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Abstract 

Since several years the hydrogenation of carbon dioxide to methanol has raised much 

awareness among scientists. It presents an effective method to transform the 

greenhouse gas carbon dioxide into methanol which is a promising way to decrease 

carbon dioxide emissions to stem global warming. Methanol is a very attractive product 

as it is a versatile substance and can be utilized as chemical feedstock, solvent or fuel. 

To enable the reaction to proceed at an adequate reaction rate a catalyst is necessary.  

The purpose of this work is to give an overview on the current state of research 

concerning heterogenous, copper-based catalysts for the hydrogenation of carbon 

dioxide to methanol. A variety of copper-based catalysts was prepared by several 

methods and tested in different compositions with various supporting materials and 

promoters to get a highly active, selective and stable catalyst for the wanted reaction. 

To facilitate the development of the most suitable catalyst with all desired properties 

knowledge of the reaction mechanism is essential. By now the main reaction route is 

not entirely known. In literature a formate pathway, a hydrocarboxyl pathway and a 

reverse water-gas shift reaction and carbon monoxide hydrogenation pathway can be 

found. 

Prospective it is fundamental to put more emphasis on the reaction mechanism to gain 

a deeper understanding of the reaction and on treatment of the spent catalysts.  

  



Kurzfassung 

Seit einigen Jahren ist die Hydrierung von Kohlenstoffdioxid zu Methanol ein aktuelles 

Thema in der Forschung. Sie stellt eine wirkungsvolle Methode zur Umwandlung des 

Treibhausgases Kohlenstoffdioxid zu Methanol dar, mit dem Ziel die 

Kohlenstoffdioxidemissionen zu senken und damit die globale Erwärmung 

einzudämmen. Die Produktion von Methanol ist vorteilhaft, da Methanol eine vielseitige 

Chemikalie ist, die als Ausgangsprodukt für andere Substanzen, als Lösungsmittel 

oder als Treibstoff eingesetzt werden kann. Um das Ablaufen der Reaktion mit einer 

ausreichend hohen Geschwindigkeit möglich zu machen, ist ein Katalysator 

notwendig.  

Ziel dieser Arbeit ist es, einen Überblick über den aktuellen Stand der Forschung zur 

Hydrierung von Kohlenstoffdioxid zu Methanol mithilfe von heterogenen, kupfer-

basierten Katalysatoren zu geben. Kupfer-basierte Katalysatoren werden mit 

verschiedenen Herstellungsmethoden und in unterschiedlichen Zusammensetzungen 

erzeugt, um einen möglichst aktiven, selektiven und stabilen Katalysator für die 

gewünschte Reaktion zu erhalten. In der Zusammensetzung werden die Menge von 

Supportmaterialien, Promotoren und Kupfer variiert, als auch verschiedene Materialien 

als Supportmaterial und Promotor eingesetzt. 

Wissen über den Reaktionsmechanismus ist hilfreich, um einen Katalysator mit allen 

gewünschten Eigenschaften entwickeln zu können. Derzeit ist der 

Reaktionsmechanismus noch nicht gänzlich geklärt. In der Literatur werden drei 

Reaktionswege diskutiert: die Format-Route, die Carboxy-Route und die umgekehrte 

Wassergas-Shift-Reaktion und Kohlenstoffmonoxid Hydrierungs-Route. 

In Zukunft ist es wichtig, sich in der Forschung vermehrt auf den 

Reaktionsmechanismus zu konzentrieren, um die Reaktion besser verstehen zu 

können. Aber auch der Entsorgung der Katalysatoren muss Aufmerksamkeit 

geschenkt werden. 
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1. Introduction 

Catalysis means increasing the reaction rate of a chemical reaction without changing 

the chemical equilibrium by adding a catalyst.[1] Catalysts can support reactions to 

proceed at milder conditions without being consumed. Further, the introduction of 

catalysts to chemical reactions can modify the selectivity of the resulting products.[2] 

In over 90 % of the production of chemical substances at least one catalytic step is 

involved.[3] In the past decades the production of methanol by catalysis using CO2 

(carbon dioxide) and H2 (hydrogen) as starting materials has become of high 

interest.[4]  

Catalysis can be divided into homogeneous and heterogeneous catalysis. 

