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Abstract: CO2 is a major contributor to greenhouse effect, and its utilization has been of global interest from both theoretical 

and practical viewpoints. The utilization and transformation of CO2 into value-added chemicals has attracted much 

attention in recent years as requirements for its trapping from power plants arise. Thus, the development of efficient 

methods of CO2 hydrogenation is highly desirable. Several attempts have been made to achieve the homogeneous 

hydrogenation of CO2 to formic acid in aqueous solutions using mainly rhodium and ruthenium catalyst/catalyst precursors 

however; this process still requires catalysts with high selectivity and activity. The hydrogenation of CO2 to methanol has 

been mainly achieved through heterogeneous catalysts which require harsh conditions such as high pressure and 

temperature so there is a need to explore homogeneous catalysts for the same cause. This article seeks to review metal 

complexes that have effectively catalyse the hydrogenation of CO2 thereby contributing to some of the principles of green 

chemistry which include prevention of waste, atom efficiency, less hazardous chemical synthesis and use of renewable 

feedstocks. The article seeks to also review mechanistic studies for CO2 hydrogenation using various metal complexes as 

catalysts. 
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1 Introduction 

Human activities such as burning of fossil fuels, changes in land-use and burning calcium carbonate in cement production, have 

caused carbon dioxide (CO2), methane (CH4) and nitrous oxide (NO2) to accumulate in the atmosphere, with CO2 being the major 

contributor. Apart from human activities, CO2 is also produced by fermentation of sugars and respiration of living organisms.1,2 

Awareness campaigns and strategies to develop technologies for effective capture and utilization of CO2 have been sparked by the 

high levels of this gas in the atmosphere. Separation, capture, utilization (Figure 1) of  CO2 has been ongoing; with benefits such 

as reduced air pollution and production of valuable chemicals like formic acid, methanol and dimethyl ether.3–5  

 
Figure 1: Schematic representation of CO2 source, capturing, utilization and storage.6 

 

The separation of CO2 from other gases as a result of combustion or industrial processes leads to its capturing. CO2 capturing at 

coal plant operations, involves three main processes, namely; post combustion, pre-combustion and oxyfuel combustion.7 The 

capture and storage depends on several factors, such as the concentration of CO2 emissions, the size of the emission source, whether 

the source is mobile or stationary and the imminence of the potential storage site. Upon capturing, CO2 can be stored for later use 

or utilized immediately.  

2 Carbon Dioxide Utilization  

There are two common ways of CO2 utilization. These are: direct utilization and indirect CO2 utilization. Direct utilization involves 

the direct use of CO2 for example in welding, soft drinks, foaming and supercritical CO2 (scCO2) as solvents. The  scCO2 fluid is 

achieved at temperatures above 31.1 oC and pressure of 73.8 bars.8 scCO2 fluid has gained attention in the pharmaceutical, polymer 
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and synthetic industries due to its ability to dissolve high concentration of gases such as methane, hydrogen, ethylene and carbon 

monoxide.9  

Indirect utilization of CO2 involves CO2 conversion into valuable chemicals such as formic acid and methanol in the presence of a 

catalyst.10 

2.1 Catalytic utilisation of carbon dioxide 

Conversion of CO2 into valuable chemicals like formic acid and methanol is a promising way of reducing emission and this can be 

achieved by activation and catalysis. Recycling and conversion of CO2 into value-added chemicals has been of major interest 

because CO2 is a greenhouse gas, is cheap and readily available one-carbon (C1) building block resource. The utilization of CO2 

through catalytic processes such as hydrogenation, amidation, carboxylation, CO2 coupling with alkanes, epoxides and alkynes to 

form functionalized valuable chemicals is a way of manipulating CO2 into desirable commodity products.11 The kinetic and 

thermodynamic stability of CO2 is however a limiting factor making these processes challenging. This  brings about the expansion 

of this area of study into the development of catalysts for the reduction of atmospheric CO2.12,13
 The large-scale implementation and 

deployment of all these processes requires low cost and selective catalysts for CO2 reduction over the competing H2 evolution 

reaction. The use of only earth abundant  metal (Fe, Cu, Mn, Ni, Co) complexes have gained attention in electrochemical and 

photochemical reduction due to cheap electrodes, visible light sensitizers and cheap sacrificial electron donor.14,15 However, the 

vast majority of these reactions are far from ideal (limited selectivity, stoichiometric conversions), and so further breakthrough 

technologies which proceed under mild conditions are required. 

