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Abstract 
Enormous emissions of carbon dioxide (a greenhouse gas) produced from burning of fossil fuels, industrial revolution 
and rapid urbanisation originate the greenhouse effect and also ocean acidification, thereby posing a great threat 
to entire environment. Massive efforts have been devoted to transform carbon dioxide into useful products for 
sustainable development in the sectors of energy as well as environment. However, efficiently reducing the carbon 
dioxide is highly challenging due to higher thermodynamic stability of carbon dioxide. Among the several potentials 
routes possible, carbon dioxide conversion by coupling the photo and thermal energy is particularly attractive as 
abundant solar energy can be utilised. In this review, we provide a comprehensive overview of photo thermal carbon 
dioxide reduction and summarized the recent developments and clear understanding of hydrogenation of carbon 
dioxide by coupling the photo and thermal energy. Firstly, basic principle of coupling of solar and thermal energy is 
elaborated and further, discussed the current status and future challenges of implementing this strategy for carbon 
dioxide transformation. Ultimately, the outlook to future for reduction of carbon dioxide via coupling of photo and 
thermal energy is discussed.
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Introduction
The rapid urbanization during last two decades and the industri-
al revolution, since the 1860s, lead to an exponential rise in an-
thropogenic (or industrial) carbon dioxide emission, a nonvisible 
greenhouse gas [1]. During year 1958 to 2018, a huge jump in the 
atmospheric carbon dioxide levels is noticed from 315-410 ppm 
(Figure 1) [2]. The enormous emission of carbon dioxide (CO2), 
can bring on the greenhouse effect, result in origin of global warm-
ing and melting of glaciers and then, causing an increase in sea 
level and eventually posing a great threat to environment [3]. The 
global warming origin with the leap up in anthropogenic green-
house gas amount is verified by the Intergovernmental Panel on 
Climate Change (IPCC) 5th Assessment Report (AR5) issued in 
2013-14 [4]. Additionally, the same IPCC report (AR5) specifies 
that to prevent the climate change, it is indispensable to make the 
temperature increase less than 2° C comparative to preindustri-
al level and the carbon dioxide concentration should be lowered 
down worldwide by 41–72% by 2050 and by 78–118% by 2100 
relative to 2010 levels. Further, the huge amounts of carbon di-
oxide produced from fossil fuel incineration and deforestation is 
soaked by the sea surface which causes a dip in pH and alters sea-
water carbonate chemistry and finally, extensively affecting ma-

rine organisms [5, 6]. 

To address the issue of global warming adequate efforts, need 
to be taken, ranging from private homes to large industry scale. 
Driving and flying less, using less energy consuming appliances 
and recycling etc. are the person level initiatives can check the 
“carbon footprint”. To curb this issue fully, government is also ac-
tively taking measurements. However, all these efforts can aid to 
control pollution, they are not capable of tackling with the matter 
arising from the rapid urbanization [1]. The most promising meth-
od to curb this problem is conversion of carbon dioxide to clean 
fuel to simultaneously reduce the global warning issue and fossil 
fuel consumption and, is emerging as an excellent technique for 
sustainable progress in the energy and environmental sectors [7, 
8]. CO2 can be utilised as a C1 feed stock for the synthesising 
value-added chemicals/fuels including hydrocarbons, syngas, al-
cohol, acids carbonates, carbamates [9-33].

Carbon dioxide molecule is highly stable, linear having D∞h point 
group [34]. CO2 activation step includes adding a single electron 
and then, a radical anion forms. The repulsion among the two elec-
tron lone pairs present on the atoms of oxygen and the unpaired 
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electron on the carbon atom distorts the linear D∞h geometry and 
the distorted geometry (bent geometry with elongated C-O bond) 
have an enthalpy of formation -1604KJmol-1 which is 0.5eV great-
er than linear geometry of carbon dioxide [35]. Therefore, the 
negative adiabatic electron affinity of CO2 makes the addition of 
single electron highly endothermic [34]. Additionally, in Carbon 
dioxide the bond dissociation enthalpy of C=O is approximately 
750KJmol-1, greater relative to many chemical bonds such as C-C 
(approx. 336KJmol-1) and C-H (approx. 430KJmol-1) bonds [36]. A 
high activation barrier is required to overcome the carbon dioxide 
conversion. Thereby, conversion of carbon dioxide is a huge chal-
lenge due to its kinetic inertness and thermodynamic stability [36]. 
Thermochemical, photochemical and electrochemical pathways 
generally are employed for conversion of CO2 value added fuels 
as shown in figure 2 [1, 11, 37-44]. 

Moreover, particular amount of energy and appropriate catalyst are 
essential for performing the reduction process of CO2. The cata-
lyst choice depends on the strategy employed for the reducing the 
Carbon dioxide. For instance, the catalyst should be capable of 
reducing H2, a side reaction in electrochemical process, in thermo-
chemical process catalyst should be stable at elevated temperature 
and an appropriate photocatalyst with minimum band gap 1.23eV 
is required for photochemical method [1].

Figure 1:  Atmospheric CO2 concentration during 1958 – 2018. 
Adapted from Ref. [2]. 

Figure 2: Different methods employed for the CO2 to various    
products. Reproduced from Ref. [1] with permission. Copyright 
2018, ACS Publishing Group.

Hydrogenating carbon dioxide electrocatalytically, is emerged 
as a great technique for carbon dioxide conversion into valuable 
chemicals and fuels for sustainable carbon cycles [45]. Further, 
electrochemical  carbon dioxide reduction promotes a sustainable 
low temperature redox cycle for energy storage and conversion. 
The electrochemical carbon dioxide conversion involves a multi-
ple proton−electron reaction resulting variety of products “P” and 
water [46]. 

kCO2 + n (H+ + e-) ←→ P + H2O

where P is the product in aqueous medium (Carbon monoxide, For-
mic acid, Formaldehyde, Methanol, Methane, Ethanol, Ethylene) 
and the equilibrium redox potential values are shown in table (1) 
[47]. The values of redox potential  have demonstrated that the 
redox product nature strongly influence its thermodynamic acces-
sibility from carbon dioxide. The number of electrons engaged in 
reduction process are important and as the reaction involves mul-
tielectron pathways the redox potential becomes more and more 
negative [48]. The carbon dioxide reduction kinetics is really unfa-
vourable because the first electron transfers to produce CO2•− an-
ion radical after its chemical absorption on the working electrode 
requires -1.90 V to convert the originally linear molecule into a 
bent anion radical [47]. Thereby, an appropriate electrocatalyst is 
required for the activation and reduction of carbon dioxide which 
can participate in an electron transfer phenomena and increases 
the rate of a chemical reaction as shown in figure 3. The redox 
potentials, electron transfer rate and chemical kinetics, current effi-
ciencies are the parameters which evaluate an electrocatalyst [49]. 
The advantageous approach of electrocatalytic reduction of carbon 
dioxide is that it can performed at room temperature water can be 
used as proton source and the chemical utilisation is low making 
recycling of supporting electrolyte possible [48-51].

