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A B S T R A C T   

CO2 hydrogenation as sustainable route for generation of value-added carbon feedstock is identified as green 
pathway for mitigation of greenhouse gasses emission. CO2 methanation is one of the promising solutions, which 
only requires reactions at atmospheric pressure while utilizing metal catalysts to overcome kinetic limitations. 
Metal catalysts can be promoted to alter reducibities, CO2 adsorption capacities, and H2–CO2 dissociation po-
tential. The role of metal promoter such as rare earth elements (Ce, Mn, Co, and La) and alkali and alkali earth 
metal (Li, Na, Ca, and K) will be discussed within the scope of CO2 methanation. The aspect of catalysts 
modification towards hydrogen dissociation potential and surface oxygen vacancy will be emphasized to enhance 
selectivity for methane. Another pathway for CO2 hydrogenation is via further conversion into longer chain 
molecules such as olefin and ethanol. The benefit of metal promoter will be discussed in this review on the effect 
towards promoting C–C coupling reaction for producing longer chain alcohol and light olefin. The strategies to 
develop active catalysts for the coupling reaction of C–C will be emphasized with the promoter introduction. For 
the hydrogenation of CO2 to longer chain molecules, the main metal catalysts Ni, Pd, Rh, and Co, and their 
modification with promoter such as Ga, Cu, and alkali metal Na, K will be discussed. A critical analysis of the CO2 
methanation mechanism and further C–C reaction to longer chain molecules will be discussed, particularly the 
effect of metal promoters to stabilize the intermediate and maneuver the catalytic reaction pathway into the 
desired products.   

1. Introduction 

Reliance on fossil fuels as a primary energy source inevitably leads to 
the accumulation of carbon dioxide in the atmosphere. The rising level 
of atmospheric CO2 has led to global warming and devastating climate 
deterioration. Based on IEA data published in Global Energy and CO2 
Status Report, CO2 emissions are determined at 32.5 gigaton (Gt) in 
2017, a significant 1.4% increase from 2016. The value is 55% higher 
than the past 25 years and is predicted to further increase by 10% in 

2040. Moreover, the global average temperature rise exceeds 1.5 
◦Celsius ( ◦C) around 2030 and continues to rise until it reaches 2.6 
◦Celsius ( ◦C) in 2100 (I.E. Agency 2022). CO2 technology is mainly 
circumventing two main approaches: carbon capture and storage (CCS) 
or carbon capture and utilization (CCU) as illustrated in Fig. 1. CO2 
capture, either via oxy-combustion, pre-combustion, or post-combustion 
captures, can be adapted depending on the sources of CO2 emission 
(Atsbha et al., 2021). The most fundamental concept of CCS is capturing 
and compressing CO2 gasses to prevent emissions into the atmosphere 
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(Fu et al., 2022). Another CCS technique involves the sequestration of 
CO2 in geologically stable sites; however, the operational cost is 
considered high, and the viability of CO2 as a carbon source is not fully 
utilized. 

CCU technology, subsequent capture and utilization of CO2, is more 
beneficial than CCS since the value-added goods derived from CO2 usage 
could be applied as a revenue source during the mitigation of CO2. 
Furthermore, unlike CCS, there is no possibility of CO2 leakage with 
CCU, making this technology environmentally friendly and sustainable. 
Fig. 2a summarised the number of reported publications on CO2 con-
version into value added chemicals from 2010 to 2021. Carbon dioxide 
utilization was mostly reported via photocatalytic reactions, electro-
chemical reduction, and thermochemical-catalytic hydrogenation. The 
electrocatalytic reduction of CO2 depends on the pH and the electrode 
voltage, and is conducted at ambient temperature and pressure (Rui-
z-Lopez et al., 2022). Activating the extremely stable CO2 molecule 
needs a significant overpotential; consequently, the CO2 reduction is 
hampered by the side hydrogen evolution reaction (HER) (Yu et al., 
2023). Photocatalytic CO2 hydrogenation utilized photoexcitation en-
ergy carriers on semiconductor photocatalysts, to undergo a series of 
reduction and oxidation reaction (Zhang et al., 2021). In contrast to 
typical thermal catalysis, the photocatalytic conversion of CO2 exhibited 
lower performance and the photocatalysts often has inefficient light 
absorption and faster recombination (Fan and Tahir, 2022). Another 
pathway of CO2 utilization is via mineralization and biofixation, direct 
used as a solvent, particularly in a CO2 supercritical environment, and 
used in food and beverage industries. 

1.1. Thermocatalytic conversion of CO2 

The thermochemical process is favorable for CO2 conversion since 
the process has high energy and conversion efficiency. In the presence of 
thermal heat energy, CO2 was converted into various products such as 
methanol, methane, dimethyl ether, syngas (CO + H2), and higher 
alcohol and hydrocarbons, which depend on the catalysts, pressure, and 
temperature. Thermocatalytic CO2 valorization employed either het-
erogeneous or homogeneous catalysts and can be conducted in gas and 
liquid phase conditions (Ojelade and Zaman, 2021). CO2 methanation 

promises a high conversion of CO2 at atmospheric pressure. Methane 
production from CO2 can be integrated into the power grid via a Power 
to Gas (PtG) plant, which has a higher potential for providing baseload 
electric power than wind or solar energy due to their intermittent nature 
(Schaaf et al., 2014). CO2 conversion to alcohol and olefins is appealing 
for industrial processes as the products obtained have a higher demand. 
Apart from that, the production of liquefying hydrocarbons is advanta-
geous for easy storage and transportation. For the hydrogenation to long 
chain molecules, the catalyst promotes the coupling of C–C reaction of 
CO* or CH3* intermediets. The reaction is often conducted at high 
temperatures, i.e., 400 ◦C, and at high pressures of up to 20–50 bar (Ye 
et al., 2019). Over the years, various catalysts, such as 
hydrotalcite-derived catalysts (Liu et al., 2022), cobalt metal organic 
frameworks (MOFs) (Keen and Tahir, 2022), Cu-based catalysts (Niu 
et al., 2022), tandem methanol synthesis (Xiao-xing et al., 2022), 
nanoparticle catalysts (Sharma et al., 2022), and N-doped carbon-based 
materials (Adegoke and Maxakato, 2022) were investigated for CO2 
hydrogenation. Different types of transition metals catalyst (Ni, Ce, Co, 
Cu, Fe), with noble metal promoters (Pd, Au, Rh), and alkali metals (Na, 
Li, K) changed the selectivity of CO2 methanation to longer chain mol-
ecules, such as ethanol and ethylene Fan et al. (Fan and Tahir, 2021) 
reported the synergy between supports and active metals in promoting 
CH4 generation, which can be optimized for the advancements of hy-
drogenation reaction. Metal promoter introduces additional active sites 
for optimizing the distribution of products to yield the desired hydro-
carbons. Fig. 3 correlates the results from reported studies on Fe/Al2O3 
catalysts with different types of metal promoters toward the formation 
of C1, C2–C4, and C5+ products formation. Metal promoters such as Ni 
enhanced the activity of Fe/Al2O3 towards CH4 formation (Valinejad 
Moghaddam et al., 2018; Burger et al., 2018), whereas Cu prolonged the 
stability of intermediates to generate C2–C4 products (Chaipraditgul 
et al., 2021; W. Wang et al., 2018). Co on Fe/Al2O3 catalysts showed 
selectivity towards CH4, C2–C4 hydrocarbons, and C5+ products, with 
the selectivity being closely associated with the amount of Co loading 
(Satthawong et al., 2013). Several comprehensive reviews on CO2 hy-
drogenation listed in Table 1 have focused on the recent trends in 
catalyst design for CO2 hydrogenation. The role of promoters in 
changing the course of CO2 hydrogenation has gained considerable 

Fig. 1. Current technology of carbon capture, utilization, and storage (CCUS) (Ritchie et al., 2020; Al-mamoori et al., 2017; Cuellar-Franca and Azapagic, 2015).  
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interest in the conversion of CO2 into various hydrocarbon products. 
Therefore, this review provides a comparative discussion of current 
findings to understand the effect of promoters on product selectivity and 
the mechanistic steps of CO2 hydrogenation and C–C coupling re-
actions. Understanding the fundamentals of CO2 hydrogenation allows 
the interception of intermediates to undergo the C–C coupling reactions 
for the generation of long carbon chain molecules. After establishing the 
fundamentals and mechanism of reaction, the review will further discuss 
transforming CO2 methanation catalysts into active catalysts for the 
synthesis of higher hydrocarbon/alcohol by incorporating various 
promoters. 

2. Reaction mechanism 

2.1. CO2 hydrogenation to C1 products 

2.1.1. CO2 methanation 
CO2 conversion into CH4 as a C1 product is observed not only as a 

CO2 remediation route but also as hydrogen storage. The CO2 conversion 
to methane is advantageous in the thermodynamic aspect compared to 
the conversion of CO2 into methanol or a higher hydrocarbon. 