2.2 Carbon dioxide in renewable energy 

The increase in  consumption of energy through fossil based carbon sources on a daily basis has caused a major problem of finding 

adequate and sustainable energy supply since fossil fuels are fast diminishing.16 One of the energy sources proposed is hydrogen 

but its wide- spread use has been restricted due to the problems associated to its storage and delivery. The reduction of CO2 to 

formic acid and methanol can be viewed as a strategy to store hydrogen in the form of formic acid and methanol. Technologies for 

the formation of formic acid,  methanol and other products from CO2 using transition metal catalysts and their mechanistic studies 

have been reported.17 

3 Conversion of CO2 into valuable chemicals; methanol, formic acid and methane via catalytic processes 

CO2 is an attractive, renewable, economical and abundant carbon source to produce fuels and chemicals (Figure 2).                 

 

Figure 2: Fuels and chemicals produced via CO2 reduction. 

 

The formation of valuable chemicals through CO2 conversion provides opportunities for industrial products development whilst 

addressing global climate issues including greenhouse emission problems. The best utilisation method should adhere to at least 

some of the following green chemistry principles if not all of them (Figure 3).18–21  
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Figure 3: Green chemistry principles. 

Current laboratories and industries have considered CO2 as a carbon source for industrial practices through the development of 

metal catalysts, due to its chemical inertness it is challenging to activate. CO2 is a linear molecule with two reactive features, that 

is the oxygen and the carbon whereby, the carbonyl carbon is electron deficient having strong affinity towards electron donating 

reagents, while oxygen atom displays differing tendencies.22  

The use of catalysts lowers the activation energy in CO2 conversion. The most favourable products from the reduction of CO2 

involve the formation of C-H bonds such as methanol, formic acid and methane with molecular hydrogen being the best option for 

CO2 fixation. Catalytic hydrogenation becomes a highly efficient process when mild optimum experimental conditions are 

established. The desire to hydrogenate CO2 to fuels such as dimethyl ether and methanol increases due to the ever increasing in fuel 

demands and the urge to reduce the use of fossil fuels, such as coal, which have emissions which are not environmentally friendly. 

Issues associated with hydrogen production, storage and transportation before hydrogenation have been the influence on both 

heterogeneous and homogeneous hydrogenation of CO2. 

3.1 Methanol as a fuel derived from CO2 hydrogenation 

Methanol is a liquid fuel at room temperature and an additive in internal combustion engine due to its high-octane rating and clean 

emissions with low NOx and SOx content.23 Methanol is produced from fossil fuels through syngas but however, can be produced 

from any carbon source such as biomass and CO2. Methanol can be produced indirectly (Figure 4) from carbon derivatives such as 

formate, urea derivatives, carbamates and carbonates. 

 
Figure 4: Indirect hydrogenation of CO2 to methanol 

 

However, direct hydrogenation of CO2 to methanol (Scheme 1) is a favourable and straight forward method which requires a 

catalyst to reduce the energy barrier in the reaction. The aqueous reforming process of methanol is a liquid organic hydrogen carrier 

which can store 12.6 wt% of hydrogen.24,25 
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Scheme 1: CO2 hydrogenation and methanol reforming. 

The use of CO2 as a source of methanol production first involves carbon capture and sequestration (CCS) pathway followed by the 

recycling of the concentrated CO2 via a process called carbon capture and recycling (CCR). The captured CO2 from various sources 

such as fuels and atmospheric CO2 can be electrochemically reduced or hydrogenated to produce methanol. This methanol economy 

concept via CO2 by Nobel Laureate George A. Olah contributes to the carbon cycle whilst using renewable energy sources such as 

solar, wind and hydrothermal.26–28 

Heterogeneous catalysts of Cu doped with other metals including Zn, Al, Ga, Si and Zr have gained attention towards the 

hydrogenation of CO2 to methanol and the reverse methanol reforming process at high temperatures (>250 oC) and high pressure 

(>50 bar).29 Homogeneous catalytic hydrogenation of CO2 to methanol and methanol reforming  has been reviewed by Dyson and 