However, an inappropriate adsorption energies of key reaction in-
termediates and the multiple number of proton-coupled electron 
transfer steps offers chief hurdle of high overpotentials and poor 
product selectivities for conversion of carbon dioxide. What is 
more, the competitive evolution of hydrogen reaction, occurring 
in the exact same range of potentials as carbon dioxide reduction 
makes the faradaic efficiency really low [46]. 

Photocatalytic transformation of Carbon Dioxide has been consid-
ered an important route to recycle carbon dioxide back to renew-
able energy with the aid of solar energy, which is considered as 
one of the best techniques to curb the energy and environmental 
crises Photocatalytic CO2 reduction (Figure 4) on a semiconduc-
tor photocatalyst occurs via five consecutive steps- light absorp-
tions, charge separation, CO2 adsorption, surface redox reaction, 
and product desorption [52-54]. Upon irradiation with the incident 
light, the photocatalyst absorbs photons which produces electron 
and hole pairs and electrons excitations from valance band to con-
duction band, an equal number of holes leaving in valance band 
[47]. These charge carriers may drift to the photocatalyst surface 
and ultimately relocated to the adsorbed acceptor molecules, con-
sequently, the corresponding reduction or oxidation process ini-
tiate. Either the semiconductor surface or the interface at the of 
another semiconductor surface or metal nanoparticle, referred as 
the co-catalyst may act as the actual reaction site [55]. The pho-
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tocatalysts should have optimum band structure for energetically 
favourable photogenerated electrons or holes for carbon dioxide 
reduction or water oxidation. For carbon dioxide reduction, the 
edge of conduction band should be more negative in comparison 
to redox potential of carbon dioxide hydrogenation and the edge of 
the valance band must be more positive in comparison to the redox 
potential of water oxidation (0.817 V vs SHE in pH 7.0 aqueous 
solution). The band gap should be large enough to consider the 
associated large over potentials with these electrochemical reac-
tions. However, the solar spectrum utilisation effectively would be 
limited due to too large band gap of the photocatalysts. Based on 
these two arguments, 1.8–2.0 eV is estimated as the ideal band gap 
[47]. The band gap falls off the ideal range for majority of the pho-
tocatalysts. Though the integral assembling construction for the 
light harvester, the charge carrier transferring path, the catalytic 
sites, and the structural engineering of semiconductor and cocat-
alyst, have been employed to boost the activity, the low produc-
tion evolution rate in µmol/h, and even lower performance while 
employing water as electron donor are still challenging [49]. Fast 
recombination of excited charge carriers in semiconductors limit 
the efficiency of photocatalytic process [56, 57]. Kinetic limita-
tions of multiple e/h+ transfer process and limited capability of 
traditional semiconductors to activate thermodynamically stable 
CO2 molecules make the photocatalytic carbon dioxide reduction 
really inefficient [34]. To exemplify,  Zhu, S. et al. explored SnN-
b2O6 nanosheets to perform photocatalytic conversion of carbon 
dioxide and the maximum methane evolution rate is approximate-
ly 4.9µmolg-1 [58].

Thermocatalytic conversion, an alternative route which integrates 
high temperatures use and with a heterogeneous catalyst to give 
fast reaction rates and, thereby assisting for large volume produc-
tion. Thermocatalytic approach can convert carbon dioxide into 
various synthetic fuels and chemical [30]. Thermodynamics of 
CO2 reaction is shown below:

CO2 + CH4 ←→ 2CO + 2H2                       ∆H°298K = +247.3 kJ/mol
CO2 + H2 

←→   CO + H2O                         ∆H°298K = + 41.2 kJ/mol
CO2 + 4H2  ←→    CH4   + 2H2O                ∆H°298K = -164.9 kJ/mol
CO2 + 3H2  ←→    CH3OH + H2O              ∆H°298K = -49.2kJ/mol 

Source of hydrogen is essential for thermocatalytic reduction of 
carbon dioxide which can be generated via water electrolysis us-
ing renewable electricity (solar, wind, or hydro) or using the off-
peak, surplus electricity, or low carbon footprint electricity (nu-
clear power) under appropriate conditions [59]. A thermocatalytic 
reaction generally involves reactant molecule adsorption over the 
catalyst surface, intermediate formation and conversion to prod-
ucts and ultimately, product molecule desorption [59, 60]. This 
process involves transformation of energy and thermal energy (E 
= kT, where k is the Boltzmann’s constant and T the temperature) 
provides the energy of activation for the progress of reaction [61]. 
The major drawback of thermocatalytic reduction of carbon diox-

ide is that the input energy is usually provided by incineration of 
fossil fuel in an engine [50]. Generally, fixed bed (packed bed) re-
actors and fluidized bed reactors are employed for thermocatalytic 
process. Though the Fixed beds are close- fluidized bed reactors 
packed and easy to run, the heat transfer in packed beds is highly 
inefficient.  On the other hand, fluidized bed reactors provide bet-
ter transport characteristics. But, fluidized bed reactor is bulky and 
restricted to a narrow window of operation in terms of flow rates. 
Therefore, reactor designing is really challenging in thermocata-
lytic process, particularly thermal management [59]. Furthermore, 
in thermocatalytic carbon dioxide hydrogenation more attention 
has been paid to methanation using dry biomass or coal as car-
bon source making the whole system extremely inefficient due to 
multiple steps of gasification and separation prior to methanation 
[62]. Apart from this, the high temperature leads to the migration 
of nanoparticles of the metal on the surface and interact with each 
other causing loss of the catalytically active surface area (Sinter-
ing) [63]. Although thermochemical conversion of carbon diox-
ide is a promising technique, extremely high temperature approx. 
2000°C and special reactor designing is required to carry out this 
process [64].

Another important strategy is synergistically combining photo 
catalytic and thermo catalytic way to boost the endogenic carbon 
dioxide conversion reaction via the thermal energy produced by 
plasma photoexcitation from the or black powder samples or noble 
metal photocatalyst [65]. Recent studies revealed that the solar and 
thermal energy coupling can significantly enhance the carbon diox-
ide conversion process with catalytic activities more than the sum 
of individual photocatalytic and thermo catalytic transformation of 
carbon dioxide, which offers an entirely new way for carbon diox-
ide conversion by utilising abundant solar energy [66]. Firstly, the 
principles of photo thermal conversion of carbon dioxide will be 
discussed, then the recent developments in photothermal catalytic 
process and finally, the future challenges and perspectives.

Table 1: Standard electrochemical potentials for CO2 reduc-
tion. Adapted with permission from Ref. [46]. Copyright 2017, 
Wiley-VCH.

Reduction Potential of Car E° [V] vs SHE 
at pH 7

  CO2 + e-    →     CO2-                                                                                                                           -1.9
  CO2 +2H+ + 2e-     →      HCOOH                                                                -0.61
  CO2 +2H+ + 2e-      →      CO + H2O                                                             -0.52
  2CO2 +12H+ + 12e-   →         C2H4 + 4H2O                                                   -0.34
  CO2 +4H+ + 4e-    →        HCHO + H2O                                                         -0.51
  CO2 +6H+ + 6e-     →       CH3OH + H2O                                                       -0.38
  CO2 +8H+ + 8e-     →          CH4 + H2O                                                            -0.24
  2H+ + 2e-      →        H2                                                                                                                               -0.42
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Figure 3: Electrocatalysis of CO2 reduction with catalyst loaded 
on electrode. Adapted from Ref. with permission. Copyright 2013, 
RSC Publications [48].