Homogeneous catalysis describes reactions where the reactants and the catalyst are 

present in the same phase. Whereas in the case of heterogeneous catalysis the 

reactants and the catalyst are not present in the same phase which involves 

advantages like higher stability, easier handling, easier separation of the catalyst and 

the reaction mixture and the possibility to reuse and recycle the catalyst.[5][6] Often 

the catalyst is a solid material while the reactants are liquids or gases.[7] 

Heterogeneous catalysis is based on the coordination of reactant molecules on the 

active sites of the catalyst. The catalyst surface has active sites, meaning free 

coordination sites where reactant molecules can adsorb. Regarding Sabatier’s 

principle intermediate states between the catalyst surface and the reactants are built 

during the reaction. After the reaction the product desorbs and the procedure is 

repeated. Thus, the catalyst is active for many reaction cycles.[1]  

In times of climate change the awareness for worldwide carbon dioxide emissions 

rises. As CO2 is a greenhouse gas it contributes to global warming.[8] In the last  

800 000 years the CO2 concentration was always below 300 ppm. This changed with 

the industrial revolution where people started to burn fossil fuels. Comparing global 

carbon dioxide emissions in 1950 with those from 2017 the annual emissions 

increased from about 5∙109 tons up to over 36∙109 tons as shown in Figure 1.[9] The 

concentration of CO2 in the atmosphere increased about 20 % in the last forty years 

and reached 410.88 ppm (state: November 2019) which is the highest value in the last 

3 million years.[9][10] The global CO2 emissions are distributed as follows:  
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40 % account for energy and heat generation as coal is an important, carbon-rich 

energy source, 20 % account for manufacturing and industrial processes, as well as 

transportation of goods and people account for another 20 %.[8] To keep the global 

mean temperature increase at 2−2.4 °C above the pre-industrial temperature the CO2 

emissions have to decrease by 50 % relative to the level in 2007 by 2050.[11] For that 

reason, CO2 capture, storage and utilization have been considered as important issues 

over the past decades in order to recycle carbon and lower CO2 emissions.[12][13] 

Carbon dioxide capture could lower CO2 emissions by 60 %.[8]  

 

Figure 1: Annual CO2 emissions from 1751-2017. Statistical differences means the difference between global 
estimate and the sum of the world regions.[9] 

 

Carbon dioxide is an essential starting material, for example in the production of urea, 

methanol, formaldehyde and formic acid.[14] The normal boiling point of carbon 

dioxide is -78.5 °C and the molecular weight is 44.01 g/mol.[15] Its chemical structure 

is shown in Figure 2. 

 

 

Figure 2: Chemical structure of carbon dioxide 
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Methanol (CH3OH) is of high interest as it is utilized as solvent and alternative 

fuel.[12][16][17] In comparison to gasoline methanol shows higher performance, lower 

emissions and lower flammability.[17] Moreover, it is converted to hydrocarbons as in 

the methanol-to-gasoline, methanol-to-propene and methanol-to-olefins processes to 

generate for example propene, ethylene and propylene.[13][18][19] Methanol is the 

basis for production of paints, plastics and adhesives.[8] Additionally, it can be used 

as an energy carrier to store excess energy that is produced from wind generators or 

photovoltaic plants at peak production times. For that, the excess energy is converted 

into chemical energy in the form of hydrogen and further transformed into methanol in 

order to store the energy in an energy dense liquid form which is safe in comparison 

to hydrogen.[18][20] The sustainable production and utilization of methanol and its 

derivatives is called methanol economy.[18] Methanol is a clear liquid with a normal 

boiling point of 64.7 °C and a molar mass of 32.042 g/mol.[21][22] The chemical 

structure of methanol is pictured in Figure 3. 