Laurency who highlighted the process advantages of improved activity and selectivity; high TOFs, moderate pressure and 

temperature due to the catalyst design at molecular level.30,31 

 
Figure 5: Homogeneous hydrogenation of amine captured CO2 to methanol.32 

 

CO2 captured in an aqueous pentaethylenehexamine solution was hydrogenated (Figure 5) with a variety of Ru, Mn and Fe P^N^P 

catalysts at H2 pressure of 70 bar to give to methanol in 72 h at a temperature of 145 oC by Kar and co-workers. Methanol was 

achieved in a high yield (>90%) under their biphasic 2-methyltetrahydrofuran/water system.32 According to their investigations, the 

biphasic system allows for easy separation and recycling of the amine and catalyst for multiple reaction cycles. Ru-MACHO-BH 

(1.1) catalyst and polyamine base (PEHA) were recycled three times with 87% of the methanol producibility of the first cycle 

retained, along with 95% of catalyst activity after four cycles. Though there have been successful catalysts in the hydrogenation of 

CO2 to methanol, there is still a great challenge in having direct and effective catalyst for the process. 

 

3.2 Formic acid and hydrogen storage capacity 

3.2.1 Formic acid 

Currently in industry, formic acid is synthesized by carbonylation of alcohols using CO followed by hydrolysis. The drawback of 

the process is that high pressure carbon monoxide is required which is toxic, thus creating a need to develop other methods to 

synthesize formic acid or its salt. The production or synthesis of formic acid is very important as it plays a major role in synthetic 

chemistry as a carbon source, reductant and an acid.35 Formic acid is a starting material for the production of formate esters, which 

allows access to a range of useful organic derivatives such as aldehydes, ketones, carboxylic acids and amides. Formate esters can 

be used in a variety of industries such as perfumes and fragrances, in paints and dyeing agents as well as in mordant and auxiliary 

agents.  

The abundance, less toxicity of CO2 compared to CO and the inexpensive aspect of CO2 provides an alternative route to generate 

formic acid and formate through CO2 hydrogenation. The catalytic hydrogenation of CO2 to formic acid and formate has been 

studied by many researchers including Nozaki’s and Milstein’s research groups.34 The Milstein catalyst (Figure 6) was also found 

to be an effective catalyst for potassium formate production with a TON value of 23 000 and TOF 2 200 h-1. This effective atom-

economical reaction can be adopted as a commercial way of producing formic acid however; there is still room for improvement to 

have the best catalytic activity and selectivity. 
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Figure 6: Proposed catalytic cycle for the hydrogenation of CO2 to formate by Milstein’s catalyst.  

3.2.2 Hydrogen storage capacity 

Hydrogen is an effective energy source for fuel cells and batteries which can be generated from fossil fuels, biomass and water 

(Figure 7) amongst other sources.35,36  

 
Figure 7: Materials and energy sources for H2 generation.36 

Hydrogen has good properties (Table 1) for combustibility with air such as low ignition energy and high diffusion rates in liquids, 

gases and solid.  

Table 1 Properties of Hydrogen linked to its secure and safe handling.  

Ignition limits in air (%) 4-75 

Ignition energy in air (mL) 0.02 

Flame temperature (oC) 2045 

Boiling point (K) 20 

Diffusion coefficient in air (cm2 s-1) 0.610 
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The negative Joule-Thomson coefficient at room temperature shows its property of expanding upon heating. However, the use of 

hydrogen is very limited due to the problems associated with its storage and delivery to the fuel cells. Hydrogen is advantageous 

over fossil fuels because it can be used in electric engines and direct combustion without traces of carbon monoxide (CO) which is 

poisonous and hazardous to the environment. High pressure gas containers and cryogenic liquid/gas containers are the conventional 

methods which are used for hydrogen storage,37 however this method of storage poses high safety risks. The handling of hydrogen 

as a fuel source requires specialized infrastructure and equipment thus motivating the search for various technologies for hydrogen 

storage. 

Hydrogen can be stored in aqueous formic acid (HCO2H) and its conjugate base, formate (HCOO-
 or HCO2

-) because of the low 

energy barrier (ΔGo
298 = -4 KJ/mol-1) to their formation from H2 and CO2 (Eq. 1.1). 29,30

 In this method, 4.4 wt % and 2 wt % of H2 

can be stored in formic acid and formate respectively. 