CO2 + 4 H2 → CH4 + 2 H2O
(

ΔH∘
298 = − 165

kJ
mol

)

(1)  

CO2 + 4 H2 → CH3OH + 2 H2O
(

ΔH∘
298 = − 49.5

kJ
mol

)

(2)  

CO2 methanation is an exothermic process operating at temperatures 
between 150 ◦C and 550 ◦C. CO2 methanation can proceed through 
direct methanation, also widely recognized as Sabatier reaction that 
involves formate as an intermediate. The second pathway requires the 
dissociation of two CO molecules to form C and CO2 gas. This reversible 
exothermic reaction is known as the Boudouard reaction. But in general, 
CO2 methanation begins with the dissociation of carbon dioxide to 
carbon monoxide via the water gas shift (WGS) reaction (Eq (3)). This 
followed by the subsequent CO hydrogenation to methane (Eq (4)) 
(Schaaf et al., 2014). The Sabatier reaction is dominant at low temper-
atures, and the reverse water gas shift (RWGS) reaction is only favored at 
higher reaction temperatures (an endothermic reaction) (Mutschler 
et al., 2018). Thus, CO2 methanation is optimally carried out at tem-
peratures below 500 ◦C. High concentrations of CO2 also contributed to 

Fig. 2. Number of publications on CO2 Capture and Utilization (CCU) since 2011–2021 (Source: www.scopus.com).  

Fig. 3. Correlation between products selectivities and metal promoters on the 
activity of Fe/Al2O3 catalysts. 

Table 1 
The recent reviews of CO2 utilization.  

No. Focus Ref. 

1 Factor in photocatalysts TiO2 for CO2 conversion to 
hydrocarbon fuels: particle size and shape, 
temperature, surface area, modification 
techniques, and surface sensitization 

(Hossen et al., 2022) 

2 The catalysts of cobalt heterosite in higher alcohols 
production from carbon dioxide 

(Liu et al., 2023) 

3 MOF-based catalysts in the CO2 hydrogenation to 
synthesize products such as CO, CH4, methanol, 
formic acid, and C2+ products 

(Shao et al., 2022) 

4 Cu-based bimetallic catalysts reduction reaction of 
CO2 

(Wang et al., 2022) 

5 Nanobiomaterials and nanocatalyst for CO2 

converting to CH4 

(Sharma et al., 2022;  
Raza et al., 2023) 

6 The metal promoter effects on CO2 hydrogenation This review  
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the deactivation of catalyst due to the formation of hot spots, metal 
sintering, and coke deposition, resulting in a decrease in product yield. 
For these reasons, the catalyst should have thermal stability at low and 
high temperatures (Janke et al., 2014). 

CO2 + H2 ↔ CO + H2O
(

ΔH∘
298 = 41

kJ
mol

)

(3)  

CO + 3 H2 ↔ CH4 + H2O
(

ΔH∘
298 = − 206.3

kJ
mol

)

(4) 

Fig. 4 depicts the schematic mechanism of CO2 methanation. CO2 
was adsorbed generally on the support via physisorption and chemi-
sorption (Step 1). The amount of adsorbed CO2 depends on the physi-
cochemical properties of support, such as surface area, basicity, and 
surface oxygen vacancies. The CO2 dissociation route in CO2 methana-
tion produces CO and C, depending on the density of surface oxygen 
vacancy on the support (Step 2). Supports with abundant surface oxygen 
vacancies such as zeolite (Bacariza et al., 2019; Sholeha et al., 2020; 
Sholeha et al., 2021; Bahruji et al., 2022), mixed oxide (Mebrahtu et al., 
2018; Panagiotopoulou, 2017; Li et al., 2018), mesostructured silica 
(Aziz et al., 2014) and hydrotalcite (HT) (Liu et al., 2022) were 
commonly utilized to initiate CO2 dissociation. CO dissociation requires 
more activation energy (Ea = 286.56 kJ mol− 1) than CO2 dissociation 
(Ea = 122.54 kJ mol− 1). CO formation was also reported to follow the 
formation of formate intermediates (Sakpal and Lefferts, 2018). CO2 
occupies the oxygen vacancy and is hydrogenated into formate in-
termediates. Metal catalyst is crucial for hydrogen dissociation to reduce 
adsorbed CO2 (Step 3). In-situ FTIR spectroscopy studies indicated that 
the adsorption and dissociation of CO2 and H2 occur on metal sites to 
form CO, O, and H. The dissociated CO interacted with oxide surfaces 
from the support materials to form bridged and linear carbonyl. The 
presence of H atoms facilitated the formation of bidentate formate (Teh 
et al., 2015). 

The Boudouard reaction requires the dissociation of two CO mole-
cules to form C and CO2 gas. At elevated temperatures, the reverse 
Boudouard reaction becomes favorable as the Gibbs free energy of the 
formation decreases. A study by Cheng et al. (Teh et al., 2015) reported 
that C–O bond dissociation is not favorable on well-aligned transition 
metals due to weak interactions. The activation energy calculated from 
these two reaction steps indicates that the second pathway is favorable. 
CH4 formation from derivative carbon generally requires much less 
activation energy. The dissociated carbon species underwent subsequent 
hydrogenation steps to produce CH4. 

CO2 →CO + O
(

Ea= 122.54
kJ

mol

)

(5)  

CO(ads) →C(ads) + O(ads)

(

Ea= 286.56
kJ

mol

)

(6)  

2 CO(ads) →C(ads) + CO2(ads)

(

Ea= 186.22
kJ

mol

)

(7)  

C + H→CH
(

Ea= 69.47
kJ

mol

)

(8)  

CH + H→CH2

(

Ea= 50.17
kJ

mol

)

(9)  

CH2 + H2→CH4

(

Ea= 48.20
kJ

mol

)

(10) 

The mechanism of CO2 methanation is still continuously investi-
gated, particularly on identifying the nature of reaction stages and the 
intermediate species. Nevertheless, the mechanism can be divided into 
two pathways, CO route and formate intermediates. On the CO pathway, 
CO2 is converted to adsorbed carbonyl (COad), subsequently reacted 
with H2 to form CH4. Direct CO2 dissociation into Oad and COad or via 
the formate (HCOOad) species decomposition have been ascribed as the 
origin of COad. Formate became the primary intermediate when no COad 
was detected during the reaction. The evolution of surface species was 
monitored using DRIFTS (diffuse reflectance infrared Fourier transform 
spectroscopy). CO and formate intermediate routes can be clearly 
distinguished using Ni/ZrO2–C produced from conventional impreg-
nation, and Ni/ZrO2-P synthesized from plasma-assisted impregnation 
(Jia et al., 2019). Ni/ZrO2-P is postulated to follow CO pathway, in 
which CO2 is transformed to monodentate and bidentate bicarbonates 
via reactions between adsorbed CO2 and hydroxyl (OH) group. The 
monodentate and bidentate bicarbonates reacted with hydrogen atoms 
to produce monodentate and bidentate formates. Formate decomposed 
into COads, and subsequently hydrogenated to CH4. The absence of 
carbonyl species during DRIFTS analysis implies the mechanism of the 
formate pathway on Ni/ZrO2–C. CO2 gas reacted with OH groups 
formed the main intermediate species, such as bidentate formates and 
bidentate bicarbonates. Formates are converted into methoxy before the 
subsequent hydrogenation of methoxy (OCH3) to CH4. 

Another study suggested that the carbonyl species formed through 
CO2 dissociation (Aziz et al., 2014). On the meso‑structured silica 
(MSN), the adsorbed CO2 and H2 at active metal sites dissociated into 
CO, O, and H atoms. Carbonyl species are produced by the reaction of 
carbon monoxide with oxide surfaces, together with the generation of 
bidentate formate following the reaction with H atoms. Concurrently, 
the reaction between the adsorbed dissociated oxygen and the H atom 
produces hydroxyl, which reacts with a second H atom to make H2O. 
The carbonyl bridge and bidentate formate are hydrogenated further to 
generate CH4. 

Yang et al. (2020) undertook theoretical studies by density func-
tional theory to determine the intrinsic CO2 methanation reaction and 
active site over Rh/TiO2 catalyst. The metal-support interfaces accu-
mulated charges that provide electrons for the reduction of CO2 to 

Fig. 4. Schematic mechanism of CO2 methanation via a) dissociation route and b) formate decomposition route.  
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produce CH4. CO2 adsorption and activation were more feasible at the 
metal-support interface than at the Rh nanoparticle’s perimeter. The 
RWGS + CO hydrogenation via the COH* intermediate is the thermo-
dynamically and kinetically preferred approach over Rh/TiO2 catalyst 
compared to the direct C–O bond breakage pathway and the formate 
pathway. Higher activation energy barriers inhibit the direct C–O bond 
cleavage and formate pathways. The combination of the molecular 
orbital polarization and H–O bond formation (COH*) is intimately 
related to the CO* activation generated by the RWGS reaction. CO2 
hydrogenation to CH4 over Rh/TiO2 catalyst happens mainly through 
the primary pathway i.e., CO2* → COOH* → CO* → COH* → HCOH* → 
H2COH* → CH3* → CH4* (Fig. 5). 

2.1.2. CO2 to methanol 
CO2 hydrogenation to methanol is a primary reaction for Gas to 

Liquid (GTL) conversion of CO2 (Nezam et al., 2021). Methanol is a raw 
material to produce fuels in methanol-to-olefins (MTO) and 

methanol-to-gasoline (MTG). Methanol is also the precursor for BTX 
aromatics, formaldehyde, acetic acid, methyl methacrylate, dimethyl 
terephthalate, methylamines, chloromethane, dimethyl carbonate and 
methyl tertbutyl ether (MTBE) (Arandia et al., 2023). Methanol is also 
identified as an alternative fuel replacement as it burns cleanly, is highly 
biodegradable, can combine with gasoline, and can reform into 
hydrogen. Iceland has become the primary industrial reference for sus-
tainable methanol synthesis from CO2 and H2 using geothermal energy 
(Tountas et al., 2019). The country has an annual methanol capacity of 
4000 t and valorizes 5600 tons of CO2. 