 

 

Figure 3: Chemical structure of methanol (MeOH) 

 

Methanol is produced commercially using syngas, a mixture consisting of CO (carbon 

monoxide), CO2 and H2, via heterogeneous catalysis according to reaction 1. For that 

purpose, syngas is manufactured by steam methane reforming (reaction 2 and 3).[16] 

  

 CO + 2 H2 ↔ CH3OH  ΔHr
0 = -90.5 kJ/mol (1) 

 CH4 + H2O ↔ CO + 3 H2 ΔHr
0 = 206 kJ/mol (2) 

 CH4 + 2 H2O ↔ CO2 + 4 H2 ΔHr
0 = 165 kJ/mol (3)  

 

Reaction 1 is carried out over a co-precipitated Cu/Zn/Al2O3 catalyst at 200-300 °C and 

5-10 MPa.[23] Currently, 2.3 billion liters of methanol are produced per year in this 
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way.[24] By-products that can occur are higher alcohols, ethers, esters, hydrocarbons 

and ketones.[25] 

In order to leave fossil fuels behind many researchers focus on green methanol 

synthesis. Here, carbon dioxide and hydrogen are converted to methanol and water 

(reaction 4) over a catalyst as a method for CO2 utilization. Additionally, there are two 

reactions that also occur: the reverse water-gas shift (RWGS) reaction (reaction 5) and 

the hydrogenation of carbon monoxide (reaction 1).[26] 

  

CO2 + 3 H2 ↔ CH3OH + H2O  ΔHr
0 = -49.4 kJ/mol (4) 

 CO2 + H2 ↔ CO + H2O ΔHr
0 = 41.1 kJ/mol  (5) 

 2 CH3OH ↔ CH3OCH3 + H2O ΔHr
0 = -23.4 kJ/mol (6) 

 

Besides the wanted reaction, namely CO2 hydrogenation, there is CO produced via 

the reverse water-gas shift reaction which is also converted to methanol by 

hydrogenation. Side products that can form are methane and dimethyl ether due to 

methanation of CO or CO2 (back reaction of reaction 2 and 3, respectively)[27] and 

dehydration of methanol (reaction 6)[8], respectively.[26] In contrast to conventional 

methanol production water is a by-product of reaction 4 and 5. This can lead to catalyst 

deactivation and inhibits the reaction due to crystallization and sintering of the active 

sites of the catalyst.[13][19][28] In order to avoid catalyst deactivation and formation of 

side products an appropriate and selective catalyst has to be found.  

Since the hydrogenation of CO2 is an exothermic reaction and the number of molecules 

decreases during the reaction course low temperatures and high pressure are 

favorable for shifting the equilibrium to the product side according to Le Châtelier’s 

principle. In contrast to that the stability and inertness of CO2 (ΔGf
0 = -394.38 

kJ/mol)[29] requires high energy substances like hydrogen and a high temperature for 

activation which favors the endothermic reverse water-gas shift reaction.[17][30] 

Therefore, a suitable catalyst is needed to enable activation of CO2 at lower 

temperatures.  

The CO2 for the reaction can be captured from combustion processes. There are three 

possibilities for capturing CO2 in combustion plants. These are postcombustion 
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capture, where the formed gases after fuel combustion are captured, precombustion 

capture, where the carbon is removed from the fuel before the combustion by partial 

oxidation or gasification, as well as oxyfuel combustion, meaning combustion with pure 

oxygen giving water vapor and carbon dioxide.[8][31] Further, carbon dioxide can be 

taken directly from the air, for example with a membrane separation technology as 

described in the book “Industrial Membrane Separation Technology” by K. Scott and 

R. Hughes.[18][20][32] Its properties make CO2 an appealing raw material, as it is non-

toxic, non-flammable as well as inert but it is also thermodynamically stable and needs 

high energy substances for activation.[16][29][33] Carbon dioxide is also directly used 

in refrigeration systems, as dry ice, in waste water treatment, just to mention a few 

applications.[31]  

In order to make the hydrogenation of CO2 an environmentally friendly process, the 

generation of hydrogen also needs to be reconsidered, since it currently is produced 

from fossil fuels via steam methane reforming, partial oxidation of light oil residues or 

coal gasification.[8][16] This can be realized through the production of hydrogen by the 

electrolysis of water into hydrogen and oxygen with the help of renewable energy, like 

wind power.[13][20] How electrolysis of water works was described, for instance, by K. 

G. dos Santos et al.[34] Another possibility for H2 production is the high-temperature 

electrolysis of steam instead of water.[35]  

Despite all this knowledge, there are many open questions about reduction of CO2 

using H2 like the choice of a suitable catalyst, the reaction mechanism and the carbon-

source, respectively. Due to this many scientists do research on this challenging topic. 