Figure 4: Schematic showing the five fundamental steps in photo-
catalytic CO2 reduction. Reproduced from Ref. with permission. 
Copyright 2017, Wiley-VCH [46].

Basic Principal of Coupling of Photo and Thermal Energy 
The Coupling of photo and thermal energy route for reduction of 
carbon dioxide has been emerged as the most fascinating route as 
it enables the utilisation of sustainable energy sources and attain 
effective catalytic conversion. This technique can be realised via 
two ways: one is traditional concept of solar thermal heating and 
the second is plasmonic resonance phenomena [67]. Plasmonic 
resonance process for photo-thermo catalytic process has been ex-
plained well in this review article.

When the light wavelengths are longer comparative to the metal 
nanoparticles size LSPR effect is established [68]. Local Surface 
Plasmonic Resonance is a resonant collective oscillation of the 
outer shell electrons of metal nanoparticles, which arises when 
the natural frequency of surface electrons oscillating against the 
restoring force of positive nuclei matches the frequency of an 
incident electromagnetic field [68-70]. LSPR effect enables the 
nanoparticles to collect the visible light energy, centralize it in 
the vicinity of the surface of the particles, and eventually convert 
light energy into the energy of excited charge carriers [68].  The 
LSPR excitations lead to strong electric fields in the vicinity of the 
surface of the particles and these immensely high field intensity 
regions are commonly referred to as plasmonic hotspot [68-71]. 

Nonradiative decay of the stored energy in the elevated LSPR 
fields yield plenty of energized charge-carriers (hot electrons and 
holes) in the metal nanoparticles that can take place via either in-
traband s-to-s excitations or interband d-to-s excitations [68, 71-
73]. Highly energetic charge carriers (electrons or holes, formed 
by the plasmon decay) transiently populate otherwise unpopulated 
electronic states (orbitals), present on the adsorbate molecule due 
to the LSPR interaction with energetically accessible adsorbate or-
bitals [69]. The entire adsorbate nanoparticle system is evolved to 
a different potential energy surface which can result in the activa-
tion of chemical bonds and chemical transformations [68,69]. It 
should be emphasized that momentary exchange of electrons be-
tween the metal and reactant occur and adsorbate ions survive on 
metal surfaces tens of femtoseconds before the relaxation, which 
is sufficient to induce chemical transformation or add on vibration-
al energy to the reactant leading to the reaction [68]. The charge 
injection process on excited plasmonic metal nanoparticles can 
occur through two routes: direct and indirect route as depicted in 
Figure 5 [68-70]. In the indirect mechanism, the charge carriers are 
first produced within the metal and later transferred to unoccupied 
adsorbate orbitals.

Figure 5: Illustration of LSPR-mediated charge excitation mech-
anisms. Adapted from Ref. with permission [69]. Copyright 2016, 
Nature Publishing Group.

On the other hand, in direct mechanism an electron is directly 
excited into an unoccupied adsorbate orbital of matching energy 
through the decay of an oscillated surface plasmon [69]. In the in-
direct route, the LSPR enhances the rates of charge excitation and 
the direct mechanism increases the chemical selectivity. 

In photo-thermo catalysis, both photocatalyst and thermocatalyst 
synergistically take part in the reaction. Coupling of Continuous 
light of low intensity with thermal energy result photochemical 
reactions on metallic catalysts at appreciable rates. The plasmon-
ic nanostructures have capability to concentrate the energy of a 
photon flux efficiently to extremely small volume at their surface 
and to transfer this energy in the form of energetic electrons to 
adsorbed molecules [74]. 
 
Recent Prospects in Photo-Thermal Hydrogenation of 
Carbon Dioxide
In this section, a comprehensive review of various hydrogenation 
reactions of carbon dioxide through coupling of photo energy and 
thermal energy is provided.



Methanation Synthesis
 Carbon dioxide reduction to methane also called Sabatier reac-
tion, after the Belgian chemist who investigated the hydrocarbons 
hydrogenation by employing a nickel catalyst (Sabatier, 1902) 
[33]. Carbon dioxide methanation is an extremely important pro-
cess as it arises as a great way to store renewable energy with ad-
ditional benefit of CO2 emission benefit [67,75]. Carbon dioxide 
conversion to methane has a wide scale of applications including 
the and the compressed natural gas formation and including the 
syngas production [76]. The CO2 methanation reaction has in-
dustrial application, provided that renewable sources are used for 
hydrogen generation [77]. The National Aeronautics and Space 
Administration (NASA) has carried out research on the methana-
tion of carbon dioxide in manned space colonization on Mars [75]. 
The conversion of the Martian CO2 atmosphere into methane and 
water for astronaut life-support systems and fuel is possible [76]. 
Thermodynamically, carbon dioxide hydrogenation to methane 
is a highly advantageous reaction, as the reaction is considerably 
faster comparative to other reactions which give alcohols or hy-
drocarbons [77]. 

Although, the CO2 conversion to methane is thermodynamically 
favourable (ΔG298K = – 130.8 kJ/mol); reducing the completely 
oxidized carbon to methane requires eight-electron along with sig-
nificant kinetic limitations, and hence a catalyst to achieve appre-
ciable rates and selectivities is required [75]. The carbon dioxide 
methanation has been extensively studied. 

CO2   + 4H2    ←→    CH4   + 2H2O                                                           
∆H°298K = -164.9 kJ/mol 

Xianguang Meng et al [64]. employed the Group VIII metals 
(Ru, Rh, Ni, Co, Pd, Pt, Ir, and Fe) based nanocatalysts over inert 
Al2O3 support for photothermal catalytic conversion of CO2 with 
H2 into methane and obtained the CO2 reaction rates six orders 
of magnitude higher than photocatalytic methods. The catalysts 
were synthesised by impregnating of mesoporous Al2O3 (BET sur-
face area=136 m2g-1) in the Group VIII metals precursor solutions, 
followed by two hours’ calcination at 300°C. The carbon dioxide 
hydrogenation was performed in a batch-type reaction system with 

molar ration of H2/CO2 slightly more than 4:1 under irradiation 
with a 300 W Xenon lamp. The activities and selectivities of all 
these catalysts for CO2 conversion compiled in table 2 depict that 
Ru/Al2O3, Rh/Al2O3, Ni/Al2O3, Pd/Al2O3, Co/Al2O3 were better 
than Fe/Al2O3, Pt/Al2O3, Ir/Al2O3. A reaction temperature of 300–
400°C was obtained by photoirradiation of group VIII catalysts 
continuously. Further, by supressing the thermal effect upon irra-
diating the Ru/Al2O3 with monochromatic light in visible region 
the evolution rate of methane was significantly less irrespective 
of monochromatic light filters which revealed that photo-induced 
methanation of carbon dioxide over the Ru/Al2O3 is mediated by a 
photothermal effect. Authors proposed that effective energy utili-
zation the of the solar spectrum over the wider range, strong photo-
thermal effect, and a unique ability of H2 dissociation (to generate 
active H atoms, important intermediates for CO2 reduction at low 
onset temperatures) are various properties of group VIII nanocata-
lysts responsible for reduction of carbon dioxide efficiently.