The exothermic methanol production from CO2 hydrogenation re-
quires low temperatures and high pressures (Eq. (11) and Eq. (12)). 
However, temperatures exceeding 200 ◦C are required to reach a satis-
factory conversion due to CO2 low reactivity. Under high temperatures, 
CO2 hydrogenation to methanol is in competition with rWGS (Eq. (3)). 
The rWGS produces a substantial amount of H2O, which inhibits the 
equilibrium conversion of CO2. Water is detrimental to the stability of 

Fig. 5. Proposed CO2 methanation pathways over Rh/TiO2 catalyst from ref. (Yang et al., 2020). Copyright © 2020 Elsevier.  
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catalysts and promotes deactivation. 

CO + 2 H2 ↔ CH3OH (11)  

CO2 + 3 H2 ↔ CH3OH + H2O (12)  

2 CH3OH→CH3OCH3 + H2O (13)  

n CH3OH + H2→CH3(CH2)n− 2CH3 + H2O (14)  

n CH3OH→CH2 = CH(CH2)n− 3CH3 + n H2O (15)  

CO2 hydrogenation to methanol requires active sites for stabilizing the 
formate and methoxy intermediates. The mechanism follows similar 
preliminary steps as methanation. CO2 adsorbed as linear or bridging 
carbonates, that subsequently hydrogenated to formate species. DRIFTS 
analysis on PdZn/TiO2 indicates the broad adsorption band of C–O 
stretch in methoxy, *OCH3 appeared in PdZn/TiO2 at 200 ◦C, 15 bar. 
The transformation from formate and CO intermediates into methoxy 
species requires high pressures. The methoxy bands were accompanied 
by C–H stretching that only occurs on PdZn alloy but is absent on Pd 
metal. PdZn/TiO2 eliminates methane formation, by stabilizing the 
methoxy species, for further hydrogenation to methanol (Bahruji et al., 
2022). On a hybrid PdZn/TiO2 with ZSM-5, the C–O band from the 
adsorbed methoxy *OCH3 appeared less intense. However, two 
adsorption bands corresponded to C–O-C stretch of adsorbed DME and 
*OCH3 of adsorbed DME occurred at 100 ◦C. The desorbed methanol 
molecules from the active metal catalyst re-adsorbed on the solid acid 
zeolite to generate methoxy groups for DME formation (Ye et al., 2019). 
Ye et al. (Attada et al., 2022), stated that CO2 hydrogenation based on a 
methanol (CH3OH) reaction can be achieved by combining two 
sequential processes over a bifunctional catalyst. First, CO2 and H2 are 
transformed to CH3OH via a CO or formate pathway over a partly 
reduced oxide surface (e.g., Cu, In, and Zn) or noble metals. Bifunctional 
or hybrid catalysts consist of a CH3OH synthesis catalyst and a CH3OH 
dehydration/coupling catalyst, converting CO2 into high-value C2+
molecules such as DME, gasoline-like hydrocarbons, and light olefins. 
Under the same conditions, an effective catalyst for these high-value C2+
products should be active for CH3OH synthesis and dehydration/cou-
pling (Fig. 6). 

2.1.3. CO2 to CO 
CO is more reactive than CO2 and a crucial intermediate in the 

manufacture of methane, methanol, DME, and hydrocarbons, which 
explains why synthesis gas (CO and H2) is employed as feedstock in 
industry (Eq. (16)). The conversion of CO2 to CO is often conducted via 
dry reforming of methane and reverse water gas shift reaction. The 

reaction is endothermic, which necessitates temperatures above 700 ◦C 
for significant CO2 conversion. Redox and dissociative mechanisms are 
the most frequently reported for rWGS reaction. H2 is not a reactant in 
the redox mechanism, although it does diminish the surface of the 
catalyst. The active sites for CO2 dissociation are metallic crystals, and 
the oxidized metallic sites are reduced, releasing H2O, and regenerating 
the metallic sites (Eq. (16) and Eq. (17)). H2 combines with CO2 in the 
dissociative mechanism, resulting in the creation of formate species 
(HCO2− M), which immediately releases CO. These formate species are 
created by the attack of OH groups on M-CO species and MO2H species, 
formed via intermediate CO2-metal protonation. According to this pro-
cess, it has been confirmed that the presence of surface hydroxyl groups 
facilitates CO2 adsorption and hydrogenation (Ateka et al., 2022). 

CO2 + M0 →Cu2O + CO (16)  

H2 + MO →H2O + M0 (17) 

Most of the studies investigated synthesis gas formation (CO + H2) 
from CO2 via dry reforming with methane to exclude the use of 
hydrogen as reducing agent. CO2 reacts with methane at high temper-
atures releasing equal molars of CO and H2 gasses (Eq. (18)). 

CO2 + CH4 ↔ 2 CO + 2 H2

(

ΔH∘ = 261
kJ

mol

)

(18) 

CO formed from CO2 is via associative mechanism on support such as 
MgO, TiO2 or Al2O3, with the formation of carbonate and formats is 
considered as the rate limiting steps. Dry reforming via in-situ IR con-
ducted on MgAl2O4 indicates the formation of monodentate carbonate 
species formed on strongly basic surface O2− ions (Azancot et al., 2021). 
The carbonate adsorbed mainly as linear or bridged carbonate, although 
bridged carbonate was reported at much lower concentrations, partic-
ularly on a strong basic support (Azancot et al., 2021). The carbonyl 
hydrogenated into bicarbonates via reaction with surface hydroxyl 
group. The bicarbonate further reacted with H2 gas to form formate 
(HCOO-) and water. In dry reforming of methane, the addition of CH4 is 
crucial for the formation of formate species. H2 was dissociated form 
CH4 on metallic surfaces such as Ni, Ru and Pt via consecutive H 
abstraction. However, in the absence of hydrogen, formate can be pro-
duced via reaction with physisorbed water on the catalysts or surface 
hydroxyl group. The bands ascribed to the asymmetric C–O stretching 
and to the H–C–O bending modes of formate in infrared spectra 
appeared with unchanged intensity over time (Ferreira-Aparicio et al., 
2000). On Pt/ZrO2, Rh/TiO2 catalysts (Nakamura et al., 1994), the 
formate-like intermediate occurred on the support or metal-support 
interface. 

The dissociated CHx and Had. subsequently reacted with the 

Fig. 6. Possible reaction in methanol production from ref (Attada et al., 2022). Copyright © 2022 Elsevier.  
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adsorbed CO2 to accelerate CO2 dissociation to form another CO mole-
cule and Hads. As the CO leaves the surface, H adsorbed predominantly 
on metallic sites such as Ni, Ru and Pt desorbed as H2 gas. CH4 activation 
often occurred on metallic sites, via dissociative mechanism to form CHx 
and Hads. CH4 dissociation is also reported on SBA-15 via interaction of 
H-atom with the oxygen atom in silanol group. Unidentate carbonates, 
bidentate carbonates and linear carbonyls were identified as the inter-
mediate species in dry reforming, that subsequently reacted with CH4 to 
form CO and H2 gasses. CO2 was suggested to occupy the oxygen va-
cancy on SBA-15 support, while CH4 adsorbed on Ni metallic surfaces to 
form CHx and H species (Chong et al., 2020). 

2.2. CO2 hydrogenation to C2+ products 

Most reported studies on the CO2 hydrogenation mechanism to C2+
(higher hydrocarbons/alcohol) were conducted via in-situ DRFITS 
analysis. Occasionally, NMR was also employed, as summarized in 
Table 2. Fig. 7 illustrates the suggested mechanism of the C–C coupling 
reaction in CO2 hydrogenation. Generally, the reaction was initiated via 
the same steps reported in CO2 methanation. CO2 adsorption on the 
catalyst surface occurred via carboxylate or bidentate carbonate for-
mation, while hydrogen adsorption and dissociation occurred on metal 
surfaces. The presence of surface hydroxyl or oxygen vacancies on the 
support weakens and dissociates the first C–O bond in CO to form CO. 
CO2 has also been reported to adsorb and activate to form formate in-
termediates, which are then converted to *CO and *CH3 (Bai et al., 
2017). The crucial aspect of the C–C coupling reaction involves the 
stabilization of *CO and *CH3 intermediates. The insertion of CO mol-
ecules that were produced from the RWGS reaction into CHx in-
termediates initiated the first coupling reaction during the 
hydrogenation of CO2. Studies reported by Zhang et al. (S. Zhang et al., 
2020) observed simultaneous adsorption of CO and CHx bands, 

suggesting that the CO formed from RWGS was hydrogenated to form 
CHx. Later, the CO and CHx reacted, triggering the C–C coupling re-
action (S. Zhang et al., 2020). 

Controlling the hydrogen dissociation activity of metal catalysts to 
enhance the C–C coupling reaction was reported for Rh based catalysts. 
CO was adsorbed linearly or formed a bridge on the Rh surface, which 
occupied most of the Rh available active sites. As a result of strongly held 
CO molecules forming on the Rh surface, H2 dissociation is prevented, 
and thus methane formation is suppressed (Kusama et al., 1996). CO also 
reacted with CH3O* species to form ethanol, as observed on Ir-In2O3 
single atom catalysts. At 200 ◦C, DRIFTS analysis revealed a high con-
centration of adsorbed CO species in the presence of methoxide, CH3O*. 
The results were further supported by 13CH3OH isotope experiment that 
showed the stable intermediates were CO* and CH3O*, crucially 
important for C–C coupling to produce ethanol (Ye et al., 2020). 