                                      (Eq.1.1)   

Formate is a probable hydrogen storage over other substrates because only H2/CO2 gaseous products are formed upon its 

decomposition thus preventing the production and accumulation of by products  (Scheme 2).30,39 However, the rate of formic acid 

decomposition to hydrogen is dependent on temperature, catalyst stability and formic acid concentration. The process is associated 

with poor selectivity, harsh reaction conditions and catalyst regeneration requirements. 

 

Scheme 2: Interconversion between formic acid and H2/CO2. 

3.3 Methane gas a product from CO2 hydrogenation 

Methane (CH4) is a potential solar fuel and CO2 is a good feedstock for CH4 production. The conversion of CO2 to CH4 is an 

exothermic reaction which requires catalysts which work at low temperature operations.40 Low temperatures are also favourable for 

suppressing the undesired reverse water-gas shift (RWGS) reaction, which is endothermic. The hydrogenation of CO2 to methane 

has been highly studied with heterogeneous catalysts due to their high selectivity and high rates of formation of methane  

 

Scheme 3: Proposed mechanism for the formation of methane using Ru/TiO2 catalyst. 42 
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Supported noble metals such as copper and nickel catalyse the methanation of CO2. Among these metals tested, ruthenium exhibits 

superior activity and selectivity.41 Of special mention is the proposed reaction mechanism of CO2 hydrogenation to methane using 

a Ru/TiO2 catalyst by Marwood and co-workers based on diffuse-reflectance infrared-spectroscopy.42 The reaction mechanism 

(Scheme 3) was proposed to have carbon monoxide and formate as intermediates with the latter - bound to the support being in 

equilibrium with the active formate species.  

3.4 Dimethyl ether 

Dimethyl ether (DME) is a chemical feedstock for olefins, oxygenates and hydrocarbons which has also gained attention as a fuel 

additive.43 DME can be synthesised from the hydrogenation of CO2 (Scheme 4). The hydrogenation of CO2 to methanol followed 

by methanol self-condensation produces DME.44  

 
Scheme 4: Illustration of formation of DME from CO2 hydrogenation.44 

 

DME has been found to be suitable to replace diesel as a fuel due to its physicochemical properties (Table 2). The advantages of 

DME over diesel include its lower boiling point and lower auto-ignition temperature which lead to high cetane number for DME 

compared to diesel. 

Table 2: Physico-chemical properties of DME and diesel fuels.44,45 

Property  Unit DME Diesel 

Carbon content mass % 52.2 86 

Hydrogen content mass % 1-3 14 

Oxygen content mass % 34.8 0 

Carbon-hydrogen-ratio - 0.337 0.516 

Liquid density kg/m3 667 831 

Cetane number - >55 40-50 

Autoignition temperature K 508 523 

Stoichiometric air/fuel mass ratio - 9.6 14.6 

Normal boiling point K 248.1 450-643 

Enthalpy of vaporization kJ/kg 467.1 300 

Lower heating value MJ/kg 27.6 42.5 

Ignition limits vol % in air 3.4/18.6 0.6/6.5 

Elastic Modulus N/m2 6.37 x108 14.86 x108 

Liquid kinematic viscosity cSt <0.1 3 

Surface tension (at 298 K) N/m 0.012 0.027 

Vapour pressure (at 298 K) kPa 530 <10 
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4 Schiff base, pincer complexes and metal organic frameworks catalysed CO2 hydrogenation reactions 

4.1 Schiff base ligands  

Hugo Schiff in 1864 first reported Schiff base compounds which contain azomethine group  (-HC=N-).46 These are condensation 

products of an aldehyde or ketone and primary amine under acidic or basic catalysis conditions to form aldimine and ketamines, 

respectively (Scheme 5).47 These ligands are easy to prepare, can coordinate many different metals; their synthetic design can easily 

accommodate stereogenic centres and stabilize metals in different oxidation states.48–50              

 

Scheme 5: Reaction for the synthesis of Schiff base compounds. 