The current knowledge about catalysts, in particular copper-based ones, and the 

reaction mechanism is collected in the following chapters. 
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2. Catalysts for CO2 hydrogenation 

The reduction of carbon dioxide to methanol can proceed via heterogeneous catalysis, 

homogeneous catalysis, photocatalysis or electrochemical.[29] Advantages of 

homogeneous catalysis are the good selectivity and activity but the recovery and the 

regeneration are difficult.[30] Li et al. did some research on this topic.[36] 

Unfortunately, both photo- and electrocatalysis show unsufficient efficiency and 

selectivity. The fundamentals of these can be taken from Wu et al.[37] 

This thesis focuses on heterogeneous catalysis of CO2 reduction. Heterogeneous 

catalysts are composed of an active phase, a support material and a promoter.[17] In 

the catalyst an interaction is formed between the active phase and the support. This 

affects not only the formation and stabilization of the active phase but also the catalytic 

properties of the active phase.[1][38] Further, the supporting material influences the 

basicity of the catalyst and the interaction between promoter and active phase.[4][38] 

A promoter is an additive which increases the catalytic activity, stability and 

selectivity.[1] 

The catalytic activity of the hydrogenation of CO2 to methanol is influenced by many 

factors, like the structures of metal and catalyst, the particle size and surface area of 

the metal, the metal distribution on the supporting material, the kind of promoters and 

supports and the active sites on the catalyst.[39] 

In the last years many different types of catalysts for the reduction of carbon dioxide 

yielding methanol were tested, such as copper-based catalysts, using copper as active 

component with different support materials, and noble metal catalysts, for example with 

palladium, platinum, gallium, gold and silver as active phase combined with supports 

like ZnO, Ga2O3, In2O3, ZrO2, Si2O3, Al2O3, La2O3 as well as other catalysts like NiGa, 

CoGa, Mo2C, Fe3C, LaCr0.5Cu0.5O3, Co supported on Mo2C, Fe supported on Mo2O 

and catalysts using In2O3 or ZnO as active phase, just to name a few of 

them.[7][13][16][17][19][20][29] 

2.1. Copper-based catalysts  

Many researchers pay high attention to copper-based catalysts, as they are very active 

and selective.[17] Various supporting materials were tested in combination with 



7 
 

different promoters. Al2O3-supports[40] were examined with Zn-[26][41], Zr-[41][42], 

Mg-[41], Ba-[43], K-[43], Ti-[44], V-[45], Ce-[46] and Y-promotion.[46] The influence of 

Zr[47][48][49], Ga[50][51][52][49], Ti[48][53], In[54], Al[49] and Cr[49] on ZnO-

supported catalysts[55][56] was investigated and SiO2-supporting materials were 

doped with Zn[23][50][51][57][58][59][60][61], Cr[23], Mn[23][59][58], Fe[23], Co[23], 

Ni[23], Pd[60], Ga[50][51], Ti[62] and Zr[57][62]. Further, ZrO2-carriers[63][64][65] 

were combined with promoters like Zn[26][66][67], Ga[68], B[68], Ag[69]  and La.[70] 

There are studies concerning graphene-oxide supported catalysts containing 

Zn[71][72][73], Zr[71][73] and Al.[73] TiO2-supports were combined with Mg[74], Zn[75] 

and Ce.[75] Some research was done with respect to CeO2[76] as a supporting 

material with Zn-[66], Pd-[77] and Ni-promotion.[78] Another often used supporting 

material is a combination of ZnO and ZrO2.[57][79][80][81][82][83][84][85]  Promoters 

which were taken along with this support are Si[86], La[87], Ce[87], Nd[87], Pr[87], 

W[88][89], Cr[89], Mo[89], Ga[90], Mn[90][91], B[90], In[90], Gd[90], Y[90] and Mg[90]. 