The rate determining step of the C–C coupling reaction to form 
ethanol is suggested to involve the hydrogenation of adsorbed *CO to 
formyl (*HCO) species (Yang et al., 2019). The presence of a high 
density hydroxyl group, as reported on RhFeLi/TiO2 catalysts, enhanced 
the formation of formyl HCO* species. The adsorbed formyl (HCO*) was 
also more likely to dissociate into CHx than CO, thereby initiating the 
C–C coupling reaction, as evidenced by the significant amount of CH3* 
species detected by DRIFTS analysis (Yang et al., 2019). The hydroxyl 
group was also suggested to enhance C–O bond scission in formyl 
species to form CHx intermediates for the C–C coupling reaction. 
Further investigation with 1H MAS NMR analysis indicated that the 
signal assigned to *CH3 and *CH2 species bonded to the oxygen on the 
catalyst’s surface was more favorable than further hydrogenation. *CH3 
prefers to couple with *C1-oxygen to form C2-oxygen species rather than 
undergo deep hydrogenation to form methane, which might explain the 
undetectable methane (L. Wang et al., 2018). Apart from that, CHx* 
insertion into *HCOO was also proposed as another plausible mecha-
nism for the C–C coupling reaction to form ethanol. In-situ FTIR of CO2 
hydrogenation on NiCOAl2O3 catalysts revealed the formation of 
abundant *HCOO species earlier in the reaction than *CHx. The signal 
weakens, followed by the continous formation of *CH3COO and *C2H5O 
intermediates (Wang et al., 2019). 

3. Catalysts for CO2 methanation 

CO2 methanation is an exothermic reaction with a high kinetic bar-
rier. A thermally stable catalyst with high resistance to coke formation is 
critical not only to increase the conversion and product selectivity but 
also to prevent deactivation at high temperatures and long reaction 
times. Designing an active catalyst for the reduction of CO2 depends on 
several factors, such as the morphology of catalysts (Bian et al., 2018; 
Jomjaree et al., 2020), the size and dispersion of metal nanoparticles (M. 
C. Le et al., 2017), the presence of oxygen vacancies (F. Wang et al., 
2016), the metal-support interactions (Quindimil et al., 2020; Ren et al., 
2020), and the thermal and mechanical stability (Alrafei et al., 2020). 
The synthesis of a catalyst necessitates the selection of an active metal 
center for hydrogen dissociation, identifying catalyst support for CO2 
adsorption and dissociation, and, in some cases, adding a metal pro-
moter for intermediate species stabilization. Ideally, the synthesis 
method should produce catalysts with the most active sites and met-
al/support interfacial contact. Another aspect of CO2 methanation is 
reaction conditions, such as space velocity, temperature, pressure, and 
the type of reactor. 

Ni is the most investigated catalyst for CO2 methanation (Martínez 
et al., 2019; Pastor-Pérez et al., 2018). Apart from Ni, noble metals, such 
as Rh, Ir, and Ru were also investigated for CO2 methanation (Table 3) 
(Aziz et al., 2014). Generally, Group VIIIB metals such as Ni, Co, Ru, and 
Rh were widely used as catalysts for CO2 methanation. However, due to 
the high cost of noble metals, using Ru and Rh as catalysts is less 
attractive for commercialization. Other metals such as Pd, Pt, Mo, Ag, 
and Au exhibited CO2 conversion into CH3OH and CO, reducing CH4 

Table 2 
A summary of the intermediate species observed in CO2 methanation, and C–C 
reactions obtained from FTIR and NMR analysis.  

Intermediate 
species 

FTIR band (cm− 1) 1H NMR 
(ppm) 

13C NMR 
(ppm) 

*CO 
Linear Bridge 

2040 and 1860 (Kusama et al., 
1996) 

– – 

CO3
2− (carbonate) 1400, 1490 and 1645 ( 

Solymosi et al., 1981) 
– 170.0 (L. 

Ding et al., 
2020) 

HCO3
− Bicarbonate 1590 (Miao et al., 2016) – – 

*CH3 (methyl) 1470 (Yang et al., 2019) 1~3 (L. 
Ding et al., 
2020) 

20.9, 39.7 ( 
L. Ding 
et al., 2020) 

*HCOO- (formate) 2880 and 2965 (Yang et al., 
2019) 

– – 

*CH2O 1378 and 1551 (Kusama et al., 
1996) 

– – 

*CHO (formyl) 1756 (Yang et al., 2019) – – 
C-O in *OCH3 1057 (Yang et al., 2019) – – 
C–O–C stretch of 

dimethyl ether 
1120 (Bahruji et al., 2022) – – 

Adsorbed formate 
species, *HCOO 

1742 (Arandia et al., 2023) – – 

Bridging CO 
adsorption / CO/ 
v(CO) 

1918 (Panagiotopoulou, 
2017) 

– – 

Linearly adsorbed 
CO (COL) 

2104 (Tountas et al., 2019) – – 

Adsorbed *CO 2178 (Janke et al., 2014;  
Bacariza et al., 2019) 

– – 

*CH3O (methoxy) 2825 and 2927 (Yang et al., 
2019) 

– 60.7 (L. 
Ding et al., 
2020) 

CH3COO* 3010 δ(CH), 1680 νas(OCO), 
1511 νs(OCO) (L. Ding et al., 
2020) 

– –  
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selectivity (Bahruji et al., 2016; Gutterød et al., 2020; Vourros et al., 
2017; Geng et al., 2020). The advantages and drawbacks of several 
metals as CO2 methanation catalysts are summarized in Table 4. The 
catalytic activities of metals were reported in the following orders 
(Jalama, 2017).  

Ru> Rh> Ni> Fe> Co> Os> Pt> Ir> Mo> Pd> Ag> Au                        

Meanwhile, the order of selectivity for the catalysts is as follows:  

Pd> Pt> Ir> Ni> Rh> Co> Fe> Ru> Mo> Ag> Au                               

Apart from the active metal catalyst, different supports have also 
been investigated, such as Al2O3, SiO2, ZrO2, CeO2, and mixed oxides of 
Ce-Zr and TiO2, primarily to enhance metal dispersion and promote CO2 
adsorption. High CO2 adsorption on CeO2 surface and the partial 

Fig. 7. Proposed mechanism of C–C coupling reaction in CO2 hydrogenation to higher carbon molecules.  

Table 3 
The activity of metal-based catalyst on various supports for CO2 methanation.  

Catalysts Synthesis T ( ◦C) XCO2 (%) SCH4 (%) Ref 

10%Ni/Al2O3 Coating 300 ◦C, 1 atm 83 90 (Fukuhara et al., 2017) 
15%Ni/Al2O3 Co-precipitation 300 ◦C, 1 atm 16 48 (Frusteri et al., 2017) 
60%Ni/Al2O3 Co-precipitation 300 ◦C, 1 atm 20 64 
15%Ni/Al2O3 Incipient wetness impregnation 300 ◦C, 1 atm 5 99 (Atzori et al., 2017) 
10%Ni/SiO2 Co-precipitation 300 ◦C, 1 atm 75 96 (T.A. Le et al., 2017) 
10%Ni/ZrO2 Co-precipitation 300 ◦C, 1 atm 85 80 
10%Ni/TiO2 Co-precipitation 300 ◦C, 1 atm 18 18 
5%Ni/Zeolit-5A Impregnation 300 ◦C, 1 atm 86 100 (Delmelle et al., 2016) 
5%Ni/Zeolit-13X Impregnation 300 ◦C, 1 atm 78 100 
15%Ni/USY Impregnation 450 ◦C, 1 atm 70 100 (Bacariza et al., 2017) 
14%Ni/HNaUSY Impregnation 400 ◦C, 1 atm 65.5 94.2 (Graça et al., 2014) 
15%Ni/USY zeolit Impregnation 450 ◦C, 1 atm 80 100 (Bacariza et al., 2018) 
15%Ni/MCM-41 Impregnation 450 ◦C, 1 atm 70 100 
15%Ni/SBA-15 Impregnation 450 ◦C, 1 atm 75 100 
5%Ni/ZSM-11 Impregnation 250 ◦C, 1 atm 65 30 (Azzolina-Jury et al., 2017) 
2.5%Ni/ZSM-11 Impregnation 250 ◦C, 1 atm 60 30 
< 10%Ni/SBA-15 Hydrothermal 550 ◦C, 1 atm 78 100 (Liu and Tian, 2017) 
Ni/MSN Sol-gel 350 ◦C, 1 atm 0.3 0 (Aziz et al., 2014) 
5%Rh/MSN Impregnation 350 ◦C, 1 atm 99.5 100 
5%Ru/MSN Impregnation 350 ◦C, 1 atm 95.7 100 
5%Ni/MSN Impregnation 350 ◦C, 1 atm 85.4 99.9 
5%Ir/MSN Impregnation 350 ◦C, 1 atm 9.5 83 
5%%Fe/MSN Impregnation 350 ◦C, 1 atm 4 92 
5%Cu/MSN Impregnation 350 ◦C, 1 atm 3.3 79 
3.7%Ru/CeO2/r Hydrothermal for CeO2, followed by wetness impregnation 350 ◦C, 1 atm 75 99 (Ashok et al., 2020) 
10%Ni/CeO2 Wet impregnation 350 ◦C, 1 atm 93 100 
10%Ni/CeO2-ZrO2 Ammonia evaporation 275 ◦C, 1 atm 55 99.8 
10%Co/ZrO2 Wetness impregnation 400 ◦C, 30 atm 92.5 99.9 
2%Co/ZrO2 Incipient wetness impregnation 400 ◦C, 30 atm 85 99 
20%Co/KIT-6 Wetness impregnation 280 ◦C, 1 atm 48.9 100  
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reduction of CeO2 enhanced CO2 conversion over Ni/CeO2. Metal oxide 
CeO2 with diverse morphologies, exposing different facets, resulted in 
high CO2 conversion. When compared to octahedral and cubic shape 
CeO2, well-controlled CeO2 in a specific rod shape with 1 1 1 and 1 
0 0 orientation increased catalytic activity by up to 80% conversion 
(Sakpal and Lefferts, 2018). Ni metal showed different catalytic activity 
when deposited onto MCM-41, HY, SiO2 and γ-Al2O3. High concentra-
tions of basic sites increased the turnover frequency, while defect sites or 
oxygen vacancies were responsible for the formation of surface carbon 
species (Aziz et al., 2015). High surface areas of the support enhanced Ni 
dispersion and crystal defects that can promote CO2 conversion at low 
temperatures (Tada et al., 2017). 