Ozin’s group synthesised Ru/SiNW catalyst by Ru nanoparticles 
(10nm) onto black silicon nanowire (100nm diameter) to carry out 
photo–thermal methanation of gas-phase CO2 in a hydrogen en-
vironment in a custom-built stainless-steel batch reactor (1.5 ml) 
(Figure 6b) [78].  Either resistive heating or solar simulation can be 
opted for heating the reaction mixture. However, the methanation 
rate was 5-fold higher under the solar simulation radiation (due to 
the participation of photons) than resistive heating. On comparing 
the activity of Ru nanoparticle catalyst over different supports in 
dark as well as light irradiation under solar simulated light from a 
Xe lamp at a temperature of 150°C, it was revealed that, methane 
conversion rates of carbon dioxide were maximum over the Ru/
SiNW catalyst (Figure 6a), proceeding at a rate of 0.51 mmol g-1 

h-1 in the dark and raising by 94% to 0.99 mmol g-1 h-1 in the 
light. Further experimental results also proved that rate of reac-
tion is maximum at intermediate pressure. Authors proposed that 
photogenerated electron-hole pairs formed due to absorption of 
photons by Si NWS which form the active hydrogen atoms on the 
surface of Ru and finally Ru-H bond formation enhance the overall 
photo methanation reaction. This work demonstrated that Si NW 
supported Ru nanoparticles are capable of efficient hydrogenation 
of CO2 to methane without any source of external heating.
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Table 2: Activities and selectivities of the Group VIII catalysts. [a] Adapted with permission from Ref. [64]. Copyright 2014, Wiley-VCH

Sample Metal loading[b] [wt %] Rmax[c] [mol h−1 g−1] Conversion[d] of CO2 [%] Selectivity[d] for CH4 [%] Selectivity[d] for CO [%]
Ru/Al2O3 2.4 18.16 95.75 99.22 0.78
Rh/Al2O3 2.6 6.36 96.25 99.48 0.52
Ni/Al2O3 2.1 2.30 93.25 99.04 0.95
Co/Al2O3 2.5 0.90 92.58 99.51 0.49
Pd/Al2O3 2.0 0.53 93.43 98.64 1.36
Pt/Al2O3 2.4 0.47 60.42 15.55 84.45
Ir/Al2O3 2.8 0.05 14.94 63.25 36.74
Fe/Al2O3 2.4 0.02 7.27 4.04 95.96
TiO2 – 9.04×10−7 – 68.23 31.77
Pt/TiO2[e] 2.5 8.01×10−9 – 100 0
Ru/TiO2[e] 2.5 5.31×10−9 – 100 0



[a] For the reaction conditions, [b] Loading amounts of the Group 
VIII nanoparticles     determined by ICP-OES. [c] Rmax: the max-
imum CO2 reaction rate. [d] Based on the amount of the gas at the 
end of the reaction. [e] Water (2 mL) was used instead of H2 as the 
hydrogen source.

JiaN Ren et al [79]. focused to design a 2D nanostructured cat-
alyst, constructed by ultrathin Mg–Al LDHs matrix and Ru 
nanoparticles (denoted as Ru@FL-LDHs) (Figure 7) with target-
ing activation function for CO2 and H2 for the photo-thermal meth-
anation reaction. The catalyst was fabricated by impregnating 1 
g of FL-LDHs into 13.2 mL of 4 gL-1 Ru3(CO)12/acetone solution 
with mild stirring, heating the resulting suspension up to 70°C for 
solvent removal, followed by sintering at 160 °C for 2 h. The pho-
to-thermal methanation reaction was conducted in a flow type re-
actor (total volume 330mL), employing a 300 W Xe lamp as light 
source, using 150 mg of catalyst and gas mixtures of carbon di-
oxide and hydrogens slightly more than 4:1. A maximum yield of 
277 mmol g-1 h-1 (catalyst) for formation of CH4 was reported over 
Ru@FL-LDHs, which was significantly greater comparative to 
previous LDH-based catalysts reports (Fig 8a). What is more, the 
Ru@FL-LDHs catalyst was proved to be highly stable up to the 
run period of 12h (Fig 8b). Authors proposed, the exfoliation of ul-
trathin LDHs matrix provided plenty of surface hydroxide groups 
which enhance the carbon dioxide chemisorption and activation. 
Additionally, the role of Ru nanoparticles (under light irradiation) 
is raising the local temperature for H2 activation and ultimately, to 
initiate the hydrogenation of carbon dioxide.

Dai et al [80]. fabricated a Ru/TiO2-xNx catalyst by loading Ru on 
nitrogen doped TiO2 support using impregnation-reduction meth-
od.  The carbon dioxide methanation was conducted in a fixed bed 
flow reactor under atmospheric pressure, heating the reaction mix-
ture by an electric resistance board. The reaction performance was 
remarkedly enhanced with visible light irradiation (435 nm < λ < 
465 nm). Experimental analysis has revealed, the photo-assisted 
effect of visible light over Ru/TiO2-xNx catalyst originates from two 
aspects: First and foremost, due to the oxygen vacancies generated 
over the Ru/TiO2-xNx, the CO2 adsorption and its activation into 
the CO would be significantly enhanced. Second, transfer to the 
Ru nanoparticles, surface electron density of Ru would increase 
as the photo-generated electrons induced by visible light over Ru/
TiO2-xNx can be transferred to Ru nanoparticles and promote the 
carbon dioxide activation. For photo-thermo processes, the impor-
tance of light adsorption by the metal supported substrate is clearly 
depicted by this work.