A further support-combination is ZnO with Al2O3[60][66][85][92][93][94] promoted by 

In[54], Si[95], Ti[95], Mn[96], La[96], Ce[96], Zr[96], Y[96], Pd[97] and F.[98] The  

frequently tested multicomponent support consisting of ZnO, Al2O3 and 

ZrO2[73][85][94][99][100][101] was tested with F-promotion.[102] Another 

multicomponent support contains ZnO, TiO2 and ZrO2.[103] Additional, Ga2O3 and 

Ga2O3-ZrO2 were studied as supporting material.[63] Carbon nanotubes with different 

functional groups were also tried as supporting material for the hydrogenation of 

CO2.[104] 

2.1.1. Catalyst activity 

The activity of a catalyst depends on its characteristics such as the distribution of the 

active sites, the distribution of promotor and active phase, the basicity of the catalyst, 

the particle size of the catalyst which is related to the porosity and surface area and 

the particle size of the active phase. These factors can greatly be influenced by the 

kind of support and promotor.[4][23][33] A small particle size results in a lower diffusion 

resistance of the reactant molecules in the pore of the catalyst which leads to an 

increased activity. Additionally, the larger surface area enhances the active metal 

dispersion which counteracts sintering.[4][38] A high copper surface area can adsorb 

and split more hydrogen which can further hydrogenate more carbon dioxide. Another 
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influencing factor are the basic sites. Strong basic sites favor the production of 

methanol.[74] A high surface basicity favors the adsorption of CO2 as it is an acidic 

substance.[55][105]  

2.1.2. Deactivation 

Deactivation of the catalyst by sintering, agglomeration, ageing or poisoning is an issue 

during the reaction course. High temperatures lead to sintering and agglomeration of 

the catalyst. This problem can be avoided by using a fitting promoter which increases 

the thermal stability. It is also important to ensure a sulfur and chlorine free reaction 

since these substances are catalyst poisons.[4] As mentioned before, the resulting 

water formation of the reaction acts inhibiting and deactivates the catalyst. Water 

oxidizes the metallic copper according to reaction 7 resulting in deactivation of active 

sites. In order to solve this problem one could remove water from the reaction mixture. 

The oxidized copper can be activated again through reaction with CO where also CO2 

is produced as stated in reaction 8.[17]  

 

 Cu + H2O → CuO + H2  (7) 

 CuO + CO → Cu + CO2   (8) 

2.1.3. Preparation methods 

In the following chapter some important preparation methods for copper-based 

catalysts are described. Prior to the usage of the catalysts, most preparation methods 

require a reduction step with hydrogen to reduce the copper species to metallic copper 

in order to activate them. 

Precipitation method 

The precipitation method is commonly used for catalyst preparation. To start, a 

homogeneous solution of the precursors of the active components in form of their salts, 

for example nitrates or chlorides, is formed by dissolving them in a suitable liquid, like 

water. The solution is precipitated through change in pH by adding a precipitation 

agent, often a carbonate, to reach a supersaturated state, where nucleation starts, 

which is followed by growth and agglomeration. In order to gain the solid, the 
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precipitate is filtered and dried. The resulting product is grinded to a powder to get rid 

of the irregular shape. At last, the powder is calcinated to form oxides. This can happen 

through reaction with air at elevated temperature. The properties of the catalyst are 

determined by the chosen preparation parameters. The precipitation method leads to 

a homogeneous component distribution and a small, uniform particle size but a wide 

particle size distribution. Advantageous are the low costs of this method.[106][107] 

Deposition precipitation means a connection of precipitation and deposition where the 

precipitated particles interact with the support.[108] Reverse co-precipitation means 

that the support is suspended with the precipitation agent, before the solution of 

precursors is slowly added under ultrasound irradiation.[71][86]  

Impregnation method 

For the impregnation method a solution containing precursors of the active phase is 

encountered with the solid support or another active solid phase. The components in 

the solution are deposited on the surface of the solid material. For incipient wetness 

impregnation the volume of the solution is the same as the pore volume of the support 

or another active material, whereas for wet impregnation the solution volume is much 

higher than the pore volume. The catalyst is then dried and calcinated. Co-

impregnation means that several active components are added in one step. Compared 

to the precipitation method, the impregnation method is faster and cheaper, but it is 

difficult to produce catalysts with a high concentration.[106][107] 

Sol-gel method 

In the sol-gel method the metal precursors are dissolved in a suitable liquid and mixed 

with a metalorganic precursor. Afterwards, the metalorganic precursor is hydrolyzed. 