A metal promoter is incorporated into the CO2 methanation catalyst 
to enhance selectivity and prevent catalyst deactivation (Table 5). The 
promoter was reported to enhance surface hydroxyl (-OH) groups and 
surface oxygen vacancies on support, which is crucial for promoting CO2 
adsorption and dissociation (Quindimil et al., 2018). For example, when 

non-reducible supports like Al2O3 and ZrO2 were used, the presence of a 
metal oxide promoter like CeO2 increased the number of oxygen va-
cancies, which improved CO2 adsorption and dissociation (Pastor-Pérez 
et al., 2018). Similar trends in Ce when incorporated into a transition 
metal oxide support such as TiO2 (Makdee et al., 2020). This section will 
elucidate the role of promoters such as Ce, rare-earth elements (La, Sm, 
and Gd), and alkali metal promoter (Li, Na, Ca, and K) for increasing the 
activity of Ni based catalysts. 

3.1. Ce promoter 

Cerium, as a promoter enhances the surface oxygen vacancy of the 
support (Makdee et al., 2020; Sun et al., 2020), improves Ni dispersion, 
prevents Ni sintering (Makdee et al., 2020; Hu and Lu, 2009; Gac et al., 
2019; Guilera et al., 2019), increases the reducibility of Ni (Makdee 
et al., 2020; Guilera et al., 2019) and enhances CO2 adsorption capacity 
(M.C. Le et al., 2017). Ceria (CeO2) is generally used as support for CO2 
methanation catalysts and also in a variety of applications such as 
direct-methane fuel (Lda et al., 1999), FCC catalyst (Dejhosseini et al., 
2013), CO oxidation, photocatalysis, and water-gas-shift (WGS) re-
actions (Vecchietti et al., 2014). CeO enhanced the adsorption and 
activation of oxygen-containing compounds, such as NOx, CO2, CO, and 
hydrocarbons. As a rare-earth element, the utilization of Ce for support 
is not economically viable due to its high price. Therefore, Ce was used 
in a small quantity to promote the number of surface oxygen vacancies 
Al2O3 and TiO2 (Guilera et al., 2019; Liu et al., 2012). On reducible 
supports such as TiO2, Ce altered the structural properties of the support, 
which consequently enhanced CO2 methanation. EXAFS analysis 
revealed the expansion of the TiO2 lattice due to Ce incorporation into 
the TiO2 lattices, which was responsible for the generation of oxygen 
vacancies (Makdee et al., 2020). 

Ce improves metal-support interaction and reducibility when used as 
a promoter on non-reducible supports, such as Al2O3 and zeolite. As non- 
reducible supports, the number of oxygen vacancies of Al2O3 and zeolite 
was limited; therefore, incorporation of Ce increased Ni reducibility 
through the oxygen mobility properties of CeO2. Ce also introduced the 
intermediate strength basic sites that can promote CO2 adsorption and 

Table 4 
Comparison of metal catalysts for CO2 methanation (Aziz et al., 2014; Jalama, 
2017).  

Metal based 
catalyst 

Strength Drawbacks 

Rhodium (Ru) Most active metal 
High methane yield at low 
temperature 
Higher stability than Ni 

More expensive than Ni 

Nickel (Ni) Selective to CO and CH4 

Good activity performance 
maximum at 600 ◦C 

Easily deactivated 

Cobalt (Co) Almost like Ni 
Does not need promoter 

Higher prices compared to Ni 

Iron (Fe) Long lifetime catalyst 
Can be operated in higher 
temperature 700–950 ◦C 

Very low activity 

Molybdenum 
(Mo) 

Higher methane selectivity 
than Ni 
Has sulfur tolerant 

Low CO2 conversion 
compared to Ni, Ru, Fe and 
Co  

Table 5 
Metal promoter for Ni-based catalysts in CO2 methanation reaction.  

Promoter Catalyst Surface area (m2/g) Catalytic activity Ref. 
T ( ◦C) H2/ 

CO2 

Promoter content (%wt) XCO2 (%) SCH4 (%) 

– Ru/TiO2 – 450 4/1 – 50 80 (Petala and Panagiotopoulou, 2018) 
Cs Ru/TiO2 – 450 4/1 0.2 62 96 
K Ru/TiO2 – 450 4/1 0.2 60 84 
Li Ru/TiO2 – 450 4/1 0.2 60 81 
Na Ru/TiO2 – 450 4/1 0.2 65 97 
Na Ru/TiO2 – 450 4/1 0.4 69 98 
Na Ru/TiO2 – 450 4/1 0.6 70 99 
– Ni/ 

ZrO2-V 
89.45 450 4/1 – 70 88 (Lu et al., 2016) 

La Ni/ 
ZrO2-V 

73.78 450 4/1 0.83 89 85 

Fe Ni/ 
ZrO2-V 

74.28 450 4/1 2.93 75 95 

Ce Ni/ 
ZrO2-V 

75.99 450 4/1 1.39 79 85 

Co Ni/ 
ZrO2-V 

74.71 450 4/1 1.15 74 90 

Ce-Pr Al2O3/ 
SiO2 

128.6 400 4/1 4 40 83 (Lechkar et al., 2018) 

Ce-Pr Al2O3/ 
SiO2 

141.9 400 4/1 1.5 35 80 

Ce-Pr 5%wt Ni/ 
Al2O3/ 
SiO2 

142.9 350 4/1 4 55 99 

Ce-Pr 5%wt Ni/ 
Al2O3/ 
SiO2 

131.9 350 4/1 1.5 49 90  
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hydrogenation (Debek et al., 2015). Apart from enhancing the disper-
sion of Ni and Ni-Al2O3 interactions, incorporation with Ce also 
exhibited a higher CO2 adsorption capacity (Daroughegi et al., 2021). 
Nizio et al. (Nizio et al., 2016) used Ce as promoters for Ni-Mg-Al 
hydrotalcite-derived catalysts, indicating high activity following the 
addition of Ce promoter at relatively higher temperatures. The role of Ce 
as a promoter of nickel catalysts was also compared to La, Fe, and Co 
using zirconia modified clays as support. The catalysts doped with rare 
earth La and Ce exhibited higher methane selectivity than those doped 
with transition metals Fe and Co. The reduction of Ce3+ to Ce4+produces 
defects and promotes the generation of oxygen vacancies to facilitate 
direct dissociated adsorption for CO2 conversion (Lu et al., 2016). 

3.2. Other rare earth element promoters 

Other rare earth elements such as La, Sm, Y, and Gd have been 
investigated as Ni promoters mainly to enhance the basicity of the cat-
alysts (Li et al., 2005). The number of basic sites increased in general 
with promoter loading (Wierzbicki et al., 2016). The evolution of 
lanthanum oxide has been shown to cause partial blockage of hydro-
talcites basic sites and to introduce a new medium-strength basic site (D. 
Wierzbicki et al., 2018). CO2-TPD profiles of La-derived catalysts indi-
cated three deconvoluted Gaussian peaks corresponding to low strength 
basic sites (surface OH− ), medium, and strong (low-coordination surface 
O2− ). The additional medium strength basic sites were known to play a 
role in the CO2 methanation reaction. Aside from improving catalyst 
basicity, rare-earth promoters improved Ni dispersion, lowering Ni 
activation energy, and preventing Ni deactivation (Xu et al., 2017; 
Perkas et al., 2009). Most Ni catalysts interacted strongly with support, 
necessitating a high temperature reduction, which is not ideal for low 
temperature reactions. For example, Ni deposited on Al2O3 showed a 
strong interaction as the result of the formation of the hard-reducible 
nickel aluminate species (Vrijburg et al., 2020; Cai et al., 2011). Since 
CO2 methanation favours reactions at low temperatures, promoters were 
added to control the metal/support interaction. Lanthanum oxide 
reduced the interaction between Ni and the Al-Mg hydrotalcite matrix, 
resulting in improved reducibility (D. Wierzbicki et al., 2018). Another 
investigation on La, Zr, Fe, Co, and Cu as promoters on Ni/Al2O3 cata-
lysts showed the potential of rare-earth elements to increase Ni reduc-
ibility, stability, and catalytic performance at low temperatures 
(Valinejad Moghaddam et al., 2018). Methods for incorporation of metal 
promoters La was also explored via co-precipitation, impregnation, and 
ion-exchange on a Ni-hydrotalcite based catalyst. The ion-exchange 
method produced catalysts with increased basic sites, while the 
impregnation led to the reduction of medium strength basic sites. The 
results showed outstanding catalytic activity at 300 ◦C, with CO2 con-
versions around 36–87% and CH4 selectivity of 98–99% at low tem-
peratures around 250 ◦C (D. Wierzbicki et al., 2018). 

