for CHy4 formation in CO,
photolysis in presence of TiO, namely. CO,—» HCOOH— HCHO—
CH30H — CH4 and CO;—CO— C*— °CH;— CHa.

In plasma chemical reaction, the plasma carrier, gas-gap, fre-
quency, applied fields, and the electrode material along with
packing material are important in product yields and their selec-
tivity. Many reports are available for C; products. The free radical
based reactions in these three systems are summarized in Scheme 4
and a few selective products along with their quantitative values
are listed in Tables 1 and 2.

4. Conclusion and future prospects

In this review we have tried to demonstrate the interest
developed so far on CO, reduction by electrochemical, photo-
catalytic and plasma chemical means for seeking alternatives to
the depletion of fossil resources utilizing CO, as carbon source.
Topics covered include techniques, details in brief and the
outcome of CO,RR along with interpretation of mechanistic de-
tails of product specifications. Moreover, this review is still far
from the optimal method in these fields for CO, reduction which
can be applied commercially. Since the free radical based pro-
duction derived from CO> is the primary objective of this article, it
is apparent that further work in these fields independently and/or
together will possibly bring interesting insight to improve artifi-
cial photosynthesis to utilize CO;. In this context, as of today, the
use of Cu and Cu-based materials have shown better controls over
the product selectivity with excellent efficiency in all three areas.
Utilization of theoretical calculations and in situ spectroscopic
techniques at advanced level will certainly help to improve the
understanding of the real and hidden mechanisms. The in-situ
supervising the surface reaction intermediates, the adsorption
and desorption dynamics of these species with temperature-
programmed studies and the investigation of the rate limiting
step will boost the knowledge of free radical based CO; reduction
reaction, which finally provide direction for new materials de-
velopments. It is essential to increase the CO, conversion effi-
ciency to a higher order of magnitude for actual in-field
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application. We hope the content of this article will provide
substantial information to those who are interested in these
multi-process research topics.
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