A sol is produced by polymerization which is converted to a gel by drying. Catalysts 

prepared with the sol-gel method have a high surface area and a high dispersion of 

the active species. Further, the catalysts are thermally stable. [103][103][109] In this 

preparation method the type of precursor, the precursor concentration, the type of 

solvent, the temperature and the drying process highly influence the gel structure and 

hence, the properties of the catalyst.[110]  

Combustion synthesis 

A solution containing the dissolved precursors is prepared. Afterwards a fuel is added 

to the solution. The obtained mixture is sonicated until a sol is formed and then dried 
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to a gel which is ignited. The resulting product is a fine powder.[57][79][80][103] 

Combustion synthesis is considered as a simple, fast and cheap method to gain 

catalysts in any size and shape with a high homogeneity.[80][111][112]  

Solid-state reaction method 

The precursors are mixed before citric acid is added to them. Then the mixture is 

ground, dried and calcinated. This method provides a solvent-free, fast and cheap 

method for catalyst preparation. The calcination temperature has a great impact on the 

properties of the catalyst.[81][103] 

Ion-exchange method 

This preparation method is based on the applying of dissolved precursors on the 

support mostly using an ammonium hydroxide solution. A direct treatment with 

hydrochloric acid is also possible. After that, the catalysts are dried and calcinated. 

Influencing factors in the ion-exchange method are the calcination conditions, the 

degree of ion-exchange and exchange treatment.[113] 

2.1.4. Comparison and discussion of ongoing research 

The recent state of research on copper-based catalysts are summed up in Table 1 to 

Table 12 and the results are discussed afterwards. 

2.1.4.1. Unsupported catalysts 

Copper alone was found to be inactive for CO2 hydrogenation to methanol. (Table 1) 

Neither CO2 conversion nor methanol production could be observed.[55] 

Table 1: Unsupported copper-based catalysts for the hydrogenation of CO2 to methanol with composition, 
preparation method (unless otherwise stated the used precursors were nitrates), reaction conditions (temperature 
[°C] and pressure [MPa]), feed composition, CO2 conversion XCO2 [%], methanol selectivity SMeOH [%], methanol 

activity (=space-time-yield STY) [molMeOH/kgcat/h] and reference.  

Catalyst 

Composition 

Preparation 
method 

Reaction 
conditions 

Feed 
CO2 : H2 

XCO2 SMeOH STY Ref 
molar 
ratio 

weight 
percent 

Cu   
commercial 

powder 
250 °C 
3 MPa 

1:3 0 0 0 [55] 

CuZn  
28 Zn 
72 Cu 

commercial 
powder 

250 °C 
3 MPa 

1:3 0 0 0 [55] 
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2.1.4.2. Al2O3-supported catalysts 

Table 2 gives an overview of Al2O3 (alumina)-supported catalysts. 

Table 2: Al2O3-supported catalysts for the hydrogenation of CO2 to methanol with composition, preparation method 
(unless otherwise stated the used precursors were nitrates), reaction conditions (temperature [°C] and pressure 
[MPa]), feed composition, CO2 conversion XCO2 [%], methanol selectivity SMeOH [%], methanol activity (=space-time-
yield STY) [molMeOH/kgcat/h] and reference. 

Catalyst 

Composition 

Preparation 
method 

Reaction 
conditions 

Feed 
CO2 : H2 

XCO2 SMeOH STY Ref 
molar 
ratio 

weight 
percent 

Zn-Cu/Al2O3  
30 Cu 

41 ZnO 
co-

precipitation 
210 °C 
5 MPa 

1:6 9.9 48 - [26] 

Zn-Cu/Al2O3  
30 Cu 

41 ZnO 
co-

precipitation 
220 °C 
5 MPa 

1:3.9 11.1 43 - [26] 

Cu/HAl  10 Cu 
incipient 
wetness 

impregnation 

260 °C 
3 MPa 

1:3 10.5 30.3 - [40] 

Cu/UAl  10 Cu 
incipient 
wetness 

impregnation 

260 °C 
3 MPa 

1:3 13.5 23.1 - [40] 

Cu/ 
γ-Al2O3 

  impregnation 
250 °C 
2 MPa 

1:3 8.98 13.44 0.25 [41] 