Gadolinum doped ceria (GDC) has been investigated as a support for 
CO2 methanation (Vita et al., 2018). The presence of Gd2O3 as a pro-
moter enhanced the structural properties of Ni/CeO2 catalysts, such as 
crystallite size, surface area, metal-to-support interaction, basicity, and 
oxygen vacancies, and improved thermal and mechanical resistance 
(Vita et al., 2018). Frontera et al. (Frontera et al., 2017) also reported the 
formation of catalysts with enhanced dispersion of Ni nanoparticles 
when using GDC as support. The catalysts also showed a strong Ni-Ce 
interaction that evidently improved CO2 conversion (>90%) at 400 ◦C 
with almost 100% selectivity to CH4. 

Rare-earth element as promoter enhanced the surface oxygen va-
cancy of catalysts as reported on Sm and Y on Ni/ZrO2 (Takano et al., 
2011). Ni/Sm/ZrO2 produced from an aqueous ZrO2 solution containing 
nickel and rare earth element salts at 50% Ni and 50% Zr-Sm oxide 
loading demonstrated enhanced methanation activity (Takano et al., 
2011). The oxygen vacancies that were created following the introduc-
tion of Sm and Y promoters formed a strong interaction between support 
and oxygen in CO2, thus weakening the C–O bond strength and leading 

to the enhancement of hydrogenation of CO2 to form CH4. Yttrium (Y) 
was also reported to exist as Y3+ as an important species for CH4 for-
mation due to the adsorption of CO2 on oxygen vacancy sites (Takano 
et al., 2016). 

3.3. Alkali and alkali earth metals promoter 

Alkali and alkali earth metals such as Li, Na, K and Ca were utilized 
as promoters mainly to improve the oxygen vacancies, Ni dispersion and 
to control the formation of intermediates to favor methane production. 
The addition of Na to Ni/SiO2 via the wet impregnation method at 
various concentrations reduced the size of Ni nanoparticles. Na was 
observed near Ni, thus preventing particle agglomeration by blocking 
the surface of metallic Ni. The results showed high activity of Na/Ni/ 
SiO2 to give 90% of CO2 conversion for 10 h (Le et al., 2018). Takano 
et al. (Takano et al., 2015) synthesized Ni/Ca-doped ZrO2 catalysts with 
varying Ca2+ concentrations and found that increasing Ca2+ concen-
tration increased catalytic activity for CO2 methanation. Ni/Ca-doped 
ZrO2 catalysts also achieved almost 100% CH4 selectivity. Ca and Ni 
existed as ions that were incorporated within tetragonal ZrO2, thus 
creating oxygen vacancies (Eq. (19) and Eq. (20)). 

CaO = CaZr + Vo + Oo (19)  

NiO = NiZr + Vo + Oo (20) 

The oxygen vacancies attracted CO2 to form intermediate carbonate 
species on the ZrO2 surface. Atomic hydrogen on Ni particles progres-
sively reduced the adsorbed carbonate species into formate, formalde-
hyde, methoxy, and methane. A comparison of the effects of various 
alkali promoters (Li, Na, K, and Cs) at different weight loadings 
(0.0–0.40 wt.%) on Ru/TiO2 catalysts was carried out by Petala et al. 
(Petala and Panagiotopoulou, 2018). Turnover frequency (TOF) of 
promoted 0.5%Ru/TiO2 catalysts follows the order of TiO2 (unpro-
moted) < Li ~ K < Cs < Na. Alkali promoters were suggested to improve 
the hydrogenation of intermediates for CH4 formation over well 
dispersed Ru particles. The optimized 0.5%Ru/ 0.2%Na-TiO2 catalyst 
exhibited a higher specific activity than 5% Ru loading, therefore, is a 
promising candidate for the CO2 methanation reaction. 

4. Catalysts for CO2 hydrogenation to C2þ products 

CO2 hydrogenation towards higher hydrocarbons or alcohols is a 
thermodynamically challenging process due to the further C–C 
coupling reaction required for carbon chain growth. Therefore, the re-
action is generally carried out at high pressure to overcome thermody-
namic restrictions. The stoichiometric CO2 to hydrogen ratio in the 
methanation reaction is fixed at 1:4; however, for higher hydrocarbon 
products, the amount of hydrogen gasses varies depending on the 
desired products (Dorner et al., 2009; Wei et al., 2017). Most of the 
reported studies, as summarized in Tables 6 and 7, have variable ratios 
of CO2:H2 from 1:1 to 1:6, with the different concentrations of gas re-
actants affecting the selectivity of hydrocarbons. Hydrogenation of CH3* 
intermediates into CH4 was inhibited when the CO2 to H2 gas feed ratio 
was reduced from 1:4 to 1:3 (Dorner et al., 2009). Nevertheless, the 
reaction can be summarized below for ethylene and ethanol formation 
(Eq. (21) and Eq. (22)). 

2 CO2 + 6 H2→CH3CH2OH + 3 H2O (21)  

2 CO2 + 6 H2→C2H4 + 4 H2O (22) 

In CO2 hydrogenation to higher hydrocarbons or alcohol, the cata-
lysts must possess an active center that can stabilize CO* or CHx* in-
termediates for the C–C coupling reaction (Ye et al., 2020; L. Wang 
et al., 2018). The formation of methyl (CH3*) and CO* species was 
crucial in promoting the C–C coupling reaction for forming longer 
chain molecules. CO2 methanation catalysts or hydrogenation catalysts 
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were modified with promoters to control the ability to adsorb and 
dissociate H2, thereby limiting methane formation. Apart from that, 
promoters such as Co and Mn, and alkali metal promoters such as Na and 
K enhanced surface hydroxyl and oxygen vacancies to initiate C–O 
bond dissociation (Ding et al., 2019; B. Liang et al., 2019). Another 
popular method for producing higher hydrocarbons is through the for-
mation of hybrid bifunctional catalysts. Hybrid CuCeO2/SAPO-4 cata-
lysts increased the conversion of CO2 to light olefin at high 
temperatures. CO2 hydrogenation to a longer chain molecule was car-
ried out at 400 ◦C, above the ideal temperature for methanol synthesis. 
The resulting CO was then reacted with methoxy species to produce 
olefin (Sedighi and Mohammadi, 2020). 

4.1. Promoter for CO2 hydrogenation to olefin 

The mechanism of CO2 hydrogenation to olefin discussed in Section 
2.2 illustrated the importance of controlling the formation of CH3* 
species for C–C coupling. Further hydrogenation of CH3* produced 
methane, thus reducing selectivity towards C2 molecules. Promoter 
enhances the number of surface oxygen vacancies for C–O bond 
dissociation and reduces the hydrogenation potential, preventing 
methane formation. Metal oxide promoters such as Co and Mn were 
added to create synergy with Fe and consequently influence H2 disso-
ciation ability (Z. Zhang et al., 2020). Interaction between iron as an 
active species with another metal oxide promoter, such as Co, reduced 
the interaction with adsorbed H2 (Satthawong et al., 2015). As a metal 
promoter, potassium (K) partially covered the metal surface with its 
oxide, reducing the adsorption strength with hydrogen and, as a result, 
restricting further hydrogenation (Satthawong et al., 2015). CO2 hy-
drogenation to olefin is under competition with paraffin formation (Z. 
Zhang et al., 2020). Controlling the hydrogenation potential of the 
catalysts suppressed paraffin formation. Na and Mn promoters were 
reported to enhance selectivity towards olefin when added to Fe3O4 
catalysts (Z. Zhang et al., 2020). The spatial hindrance of Mn suppresses 
the chain growth, consequently enhancing the number of surface short 
alkyl-metal intermediates. The synergy created with the Na promoter 
that could transfer electrons from Na to Fe atoms favors the beta-H 

abstraction of the short alkyl-metal intermediates to form light olefin. 
The electron transfer between Na and Fe atoms allowed back donation to 
C* in the C-metal bond (Liu et al., 2018). 