Hydrogenation of carbon dioxide using transition metals can occur 
through two competitive process:  reverse water gas shifts and car-
bon dioxide methanation, giving carbon monoxide and methane as 
major products respectively. Everitt’s and Liu’s et al [81]. found 
that in hydrogenation of carbon dioxide Rh nanoparticles are capa-
ble of reducing the activation energy as well as tuning the product 
selectivity, with light irradiation. The Rh/Al2O3 was synthesised 
by dispersion of Rh nano cubes (37nm) on Al2O3 nanoparticles 
(Figure 9a) and a fixed-bed reaction chamber with a quartz win-
dow was taken to perform the reaction. (Figure 9b). Under dark 
at 623K the carbon monoxide as well as the methane generation 
rates were same. However, on illuminating Rh particles with light, 

the energy of activation was lowered along with enhanced selec-
tivity (about 6 times) towards methane production over carbon 
monoxide. Density functional theory calculation revealed that the 
hot electrons (attributed to LSPR phenomena on the plasmonic Rh 
nanoparticles) injected in the anti-bonding states of the CHO (re-
action intermediate) reduces the activation energy and assist the 
activation of carbon dioxide towards methane (Figure 10). This 
work highlighted the product selectivity tuning in carbon dioxide 
hydrogenation by injecting the photo-excited hot electrons in the 
antibonding orbitals of the key reaction intermediate.   
                                                                                                                         
Jingxiang Low et al [82]. fabricated TiO2 photonic crystals (TiO2 
PCs) using template-free anodization–calcination route for Pho-
tocatalytic carbon dioxide hydrogenation by drawing in-situ heat 
from surroundings, to rise the activity of photocatalytic process 
through Localized Surface Photothermal Effect (LSPT effect) of 
photonic crystal. These TiO2 PCs have capturing ability of spe-
cific photon energy/heat radiation The SEM images (Figure 11) 
of TiO2 PCs revealed that TiO2 PCs have a typical macroporous 
photonic crystal structure, comprised of periodically arranged air 
cylinders having 100 nm average diameter. It was examined by 
authors that due to its slow photon effect and localized surface 
photothermal (LSPT) effect photocatalytic performance of TiO2 
PCs for methane formation is higher compared to commercially 
available TiO2 and TiO2 nanotube arrays. TiO2 PCs are capable 
of absorbing heat radiation at range for boosting adsorption of the 
reactant attributed to LSPT effect and increasing the separation of 
electron–hole pair. Photocatalytic CO2 reduction performance of 
TiO2 PCs significantly enhanced due to collaborated LSPT effect 
and the extraordinary optical properties. 

Figure 6: Photo-thermo reduction reaction over the Ru/SiNW cat-
alyst (a) Methanation rates over Ru-based catalysts on the SiNW, 
glass and polished Si supports at 150 °C and 45 psi. b) Schematics 
of the batch reactor for activity test. Reproduced from Ref. with 
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permission. Copyright 2014, Wiley-VCH [78].

Li Y synthesised TiO2-xCoOx by introducing slight oxygen vacan-
cies TiO2 nanotube and

Figure 7: Schematic presence of the formation of ultrathin LDH 
structure with abundant surface hydroxyl groups [83]. Taken from 
Ref. [79] with permission. Copyright 2016, Wiley-VCH.

Ultralow amount of CoOx for photo-thermo catalytic reduction 
CO2. An autoclave with a 100 ml volume was used for Photo-
thermal conversion of CO2. The sealed clave was heated to 393 K 
irradiated from the top with a 150 W UV lamp and the sample was 
irradiated with the light intensity of 20 mW/cm2 at 365 nm.  Com-
pared with conventional photocatalytic process at 298 K, the yield 
of CH4 for photothermal reduction under ultraviolet irradiation at 
high temperature of 393 K was 111.3 times higher on the TiO2-x/
CoOx and 175.1 times greater yield of CH4 than the pristine TiO2 
under the same photothermocatalytic conditions. Control experi-
ments together with HRTEM, ESR, transient photovoltage mea-
surements demonstrated that the oxygen vacancies facilitate the 
adsorption and hydrogenation of CO2 and the dispersion of CoOx 
nanoclusters and the grafted CoOx acts as a hole trap to promote 
more protons release.

Min Xu et al [84]. fabricated the TiO2-graphene (TiO2-G) compos-
ite by using a glucose-assisted solvothermal strategy and optimized 
the graphene content to the formation of strong interfacial interac-
tions for photothermal effect on photo catalytic conversion of CO2. 
The photocatalytic process was performed in a sealed batch reactor 
by employing 300W Xe lamp as the light source with an intensity 
of 4.38 kW m-2. The TEM analysis revealed that TiO2 NPs have 
well-defined edges and corners and after introducing graphene ox-
ide, the TiO2 NPs were uniformly adhered to the graphene layers 
to the formation of TiO2-G   composite. Experimental results re-
vealed that the TiO2-G composite exhibited the highest CH4 evo-
lution rate of 26.7 µmol g-1 h-1  and CO evolution rate of 5.2µmol 
g-1h-1 5.1 and 2.8 times higher than CH4 and CO evolution of pure 
TiO2. Upon light illumination, as a result of photothermal effect, 
the introduction of 30 mg of graphene leads to a dramatic increase 
in the surface temperature of photocatalyst from 58.9 to 116.4°C 
under light illumination of 4.38 kW m-2. It was concluded that the 
superior photocatalytic performance towards CO2 conversion can 
be because of the synergetic effect of improving charge separation 
efficiency and surface temperature of TiO2 photocatalyst.

To summarize, Group VIII metals nanoparticles, Ru/SiNW, Ru@
FL-LDHs, Ru/TiO2-xNx, Rh/Al2O3, TiO2-xCoOx, TiO2-graphene, 
was employed for photo-thermal methanation of carbon dioxide 

and increased activity towards methane synthesis was seen.

Figure 8:  a) CH4 product in photothermal conversion of CO2 
over Ru loaded catalysts and FLLDHs matrix. b) Long-term test 
of photothermal CO2 conversion over Ru@FL-LDHs. Reaction 
condition: 150 mg catalysts, H2: 20.5 mL min-1, CO2: 5.0 mL 
min-1,300 W Xenon lamp. Samples: S1, Ru@FL-LDHs; S2, Ru@
LDHs; S3, Ru@SiO2; S4, FL-LDHs. Reproduced with permission 
from Ref. [79]. Copyright 2016, Wiley-VCH. 

Figure 9: a) TEM image of Rh/Al2O3 photocatalyst. b) Schemat-
ic of the photocatalytic reaction system, consisting of a stainless 
-steel reaction chamber having a quartz window, LEDs coupled 
through a light guide, and a mass spectrometer for product analy-
sis. Adapted from Ref. [81] with permission. Copyright 2017, Na-
ture Publishing Group.
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Figure 10: Reaction mechanism on a rhodium nanocube. Adapt-
ed from Ref. with permission. Copyright 2017, Nature Publishing 
Group [81].

2.2 Methanol Synthesis and and C2+Product synthesis: Metha-
nol formation from carbon

Figure 11: a,b) Top view (a) and cross-sectional view (b) scanning 
electron microscope (SEM) images of TiO2 PCs. Reused with per-
mission from Ref [82]. Copyright 2018, ACS Publications.

Dioxide and hydrogen is highly attractive attributed to its great 
application as a fuel (either pure or by mixing with other fuel) pro-
ducing less harmful gases, as the starting material for various other 
beneficial chemicals and a commodity chemical [85-87]. Further, 
methane formation by Carbon dioxide is an excellent way to regu-
late the increasing level of atmospheric carbon dioxide and by util-
ising renewable H2 and carbon dioxide can be incorporated into 
a carbon cycle [88]. Industrially synthesis of methanol is carried 
out by using conversion of syngas over a Cu-ZnO/Al2O3 catalyst 
at 493−573 K and between 5-10 MPa [89]. Thermodynamically 
hyrdogenation of carbon dioxide to methanol is favourable at low 
temperature and elevated pressure. Since the reaction is slow at 
low temperature kinetically. Carbon dioxide activation occurs with 
a significant rate only at the temperature greater than 200°C. How-
ever, under these circumstances, the methanol selectivity and yield 
decrease due to the side product (CO, hydrocarbons and alcohols) 
formation. Thereby, fabrication of catalyst having high methanol 
selectivity is extremely important [90]. 