Zn-Cu/ 
γ-Al2O3 

2 Cu 
1 Zn 

 impregnation 
250 °C 
2 MPa 

1:3 9.34 17.37 0.34 [41] 

ZrO2-Cu/γ-
Al2O3 

2 Cu 
1 Zr 

 impregnation 
250 °C 
2 MPa 

1:3 8.85 13.75 0.27 [41] 

Zn-Zr-Cu/ 
γ-Al2O3 

2 Cu 
1 Zn 
1 Zr 

 impregnation 
250 °C 
2 MPa 

1:3 
10.8

7 
22.44 0.62 [41] 

Mg-Zn-Zr-Cu/ 
γ-Al2O3 

2 Cu 
1 Zn 

0.9 Zr 
0.1 Mg 

 impregnation 
250 °C 
2 MPa 

1:3 
12.1

2 
35.98 0.97 [41] 

Cu/γ-Al2O3  12 Cu impregnation 
260 °C 
3 MPa 

1:3 15.6 10.7 - [42] 

Zr-Cu/γ-Al2O3  
12 Cu 
10 Zr 

90 Al2O3 

impregnation 
260 °C 
3 MPa 

1:3 16.5 14.6 - [42] 

Cu/Al2O3  
18 Cu 

82 Al2O3 

incipient 
wetness 

impregnation 

200 °C 
3 MPa 

1:3.8 1.2 42.6 0.47 [43] 

Cu/Al2O3  
18 Cu 

82 Al2O3 

incipient 
wetness 

impregnation 

200 °C 
36 MPa 

1:3.8 8.4 37.3 3.23 [43] 

Ba-Cu/Al2O3  
5 Ba 

17.1 Cu 
77.9 Al2O3 

incipient 
wetness 

impregnation 

200 °C 
3 MPa 

1:3.8 1.6 62.8 0.94 [43] 

Ba-Cu/Al2O3  
5 Ba 

17.1 Cu 
77.9 Al2O3 

incipient 
wetness 

impregnation 

200 °C 
36 MPa 

1:3.8 4.3 57.2 2.31 [43] 

K-Cu/Al2O3  
5 K 

17.1 Cu 
77.9 Al2O3 

incipient 
wetness 

impregnation 

200 °C 
3 MPa 

1:3.8 2.2 10.8 0.23 [43] 

K-Cu/Al2O3  
5 K 

17.1 Cu 
77.9 Al2O3 

incipient 
wetness 

impregnation 

200 °C 
36 MPa 

1:3.8 8.9 4.1 0.34 [43] 

Ti-Cu/γ-Al2O3 
9 Ti 
1 Al 

12 Cu impregnation 
240 °C 
3 MPa 

1:3 23 61 - [44] 
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Catalyst 

Composition 

Preparation 
method 

Reaction 
conditions 

Feed 
CO2 : H2 

XCO2 SMeOH STY Ref 
molar 
ratio 

weight 
percent 

Cu/γ-Al2O3  12 Cu impregnation 
240 °C 
3 MPa 

1:3 10 16 - [45] 

V-Cu/γ-Al2O3  
12 Cu 

6 V 
impregnation 

240 °C 
3 MPa 

1:3 14 24 - [45] 

Cu/γ-Al2O3  5 Cu 
co-

impregnation 
250 °C 

2.9 MPa 
1:5 - 54.91 3.24 [46] 

Ce-Cu/γ-
Al2O3 

 
5 Cu 

50 CeO2 

co-
impregnation 

250 °C 
2.9 MPa 

1:5 - 75.98 4.10 [46] 

Y-Ce-Cu/γ-
Al2O3 

10 Y 
5 Cu 

50 Y-CeO2 

co-
impregnation 

250 °C 
2.9 MPa 

1:5 - 86.29 6.88 [46] 

 

A comparison of hierarchical meso-macroporous alumina (HAl) and unimodal 

mesoporous alumina (UAl) was done, exposing that the HAl-supported catalyst 

showed a 3 % lower CO2 conversion explainable by the lower exposed Cu area but it 

had a higher stability and a 7.2 % higher methanol selectivity.[40] 