Most of the investigated metal catalysts for CO2 hydrogenation to 
olefin are Fe and Cu deposited on supports such as ZrO2 (Gu et al., 2019; 
J. Ding et al., 2020), zeolite (Sedighi and Mohammadi, 2020; Huang 
et al., 1995), and Al2O3 (W. Wang et al., 2018; Satthawong et al., 2015). 
Bifunctional nanostructured catalysts with high oxygen vacancies were 
formed on FexCoyZrzKpOδ catalysts. Oxygen vacancies facilitated CO2 
dissociation into CO as an intermediate species for the C–C coupling 
reaction and inhibited CH4 by-products (Le et al., 2018). Oxygen va-
cancies can stabilize the intermediates in CO2 hydrogenation and acti-
vate the CO2 via adsorbing the O atoms in CO2 molecule (Gu et al., 2019; 
Hamid et al., 2017). The addition of Mn as a promoter on Na/Fe cata-
lysts appeared in close proximity to Fe species, controlling the capacity 
and strength of CO adsorption for further C–C coupling to longer chain 
olefins (B. Liang et al., 2019). Mn was also responsible for the formation 
of Fe5C2 active species that is responsible for producing hydrocarbon 
and inhibiting the RWGS reaction on Fe3O4. The optimized loading of 
Mn enhanced Fe5C2 formation and consequently reduced the carbon 
chain growth, selectively producing C2–C4 hydrocarbons (B. Liang et al., 
2019). 

The interfacial contact between carbonaceous potassium, K pro-
moters, and iron catalysts allowed for precise control of C–O dissocia-
tion and subsequent C–C coupling for high yields of hydrocarbon 
olefins (Han et al., 2020). Utilization of carbonaceous K promoted the 
interaction between K2CO3 and active Fe5C2 species, as evident by 
HRTEM analysis (Han et al., 2020). A bimetallic alloy carbide (Fe1-x-

Cox)5C2 formation in Na-CoFe2O4/CNT was identified as an active cat-
alytic site for CO2 hydrogenation towards the preferential C2–C4 olefins 
(Kim et al., 2020). The advantages of carbide species toward carbon 
chain formation were also observed on K/Fe-Al-O spinel catalysts. Car-
bide species were purposefully produced at 300 ◦C under CO/H2 flow to 
ensure high CO2 conversion and selectivity to light olefins (Elishav et al., 
2020). Improving CO2 hydrogenation to light olefin is by increasing the 
interaction between the metal oxide and K promoter. An investigation 
into the structural changes of Fe-Co/K-Al2O3 catalysts when calcined at 

Table 6 
Catalysts for CO2 hydrogenation to light olefin.  

Catalysts Promoter Preparation Reaction condition Conversion Ref. 

CuCe/SAPO-4 Ce Deposition-precipitation T = 300–500 ◦C 
P = 2MPa 
3H2:CO2 

χCO2=

Solefin=70.4% 
(Sedighi and 
Mohammadi, 2020) 

Fe0.30Co0.15Zr0.45K0.10O1.63 K Hydrothemal synthesis Fixed bed reactor 
T = 260–250 ◦C 
P = 2MPa 
4H2:CO2 

LHSV: 3500 h− 1 

χCO2= 63.98% 
SC2H4=63% 

(Ding et al., 2019) 

Mn–Na/Fe Na co-precipitation method stainless steel tubular (i.d. 10 mm) 
fixed-bed reactor 
T = 260–250 ◦C 
P = 3MPa 
Feed gas H2/CO2/Ar =of 69/23/8/1 
GHSV: 2040 mL h − 1 gcat− 1 

χCO2= 38.6% 
SC2–C4=30.2% 

(B. Liang et al., 2019) 

Na-CoFe2O4/CNT Na thermal decomposition of a 
metal–oleate complex 

stainless steel fixed-bed reactor 
T = 260–250 ◦C 
P = 1MPa 
Feed gas H2/CO2/N2 = 9/3/1 
WHSV=3600 mL⋅h − 1⋅gcat− 1 

χCO2= 34.4% 
SC2

=-C4
==38.8% 

(Kim et al., 2020) 

Carburized ceramic K/FeAl-O 
nanobelts 

K Electrospinning stainless steel fixed-bed reactor 
T = 300 ◦C 
P = 1MPa 
Feed gas H2/CO2 = 4/1 
WHSVCO2 = 1 h − 1 

χCO2= 48% 
SC2

=-C4
==52% 

(Elishav et al., 2020) 

Fe-Co/K-Al2O3 K two-step incipient wetness 
impregnation method 

fixed bed stainless steel reactor 
T = 300 ◦C 
P = 2MPa 
Feed gas H2/CO2/N2 = 3/1/1 

χCO2= 49% 
Shydrocarbon=

90.6% 
Olefin/ 
paraffin=6.5 

(Numpilai et al., 2017)  
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Table 7 
Catalysts for CO2 hydrogenation to ethanol/alcohol.  

Catalyst Promoter Preparation Reaction condition Conversion Active sites Ref. 

Cs-Cu-Fe-Zn Cs Impregnation Fixed-bed reactor 
T = 350 ◦C 
P = 5.0 MPa 

STY etanol of 73.4 mg 
gcat− 1h− 1 

CuFeZn (Xu et al., 2020) 

K-Mn-Fe2O3/ 
N–CNT 

K-Mn Impregnation Fixed-bed reactor 
T = 653 K 
P = 25 bar 

Xco2=34.39 
Salcohol=70.5 

Fe2O3 (Kangvansura et al., 
2017) 

Na-Co/SiO2 Na Incipient wetness 
impregnation 

Flow reactor 
T = 250 ◦C 
P = 5.0MPa 
3H2:CO2 

GHSC=4000 h − 1 

Xco2=18.82 
Salcohol=9.54 
Sethanol/alcohol = 62.81 

Co2C (S. Zhang et al., 
2020) 

PdCu/ 
TiO2 

Pd Colloidal method Stainless steel autoclave 
T = 200 ◦C 
P = 3.2 MPa 
3H2:CO2 

Xco2= N.D 
Salcohol=N.D 
Sethanol/alcohol = 78.1% 

Pd2C (Bai et al., 2017) 

Au/TiO2 – Deposition-precipitation Stainless steel autoclave 
T = 200 ◦C 
P = 50 bar 
3H2:CO2 

Solvent: DMF 

STY= 942.8 mmol gAu − 1 h −
1, 

Anatase oxygen vacancies (D. Wang et al., 
2016) 

RhFeLi/TiO2 Rh-Fe Impregnation Fixed bed microreactor 
T = 200 ◦C 
P = 30 bar 
3H2:CO2 

Xco2= 15% 
Sethanol=30% 
Ethanol yield = 5% 

Hydroxyl group (Yang et al., 2019) 

CoAlOx – Precipitation with urea Stainless steel autoclave 
T = 200 ◦C 
P = 4 MPa 
3H2:CO2 

Ethanol yield = 0.892 mmol 
gcat − 1 h − 1 . 
Sethanol = 88.9% 

Co-CoO metal-metal oxides 
composition 

(L. Wang et al., 
2018) 

Pd/Fe3O4 – Deposition and reduction 
with NaBH4 

Packed bed reactor 
T = 250 ◦C, P = 20 bar 
3H2:CO2 

Xco2= 1.4% 
Sethanol=98% 
Ethanol yield = 440 mmol/ 
gPd.h 

Pd single atom (Caparrós et al., 
2018) 

CoNiAlOx – Co-precipitation Stainless stees autoclave 
T = 250 ◦C, P = 4MPa 
3H2:CO2 

Sethanol= 85.7% 
Ethanol yield = 15.8 mmol 
gcat− 1 

CoNi alloy phase (Wang et al., 2019) 

Co/La-Ga-O La Citrate-complexing 
method 

Fixed-bed flow micro- 
reactor. 
T = 240 ◦C, P = 3MPa 
3H2:CO2, GHSV= 3000 
mL/(gcat) 

Xco2= 9.8% 
Sethanol=74.7% 

Co0 and Coδ+ (Zheng et al., 2019) 

Ir-In2O3 – Wet impregnation stainless-steel autoclave 
1 MPa of CO2 and 5 MPa 
of H2 

T = 200 ◦C 

Sethanol=99.7% 
TOF = 481 h − 1 

Ir single atom (Majhi et al., 2019) 

Rh-Li/SiO2 Li Wet impregnation Stainless stees autoclave 
T = 513 K, P = 5MPa 
3H2:CO2, 100 ml/min 

Xco2= 7% 
Sethanol=15.5% 

Li stabilize CO as 
intermediate species 

(Kusama et al., 
1996)  

Fig. 8. CO2 hydrogenation to olefin a) with K promoter and b) without promoter (Barrios et al., 2022). Copyright © 2022 American Chemical Society.  
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various reaction temperatures revealed physicochemical changes in the 
catalysts and metal oxide interaction (Numpilai et al., 2017). K was also 
reported to enhance CO2 adsorption capacity on Fe-CO catalysts (Sat-
thawong et al., 2015). 

A well dispersed Mn promoter on a Fe3O4 catalyst was reported to 
enhance CO2 adsorption and activation of C = O bonds. Mn inhibits 
secondary hydrogenation reaction, consequently improving the olefin 
selectivity. Increasing Mn concentration reduced paraffin production 
without affecting the conversion or CH4 selectivity, suggesting Mn 
inhibited further hydrogenation of olefin to paraffin (Jiang et al., 2020). 
Mn and K were also used as promoters to boost the activity of iron 
catalysts deposited onto nitrogen-doped carbon nanotubes (Kangvan-
sura et al., 2017). Another study on the effect of Mn promoter on NaFe 
catalysts indicated that the tuning of Mn content affected the physico-
chemical properties of iron oxides. A high loading of Mn produced the 
formation of surface Fe species around Mn that enhanced CO2 adsorp-
tion. However, the Fe5C2 species required for CO hydrogenation to hy-
drocarbon was increased in low Mn concentrations (Z. Zhang et al., 
2020). The importance of Fe5C2 species in converting CO to hydrocar-
bons was further reported on Na promoter. The presence of Na sup-
pressed methane production due to the formation of Fe5C2 species that 
depended on Na concentration (B. Liang et al., 2019). 