Ozin et al [91]. reported In2O3-x(OH)y having a rod-like nanocrys-
tal superstructure for methanol synthesis from photo-thermo trans-
formation of carbon dioxide at atmospheric pressure. The reaction 
was conducted in a flow type reactor at three different tempera-

tures 200°C, 250°C, and 300°C. However, the optimal tempera-
ture was 250°C. At 250°C, methanol formation was enhanced to 
97.3µmolg-1h-1 upon light irradiation with reduced product se-
lectivity. During a 20h measurement, methanol generation rate of 
0.064mmol gcat-1h-1 and 50% selectivity was seen which revealed 
higher photocatalytic stability of In2O3-x(OH)y rod-like nanocrys-
tal superstructures in photo-thermo carbon dioxide conversion 
to methanol. The excellent photo-thermo performance of In2O3-

x(OH)y was due to nanocrystal superstructures which elongated 
the photoexcited charge carrier’s lifetime.  Computational studies 
revealed the unique reactivity of FLSP sites (Surface Frustrated 
Lewis Pairs) made by surface hydroxide being near an oxygen 
vacancy, enhanced the methanol synthesis under light conditions.

Dengdeng Wu et al [92]. designed Pd/ZnO catalyst by the disper-
sion of Pd onto commercial ZnO for photothermal hydrogenation 
of CO2 to methanol. The catalyst was fabricated by impregnation 
method and TEM images analysed that Pd nanoparticles were 
evenly distributed on ZnO surface (Figure 12a). The photothermal 
catalytic reduction of carbon dioxide was performed in a contin-
uous-flow fixed-bed reactor at a low pressure of (12 bar). Whilst 
comparing the catalytic performance with and without light source 
it was seen that the light irradiation could significantly enhance 
the CO2 conversion by more than two times over a temperature 
range from 190°-270°C. The formation of PdZn alloy evidenced 
at Pd-ZnO interface. Based on literature studies it is believed that 
Zn atoms migrate gradually from ZnO onto Pd surface upon H2 
treatment and formation of bimetallic PdZn phase take place at 
Pd-ZnO interface due to intermix with Pd atoms.  Control experi-
ment using a filter to cut off the wavelength shorter than 420 nm, 
the yields of methanol and CO over Pd/ZnO still accounted for 
93.5% and 90.4% of those under full spectra irradiation, respec-
tively. It was highlighted that the Pd component plays a significant 
role in the activity promotion via the utilization of a wide range of 
visible light. Based on experimental results it was proposed that 
due to LSPR effect hot electrons are produced on Pd surfaces af-
ter absorbing the visible light and transferring the hot electrons to 
the Pd-ZnO interface occur (Figure 12b) where the formation of 
PdZn bimetallic phase is verified by TEM and XPS analysis. PdZn 
serves as active sites by injecting electrons to the antibonding or-
bitals of carbon dioxide and thereby, accelerate the dissociative 
adsorption of carbon dioxide and finally, boosting the activation 
of carbon dioxide.

Zhen-Hong Hea, et al [93]. synthesised CoO/Co/TiO2 catalyst by 
using impregnation, calcination, reduction, and partially oxidising 
in air for reduction of carbon dioxide to methanol under photo-
thermal conditions in aqueous medium. The photothermal CO2 
hydrogenation reaction was tested in an autoclave (100ml) having 
a quartz window (40mm in diameter and 10mm in thickness) on 
the top, heating the reactor to 120°C and a 300W Xe lamp was 
used as light source. The characterisation results demonstrated that 
CoO/Co/TiO2 was comprised of Co NPs and TiO2, and CoO film 
having thickness of 5–6nm which was formed through the par-
tial oxidation of Co° on the surface of Co nanoparticles at room 
temperature. After varying the loadings of Co species on TiO2 
from 2-10wt% the methanol activity was increased to 39.6μmol-
gcat-1h-1 and methane to 3.9×10-2μmolgcat-1h1 as charge transfer 
efficiency could be enhanced. Further, the greater activity of meth-
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anol generation was obtained by employing the catalyst calcinated 
at 450°C. Loss in methanol activity and a slight hike in methane 
generation was noticed by increasing the calcinated temperature 
above 550°C. It was put forward that the good catalytic perfor-
mances were originated from the unique Z scheme structure of cat-
alyst in which Co° species transferred the photo excited electrons 
to the valance band of CoO and finally converting carbon dioxide 
to methanol by the electrons accumulated on the conduction band 
of CoO.

Further, G. Chen et al, synthesised CoFe-based catalysts (denot-
ed as CoFe-x) by directly reducing CoFeAl-LDH nanosheets with 
H2 at temperatures (x) between 300 and 700 °C and carried out 
reduction of CO2 under simulated solar excitation [94]. Tuning 
of product selectivity of reduction of CO2 from CO to CH4 and 
ultimately high-value C2+ hydrocarbons was observed by altering 
the surface chemistry of the CoFe-x catalysts by reduction of the 
precursor of LDH from 300 to 700 °C (Figure 13) in an H2/Ar 
(10/90, v/v) atmosphere. A CO2 conversion of 78.6%, with selec-
tivity to C2+ of 35.26% was obtained by irradiating the CoFe-650 
catalyst with UV-vis light. Density functional theory demonstrated 
that CoFe-650 catalyst comprised of alumina-supported CoFe al-
loy nanoparticles which play significant contribution to promote 
the C-C coupling selectivity. This work explored an entirely new 
catalytic system for obtaining value added chemicals from conver-
sion of CO2 by utilising abundant solar energy.

Li P et. al, employed Ultrathin Porous AuCu/g-C3N4 nanocompos-
ite for photothermal catalytic conversion of carbon dioxide. The 
catalyst was synthesised by using seed crystal mediated method 
[65]. The catalytic reaction was tested by irradiating the reaction 
mixture with 300 W Xe lamp (λ > 420 nm) through a window in 
the reactor vessel for simulating sunlight illumination and the pho-
tocatalytic reaction continued for 5h with varying loading amounts 
of AuCu alloy. The yield and selectivity of ethanol decreased when 
the AuCu alloy loading exceeded 1.0 wt% as the excessive AuCu 
NPs result in increasing agglomeration, which would lessen the 
number of exposed active sites on the catalyst surface. The reac-
tion temperature was adjusted from 80°-160°C in increments of 
20°C. Due to synergistic effect between photonic energy and ther-
mal energy in AuCu/g-C3N4 catalyst exhibited the highest amount 
of CO2 reduction, which is 5.6 and 3.9 times in contrast with that 
of thermal catalysis and photocatalysis, respectively. Additionally, 
AuCu/g-C3N4 nanocomposite processes the very high ethanol se-
lectivity of 93.1%, which was considerably higher than that of the 
Cu/g-C3N4 and Au/g-C3N4 nanocomposite catalysts by factors of 
2.9 and 6.2, respectively. Based on experimental observations, the 
authors suggested the migration of photo-generated electrons from 
g-C3N4 to AuCu under light illumination leads to higher negative 
charges on AuCu alloy nanoparticles which enhanced the CO2 ad-
sorption and activation on catalytic surface forming more reaction 
intermediates and boosting the conversion of CO2 to ethanol.