 

Schiff base metal complexes have been used in catalytic transformations, pharmaceutical and medicinal applications due to their 

flexibility and stability.51,52  

4.1.1 Schiff base transition metal complexes in catalytic hydrogenation of CO2 

Lu and co-workers synthesised N^N ligand donor iridium complexes for the base free hydrogenation of CO2  to formic acid in the 

presence of water (Table 3).53 In this work, Lu and co-workers showed that their catalyst was an effective catalyst with a TOF of 

13 000 h-1 under base free conditions. They attributed the catalyst performance to the dissociation of the coordinated water molecule 

during catalysis. 

Table 3: Reported Schiff base derivatives complexes for CO2 hydrogenation 

Catalyst PH2/CO2 

(bar) 

T (oC) Additives Product TON TOF  

(h-1) 

ref 

 

25/25 40 H2O HCOOH 10000 13000 53 

 

5/5 80 H2O, 

KOH 

HCOOK 1200 160 54 
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Himeda and co-workers synthesised half-sandwich ruthenium bidentate complexes containing 4,4’-dihydroxy-2,2’-bipyridine for 

the hydrogenation of CO2 to formate under basic conditions at 80 oC.54 The TON value of 1200 and TOF of 160 h-1 was achieved 

with the ruthenium catalyst and the catalytic activity was attributed to the electronic effect of the oxyanions generated from the 

deprotonation of the hydroxyl moiety.  

4.2 Pincer ligands and complexes  

Pincer complexes (Figure 8) have attracted attention in CO2 hydrogenation due to their design, hemi-lability, flexibility, steric and 

electronic properties.55 The exceptional balance of stability versus reactivity of the pincer-based catalysts make them ideal 

candidates in catalyst design. Catalytically active transition metals such as palladium, rhodium, ruthenium and iridium are ideal for 

pincer complexes synthesis.56  

 
Figure 8: General Structure of Pincer Complexes.57 

 

4.2.1 Pincer complexes in CO2 hydrogenation  

Literature reported pincer complexes for the hydrogenation of CO2 are shown in Table 4. Rohamann and co-workers synthesised a 

new [Ru(Acriphos)(PPh3)(Cl)(PhCO2)] for the hydrogenation of CO2 to formic acid under amine base free conditions in a dimethyl 

sulfoxide (DMSO) and water mixture.58 This catalytic system is unique due to the absence of additives such as the highly active 

amine bases, and afforded a TON value of 4200. The catalytic performance was attributed to the hydrogen bonding between Lewis-

basic solvent molecules and the product HCOOH thus providing equilibrium concentration of formic acid. Addition of acetate 

buffer increased formic acid production to six times higher with a TON value of 16 310 and TOF of 1 019 h-1. The buffer improves 

productivity by having a combination of kinetic and thermodynamic boundaries.  A pyridine-based Ru-P^N^P pincer catalyst was 

synthesised by Filonenko and co-workers which was evaluated for the hydrogenation of CO2 to formic acid in the presence of THF 

and DBU (1,8-diazabicyclo[5.4.0]undec-7-ene) at 70 oC.59 In their studies, a TON value of 90 000 towards 2HCOOH.DBU was 

achieved but they highlighted that the metal-ligand cooperation of CO2 and Ru-P^N^P catalyst inhibits the catalytic activity of 

formic acid formation. However, their studies reveal that addition of water restores catalytic activity and leads to extraordinary Ru-

P^N^P catalysed hydrogenation to formic acid. Pidko and co-workers carried out direct hydrogenation of CO2 to formic acid in the 

presence of Ru-P^N^P catalyst at 120 oC in DMF and achieved a remarkable TOF of 1 100 000.60 The high TOF value was attributed 

to the use of a strong base DBU.  

 

Rigid Ru(II) N^N^N complexes pincer complexes were synthesised by Dai and co-workers and were found to be effective catalysts 

for the hydrogenation of CO2 to sodium formate with a TON of 407.61 The authors attributed the catalyst activity to the electron-

rich metal centre and Lewis base sites in the N^N^ N pincer framework. From their work it can be deduced that N-heterocycle 

carbene donor ligands can be alternative ligands to the air sensitive phosphorous ligands in the catalytic hydrogenation of CO2. It 

is interesting to conclude this section with Nozaki and co-workers synthesised an isopropyl-substituted P^N^P iridium trihydride 

which was found to be a highly active catalyst for the formation of potassium formate with a TON value of 3 500 000.62 This is the 

highest TON value ever to be recorded for homogeneous hydrogenation of CO2. 