Barrios et al. (2022) categorized the role of K (Fig. 8) as structural 
and electronic promoters. Structural promoters typically increase iron 
dispersion and carbidization, improving mechanical resistance. Elec-
tronic promoters improve the intrinsic activity of active sites (TOF). The 
promotion of alkaline metals decreases the ability of the catalyst to 
hydrogenate and enhances the rate of oligomerization of C1 surface 
monomers. Thus, oligomerization limits the light olefin selectivity of 
catalysts containing alkaline metals, while the contributions of the hy-
drogenation of the adsorbed C2–C4 species and the secondary hydro-
genation of light olefins are negligible. This shows that surface 
oligomerization should be inhibited following the creation of C4 surface 
fragments to improve the light olefin selectivity of catalysts boosted with 
alkaline metals. 

4.2. Promoter for CO2 hydrogenation to ethanol 

CO2 hydrogenation to ethanol was largely investigated using noble 
metals such as Rh (Yang et al., 2019; Kusama et al., 1997; Erdőhelyi, 
2020), Pd (Bai et al., 2017; Caparrós et al., 2018), and Au as catalysts (D. 
Wang et al., 2016) with single atom orientation. A single Pd atom 
anchored on the Fe3O4 surface showed high activity for ethanol pro-
duction. Under reducing conditions, specific metal-support interaction 
created oxygen vacancies and interstitial sites on Fe3O4, forming a 
specific active site between a Pd single atom and Fe3O4 to initiate C–C 
coupling. The metal and surface interaction was not observed using ZrO2 
and CeO2 supports (Caparrós et al., 2018). Ir catalysts are another noble 
metal that has been studied for CO2 hydrogenation to ethanol. Ir-In2O3 
single atom catalysts were produced using wet impregnation of H2IrCl6 
solution on In2O3. The catalyst exhibited high selectivity toward 
ethanol, at 99% selectivity during liquid hydrogenation of CO2. C–C 
bond coupling occurred between CO* generated on the isolated Ir atom 
species and adsorbed CH3O* on In2O3. Lewis acid-base pair formed 
between the single atom Ir and the adjacent oxygen vacancy in In2O3 
promoted C–C coupling to form ethanol (Majhi et al., 2019). 

The limitation of single atom catalysts for CO2 hydrogenation to 
ethanol is their susceptibility to particle sintering, especially when the 
reaction time is long, and the temperature is high. The addition of a 
secondary metal promoter, such as Cu, formed a bimetallic Pd alloy that 
guided CO2 hydrogenation towards C–C coupling to ethanol (Bai et al., 
2017). In CO2 hydrogenation to ethanol, a Pd2Cu bimetallic catalyst 
deposited on TiO2 improved selectivity, stability, and activity. Pd-Cu 
charge transfer enabled CO2 hydrogenation to ethanol, which was pre-
viously restricted to Pd monometallic (Bai et al., 2017). In the presence 
of a Ga promoter, high ethanol production was observed via a physical 

mixture of Pd and Ga on Fe-based FT catalysts due to the suppression of 
hydrogen spillover and the reduction of the amount of exposed Fe that 
inhibited the methanation reaction. Pd and Ga concentrations were 
varied to maintain the optimum oxidation–reduction states of FT cata-
lysts for ethanol production (Inui et al., 1999). 

The presence of surface oxygen vacancies was also reported as an 
essential aspect of catalysts for ethanol production. Au nanocluster 
deposited on TiO2 showed abundant oxygen vacancies created on TiO2 
anatase, increasing the performance of ethanol at mild reaction condi-
tions. The studies indicated that Au clusters on anatase showed superior 
ethanol formation compared to rutile, brookite, and amorphous TiO2. 
The importance of oxygen vacancy was also reported when using Rh/ 
TiO2 catalysts. TiO2 as support and a high concentration of hydroxyl 
groups created a synergistic effect with the well dispersed Rh nano-
particles to stabilize formate intermediates and protonated methanol. 
RhFeTi was deposited on TiO2 prepared from the hydrothermal syn-
thesis of a mixture of titanium tetrachloride, nitric acid, and water. The 
resulting TiO2 showed a high concentration of hydroxyl groups 
compared to commercial TiO2, reducing the energy barrier for C–O 
bond scission (Yang et al., 2019). 

Adding metal promoters to noble metal catalysts reduced the hy-
drogenation potential. Rh/SiO2 catalysts deposited with a Li promoter 
enhanced selectivity and CO2 conversion to ethanol while constraining 
further hydrogenation of CO intermediate species to methane (Kusama 
et al., 1996). Fe promoter was also reported to increase selectivity to-
wards ethanol on Rh catalysts by catalyzing CO formation from RWGS. 
However, high concentrations of Fe encapsulated in Rh can deactivate 
the catalyst (Yang et al., 2019). Apart from precious metal catalysts, 
transition metals such as Co, Cu and Fe have also received significant 
interest with promising activity to activate C–C coupling during CO2 
hydrogenation reaction to ethanol (L. Ding et al., 2020; Gogate and 
Davis, 2010; Zheng et al., 2019). In its oxidized states, Cobalt could form 
oxygen vacancies under a reducing environment that help dissociate 
CO2 into CO intermediates. Cobalt was also used as support for noble 
metal catalysts to produce higher alcohol. Pt deposited on Co3O4 showed 
superior activity than Ru, Rh and Pd (He et al., 2016). However, the type 
of solvent significantly influenced the activity of Pt/Co3O4. Water 
enhanced ethanol production at low temperatures compared to (1, 
3-dimethyl-2-imidazolidinone (DMI). Water facilitated the dissociation 
of methanol to form *CH3 during C–C coupling reaction (He et al., 
2016). CoAlOx catalysts produced from co-precipitation have high 
selectivity to ethanol following reduction at 600 ◦C. XANES analysis of 
the CoAlOx catalyst reduced at 600 ◦C indicated the formation of Co 
metallic co-existence with CoO, responsible for increasing the formation 
of CHx* species for C–C coupling. The composition of Co-CoOX was 
crucial for enhancing ethanol production on Cobalt based catalyst (L. 
Wang et al., 2018). 

The oxidation states of Co are critical in navigating the selectivity 
towards ethanol. Co in its metallic state reduced CO2 into methane, 
therefore modification of Co with metal promoter controlled its reduc-
tion potential to increase ethanol production. Cobalt catalysts promoted 
with Na deposited on SiO2 and Si2N4 produced 18% CO2 conversion, 
with 62.8% ethanol selectivity relative to the alcohol distribution at 250 
◦C and 5 MPa. The catalysts also produced CO and methane as 
byproducts of the reverse water gas shift and methanation reactions. The 
important parameters that influenced ethanol production were sug-
gested to be originated from the strong metal-support interaction be-
tween Si-O-Co bond (S. Zhang et al., 2020). Co was incorporated with Ni 
metal to form CoNiAlOx catalysts to enhance CO2 hydrogenation to 
ethanol while suppressing methane formation. The presence of CoNi 
phase accelerated the formation of *CHx intermediate, the vital species 
that initiated C–C coupling (Wang et al., 2019). The advantage of 
suppressing Co metallic phase was further evidenced by incorporating 
the Ga promoter in Co/La-Ga-O composite. Although the CO2 conver-
sion was significantly reduced following Ga addition due to the inhibi-
tion of methane, the resulting products showed a high distribution 
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towards ethanol. The selectivity of ethanol was increased via the 
incorporation of Ga in proximity with Co. Ga suppressed the formation 
of methane and enhanced ethanol production. Ga also stabilized Co0 to 
form a synergistic effect between Co0 and Coδ+. The promotional effect 
of Ga was proven by the shift of H2 TPR peak, which indicated Ga sta-
bilized Co2+ species and prevented metallic Co◦ formation (Zheng et al., 
2019). The effect of support on Cu activity was illustrated in Fig. 9. 

5. Summary and future perspective 

Hydrogenation of CO2 to value added carbon commodities is a green 
route for utilization of the major greenhouse gas arising from anthro-
pogenic activity. Apart from conversion to methane, a wide range of 
applications of long chain carbon molecules in industries has prompted 
studies towards the production of alcohol and olefin from CO2. The 
structure of the catalysts and the reaction conditions significantly 
influenced the selectivity of hydrogenated molecules. Direct CO2 hy-
drogenation to longer chain molecules such as olefin and ethanol 
required a high pressured catalytic reaction system compared to CO2 
methanation reaction. The major challenge for CO2 hydrogenation re-
action to higher carbon molecules is to increase C–C coupling reaction 
steps. This can be achieved by controlling further hydrogenation of 
CHx* intermediates species to CH4. Retaining the C–O bond during 
C–C coupling step was proven to be a challenge. Based on the type of 
catalysts, the intermediate species that initiated C–C coupling reaction 
were determined as methyl species (*CH3) and carbon monoxide species 
(*CO) that will react to form C–C bond. This review has highlighted 
that metal promoters are essential to control H2 dissociation potential 
and CO2 activation. Promoters modify metal catalyst reducibility, metal 
dispersion and thermal stability against coke deposition. 
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