In summary, In2O3-x(OH)y fabricated by Ozin’s group synthesized 
methanol with appreciable amount, however product selectivity 
was compromised. Pd/ZnO was reported to synthesis the metha-
nol in which LSPR effect was playing major role. Again, though 
the methanol yield was increased by 1.5~3 times at 190-250° C, 
methanol selectivity was lowered. Zhen-Hong Hea, et al. devel-

oped CoO/Co/TiO2 catalyst with improved conversion efficiency 
of carbon dioxide to methanol under photothermal conditions 
from the Z-scheme structure of the catalyst.  It may be noted as al-
though methanol is highly valuable product, only few efforts lead 
to reduction of carbon dioxide to methanol efficiently. So, more 
efficient, selective and active catalyst is essential for production 
from carbon dioxide. Further, carbon dioxide conversion to valu-
able C2+ hydrocarbons is still highly challenging. Very few works 
have been detected for photothermal catalytic conversion of CO2 
to C2+ hydrocarbons.

Figure 12: a) TEM image and Pd size distribution. b) Mecha-
nism for the photo-induced promotion in CO2 hydrogenation to 
methanol. Adapted from Ref. with permission. Copyright 2019, 
Wiley-VCH [92].

Figure 13:  Illustration of the different CoFe-x catalysts formed 
by hydrogen reduction of a CoFeAl-LDH nanosheet precursor at 
different temperatures. The CO2 hydrogenation selectivity of each 
CoFe-x catalyst is indicated. Reused from Ref. [94] with permis-
sion. Copyright 2017, Wiley-VCH.
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Reverse Water Gas Shift
Carbon Dioxide hydrogenation by reverse water–gas shift reaction 
is an important catalytic reaction. CO generated by hydrogenation 
of Carbon dioxide generates methanol or other liquid hydrocar-
bons by Fischer−Tropsch synthesis [87, 95-97]. Higher concentra-
tion of  carbon dioxide on Mars and hydrogen availability as a side 
product of oxygen production offer a commendable opportunity of 
utilising the RWGS in space exploration [98]. RWGS is a revers-
ible, endothermic reaction (∆H298K = 41.2 kJ/mol and ∆G298K = 28.6 
kJ/mol) and is favourable at elevated temperatures [96, 99, 100].  
Sometimes, the products removal is essential to shift the  reaction 
equilibrium toward the RWGS rather than the forward Water Gas 
Shift.99

Wang C. et al [101]. performed Carbon dioxide reduction by plas-
monic excitation of ZnO supported Au nanoparticles (designated 
as Au–ZnO heterostructures) using low power laser illumination 
(532 nm). SEM image revealed that the Au nanoparticles with di-
ameter 20nm were decorated on ZnO substrate with less particle 
density (Figure 14a). The CO2 conversion reaction was realised in 
a gas-tight photocatalysis cell (40ml) fabricated by using a stain-
less-steel spacer and heating the catalyst to 600°C due to plasmon-
ic resonance excitation. Both methane and CO was detected as the 
sole products due to the coupling of RWGS and CO methanation. 
Temperature-calibrated Raman spectra of ZnO phonons demon-
strated that product selectivity can by controlled by varying the 
laser intensity (Figure 14b) which heat the Au–ZnO catalyst in a 
controlled manner from 30 to 600°C. Product selectivity was tuned 
from methane to CO by using pulse laser. Though methane was 
formed at low temperature, there was a continuous hike in gener-
ation of CO on increasing the temperature. The experimental ob-
servations declared that there was no activity loss of the Au–ZnO 
catalysts even after repeated illumination with laser and cycling 
and the solar concentrations was able to attain the light intensity 
required to start the reaction. This work reported that Carbon diox-
ide conversion can be executed efficiently by plasmonic resonance 
effect using visible light and tuning the product selectivity by vary-
ing intensity of light.

Figure 14: a) SEM image of Au-ZnO catalyst. Arrows indicat-
ing Au particles. b) Experimental CO (blue squares) and CH4 (red 
circles) selectivity as a function of cw 532 nm laser intensity and 
the corresponding catalyst temperature using Au–ZnO catalysts. 
Reused with permission from Ref. [101]. Copyright 2013, RSC 
publications.

Aniruddha A [102]. fabricated oxide supported Au catalysts by 
using deposition-precipitation (DP) method for hydrogenation of 
CO2 by RWGS reaction and these catalysts are designated as Au/
TiO2 (DP), Au/CeO2 (DP), Au/Al2O3 (DP). The catalytic activities 
were tested at 400°C and 2:1 molar ratio of H2 and CO2 under visi-
ble light illumination and dark conditions. These oxides supported 
Au catalysts were showing 30 to 130% greater activity for RWGS 
under light illumination than without light illumination. Out of all 
the catalysts, Au/TiO2 (DP) displayed maximum conversion rate of 
2663µmol/gm-cat/min with light illumination and 2033µmol/gm-
cat/min without light illumination and was tested further. Kinetics 
results revealed that the energy of activation was altered from 47 
kJ/mol in dark to 35 kJ/mol in light and apparent order of reaction 
with respect to CO2 was shifted from 0.5 in dark to 1.0 with light 
illumination due to the LSPR. Authors stated that the surface plas-
mons altered the reaction energies either by adjusting the transition 
state of the rate determining steps or by modifying the adsorption 
enthalpies of various reactants or intermediates.

Halas’s group103 Employed Al@Cu2O antenna-reactor nanopar-
ticles for effective and selective conversion of carbon dioxide by 
RWGS under mild illumination at low operating temperature. The 
catalytic reduction was tested in a flow fixed-bed reactor having 
a quartz window for visible light illumination. A photon flux of 
10Wcm-2 on Al@Cu2O nanoparticles a maximum Carbon monox-
ide formation rate of 360μmole cm-2h-1 and an external quantum 
efficiency of 0.3% was obtained, which was greater than the previ-
ously reported conversions of carbon dioxide. It was seen that the 
antenna-reactor geometry of Al@Cu2O nanoparticles enhanced the 
surface reactivity and the generation of charge carriers in the metal 
oxide shell. Both the experimental as well as theoretical studies 
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confirmed that the plasmon-induced carrier generation mechanism 
was assisting the RWGS. The hot carriers were produced through 
LSPR damping in Al with immediate transfer to Cu2O attributed 
to the line-up of the energy band between aluminium and Cuprous 
oxide (Figure 15(a, b)). Further, these hot carriers were transferred 
into the unoccupied orbitals of adsorbed carbon dioxide on the 
surface of Cu2O which directly assisted the dissociation of C–O 
bond and promoted the RWGS reaction. This work highlighted the 
use of a catalytic system derived from an earth-abundant mate-
rial rather than precious metals for generation of charge carriers 
to covert CO2 into CO under mild illumination at low operating 
temperature.