Table 4: Reported pincer complexes for CO2 hydrogenation 
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Catalyst PH2/CO2 (bar) T (oC) Additives Product TON TOF (h-1) Ref 

 

80/40 60 95 % 

DMSO,5 % 

H2O, acetate 

buffer 

HCOOH 16310 1019 58 

 

20/20 70 THF, DBU 2HCOOH.DBU 90000 21500 59 

 

30/10 120 DMF, DBU HCOOH 200000 1100000 60 

 

27.58/13.79 110 THF, H2O, 

NaHCO3 

HCOOH 33000 13000 61 

 

30/30 120 THF, KOH HCOOK 3500000 73000 60 

 

 

5 Mechanistic Studies of Metal Complexes as catalysts in CO2 hydrogenation. 

The catalytic hydrogenation of CO2 is a process whereby CO2 can be considered as a ligand coordinating to a metal centre. CO2 

comprises of two weakly Lewis base oxygen atoms and a weakly Lewis acid carbon atom. The preference of CO2 coordination to 

form a complex depends on the electronic nature of the complex. Homogeneous hydrogenation of CO2 using metal hydrides active 

species has been dominant. The metal hydride active species are formed during heterolysis of the H-H assisted by various solvents 

including water and ethanol.69 Himeda and co-workers synthesised proton responsive iridium complexes for the hydrogenation of 

CO2 and proposed mechanism for hydrogen molecule heterolysis (Scheme 1.6).70 According to Scheme 6 the water molecule forms 

hydrogen bonding with the approaching H2 and oxyanion moiety thus facilitating heterolysis forming an iridium metal hydride and 

H3O+ by product. 
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Scheme 6: Proposed mechanism for solvent assisted hydrogen heterolysis. 

 

A series of new iridium P^N^P catalyst were synthesised from imine diphosphine ligands for the catalytic hydrogenation of CO2 to 

formate by Liu and co-workers.71 The authors proposed a mechanism involving a metal–imine cooperative catalysis whereby, a 

molecule of H2 adds to the C=N double bond to generate iridium–trihydride active species. Their work highlights that imine 

functional groups can aid the heterolysis process of H2 during active species formation.  

The insertion of CO2 into the metal hydride active species is considered to be the rate- determining step of the reaction.72-73 The 

insertion and coordination of CO2 into metal hydride bond to yield products such as formic acid and methanol depends on the nature 

of the catalyst. Pidko and co-workers proposed a reaction mechanism for the hydrogenation of CO2 to formic acid with a Ru-P^N^P 

catalyst in the presence of DBU base (Scheme 7).59,60 Their kinetic studies through density function theory (DFT) reveals DBU as 

a promoter which controls the rate-determining step of hydrogen liberation. 

 
Scheme 7: Proposed reaction mechanism for base assisted CO2 hydrogenation.59,60 

 

DFT calculations by Osadchuk using iridium P^N^P complex prove a possibility of sequential insertion of two CO2 molecules into 

the Ir-H active species.74 Indeed, their findings proved that sequential CO2 insertion is possible and brings about formation of 

electrophilic mono-hydride intermediate which facilitates H2 heterolysis. The mechanism of catalytic hydrogenation of CO2 to 

valuable chemicals is a field of study under investigation with many questions answered. This work seeks to also investigate the 

mechanistic studies of CO2 hydrogenation to methanol and formic acid. 

6 Concluding Remark  

The organometallic catalyzed transformation of CO2 to formic acid/ formate has growing interest in the potential of CO2 as either 

a raw material for chemical production or as an energy vector. The productivity of the CO2 transformation is critically determined 

by a combination of thermodynamic and kinetic boundaries. This work established and provided the crucial factors in the 

hydrogenation of CO2 to formic acid/ formate necessary for the process to have the favourable thermodynamic force for high 

equilibrium concentration of formic acid/formate. In this work, the choice of different Schiff base complexes based on their 

properties such as good chelating agents have different impacts on the different aspects of CO2 hydrogenation mechanism. In the 

future, robust metal complexes for the catalytic hydrogenation of CO2 to valuable chemicals are required. 
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