Li Wang et al [104]. fabricated CuS/TiO2 composites for pho-
to-thermal catalytic CO2 conversion to CO. The CO2 reduction ex-
periments was performed in a sealed reactor at room temperature 
by irradiating the reactor vertically with a 300W xenon lamp. The 
XRD studies of TiO2, CuS and 2% CuS/TiO2 composites revealed 
that CuS and TiO2 have hexagonal and tetragonal structures and 
there was no change in the crystallographic information of TiO2 
after loading CuS. Comparing the UV–Vis–IR irradiation over 
TiO2, CuS and different ratios of CuS/TiO2, the yield of CO was 
highest (25.97μmol g-1 h-1) over 2% CuS/TiO2. Further experi-
mental results demonstrated that CO yield over 2% CuS/TiO2 un-
der UV-Visible irradiation was 8.53μmol g-1 h-1 whereas under full 
spectrum irradiation the CO yield was 25.97μmol g-1 h-1 (3 times 
than the sum value (7.39μmol g-1h-1) of TiO2 (3.39μmol g-1 h-1 ) 
and CuS (4.00μmol g-1  h-1 ). Additionally, the surface temperature 
of the 2% CuS/TiO2 was reached to 99°C under UV-Visible irra-
diation and 138°C under full spectrum irradiation. Solar induced 
photo-thermal synergistic effect enhanced activity of CuS/TiO2 
as indicated by the relationship between temperature and photo-
catalytic activity. CuS is capable of absorbing high quantities of 
infrared light and its heat conversion and improving efficiency of 
utilisation of infrared light.

Figure 15(a, b): Structure and mechanism of plasmon-induced 
carrier-assisted RWGS on Al@Cu2O. Reused from Ref. [103] with 
permission. Copyright 2017, Springer Nature.

B. Lu, et al [105]. constructed a robust catalyst based on Au 
nanoparticles with CeO2 nanorods (denoted as Au/CeO2) for photo-
thermal reduction of carbon dioxide. The TEM image revealed that 
the catalyst consists of nanorods (~ 100nm in length) being cov-
ered by fine nanoparticles (~ 15nm in size). It was evaluated that 
the value of band gap for Au/CeO2 (2.5eV) was smaller than that 
for CeO2 (3.2eV), indicating Au/CeO2 possessed good visible-light 
absorption. The CO2 hydrogenation was conducted in homemade 
quartz reactor at atmospheric pressure having a gas mixture (1% 
CO2, 4% H2, balanced with nitrogen) and was irradiated by a vis-
ible light generated from a Xe lamp. For the CO2 hydrogenation, 
the flow cell was kept on a hotplate (IKA-HS7) to achieve the ex-
pected temperature. Experimental results demonstrated that at the 
same temperature, the CO2 conversion achieved in photothermal 
process was about 10 times higher than that in thermal process 
and reached 40% at 400°C. Experimental and theoretical obser-
vations proposed that the Au nanoparticles in plasmon resonance 
have unique ability to absorb photo energy to generate hot elec-
trons, which would efficiently dissociate hydrogen molecule on 
the catalyst to form Au-H species under photothermal condition. 
Eventually, the yield of CO would be enhanced as compared to 
thermal process at same temperature. In summary, Au–ZnO het-
erostructures, Al@Cu2O antenna-reactor nanoparticles, CuS/TiO2 
composites, Au/CeO2 catalysts were able to enhance the activity in 
photo-thermo RWGS reactions. 

Challenges and Future Prospect
Undeniably, Photo-Thermal catalytic hydrogenation of Carbon Di-
oxide is able to make a noteworthy contribution to alleviate expo-
nentially rising levels of carbon dioxide and to overcome the short 
comings of pre-existing techniques. However, still this catalytic 
approach is facing plenty of challenges which are needed to be 
directed in future to make the photo-thermal catalytic technique 
more reliable.

First, development of photo-thermal catalysis with higher disper-
sion of supported metal nanoparticles is still challenging. In most 
of the work presented in photo-thermal catalysis, simple method 
of impregnation was opted for loading metal nanoparticles on 
support which causes the irregular distribution of metal nanoparti-
cles. So, in future other methods for dispersion of supported metal 
nanoparticles are required.
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Second, in photo-thermal catalytic carbon dioxide reduction ma-
jority of the existing work is related to production of C1 products. 
However, very limited attention has been given to produce C2+ 
hydrocarbons like ethanol. Coupling of photo and thermal energy 
provides a platform to modulate the product selectivity. Thereby, it 
can serve as a great route to get C2+ hydrocarbons by converting 
CO2 for future.

Third, catalytic stability is also a matter of huge concern as 
nanoparticles lose their morphology on exposing to extensive heat.  
For most of the experiments, the catalytic stability was limited to 
few hours only. However, to make the photo-thermal catalytic re-
duction feasible for large scale applications, more attention is re-
quired to upgrade the catalytic stability.

Last but not least, hydrogen is the primary requirement for reduc-
tion of Carbon dioxide which is not available easily.  To implement 
the photo-catalytic reduction of CO2 at wider scale, renewable 
source of hydrogen is required. Otherwise, hydrogen production 
by incineration of fossil fuel will again product CO2. For practical 
implementation of photo-thermal catalytic reduction of CO2 all the 
above-mentioned issues should be analysed carefully.

Summary and Conclusion
Reduction of carbon dioxide via coupling of photo and thermal en-
ergy has been proved to be a potential pathway to regulate concen-
tration of atmosphere carbon dioxide as well as to produce value 
added fuel such as methane, methanol, ethanol, carbon monox-
ide. Two routes to couple the photo-thermal energy are possible: 
Surface Plasmonic Resonance where highly intense hotspots are 
formed due to LSPR effect of plasmonic nanostructures upon ex-
posure to light and the second is traditional solar thermal heating 
where a light-absorbing material is employed for capturing heat 
from solar radiations. Clearly, the problems of low efficiency in 
photocatalytic process and high reaction barriers like high tem-
perature in thermocatalytic can be easily solved via photo-thermal 
reduction of Carbon dioxide. Selective hydrogenation of Carbon 
dioxide by photo-thermal technique can also be realised. For ex-
ample, Rh/Al2O3 was designed to selectively reduce carbon diox-
ide to methane, selectivity of In2O3-x(OH)y catalyst was modified 
by carrying out reaction at three different temperatures, CoFe-
Al-LDH nanosheets were capable of tuning the product selectivity 
from CO to methane and finally, to C2+ hydrocarbons. Apart from 
this, the Coupling of photo and thermal energy has enabled us to 
perform the reduction of carbon dioxide at ambient conditions that 
is at moderate temperature and low pressure. To recapitulate, pho-
to-thermal catalytic hydrogenation of carbon dioxide is an excel-
lent way to product value added products.
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