Ren et al. found that ZnO and ZrO2 as well as MgO raise the dispersion of copper, the 

copper metal surface area and the formation of small Cu0 particles on Al2O3-supported 

catalysts. It was stated that the Cu0 particles are the active sites of the catalyst. The 

size of them is also depending on the activation temperature. Tests with a Cu-ZnO-

ZrO2-MgO/Al2O3 catalyst showed that an elevated reaction temperature influences the 

hydrogenation in a negative way and favors the reverse water-gas shift reaction and 

methanation.[41] 

Zr-Cu/γ-Al2O3 was proven to have a higher activity and methanol selectivity than  

Cu/γ-Al2O3. Doping γ-Al2O3 with zirconium led to a higher CuO dispersion with ZrO2 

dispersed on the support indicating strong interaction between CuO and ZrO2. 

Catalytic tests showed that Zr-promotion could increase the CO2 conversion and 

methanol selectivity by 0.9  and 3.9 %, respectively.[42] 

Bansode et al. investigated the impact of K and Ba on Cu/Al2O3 catalysts, respectively. 

K acted positive on the reverse water-gas shift reaction or rather CO formation and 

negative on methanol synthesis. Oppositely, Ba promoted methanol formation, 

especially at low temperatures. Both promoters suppressed dimethyl ether (DME) 

formation which was formed by the unpromoted catalyst. XRD experiments showed 

that potassium covers parts of the copper and aluminum surface leading to less 
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reduction of the copper and further lower activity. While Ba-promotion increased the 

metallic copper surface area and prevented sintering without covering the active 

surface.[43] 

Ti-promotion on γ-Al2O3-supported catalysts decreased the catalyst’s crystallite size, 

increased the copper dispersion and promoted the CuO reduction leading to a good 

catalytic performance.[44] 

V-promotion led to a volcano-shaped curve of CO2 conversion and an increasing curve 

of methanol selectivity as a function of V content, respectively. V was stated to cause 

a better dispersion of CuO.[45] 

Adding CeO2 to alumina-supports led to a better copper oxide dispersion. Y-promotion 

led to larger crystals of ceria. CeO2-doping was examined to enhance the catalytic 

performance of alumina-supported catalysts due to an interaction between copper and 

ceria leading to an increase of CH3OH selectivity and space-time-yield of about 21 % 

and 0.86 %, respectively. Yttria-promotion into ceria did elevate the results even more 

resulting in 86.29 % selectivity and a space-time yield of 6.88 molMeOH/kgcat/h.[46] 

The main products of CO2 hydrogenation on Cu/Al2O3 catalysts were CH3OH, CO and 

DME, which is formed by dehydration of methanol on alumina. A reason for that is that 

Lewis acidic supports favor the formation of methanol, but strong Lewis acids also lead 

to dehydration of methanol. The formation of CO can happen through many pathways 

conveyed by Al2O3.[114] Since the unpromoted Cu/Al2O3 catalysts needs improvement 

regarding the methanol selectivity, ZnO-, ZrO2-, MgO-, K-, Ba-, Ti- and V-promotion on 

these catalysts was tested. ZnO- and ZrO2-addition only had a small impact on CO2 

conversion but ZnO had a noticeable effect on the STY and the selectivity of methanol. 

The introduction of both, ZnO and ZrO2, led to an even higher performance. If also 

MgO was added, the results were remarkably improved.[41][42] K-doping promoted 

the unwanted reverse water-gas shift reaction. Therefore, K is not a suitable promoter 

for Cu/Al2O3 catalysts although it inhibited DME formation. Reduced DME formation 

was also noticed on a Ba-promoted catalyst. Ba and V did promote methanol 

formation.[43][45] Remarkably, Ti-promotion led to the best results compared to all 

promoters discussed before.[44] It was found that the pore structure of the catalyst has 

influence on the catalytic performance. As hierarchical meso-macroporous alumina led 

to a shorter mesopore diffusion path length it exhibited a better performance than 
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unimodal mesoporous alumina.[40] Additional supporting of alumina with yttria-doped 

ceria did also increase the catalytic performance.[46] 

2.1.4.3. ZnO-supported catalysts 

Table 3 sums up the research work on ZnO-supported catalysts. 

Table 3: ZnO-supported catalysts for the hydrogenation of CO2 to methanol with composition, preparation method 
(unless otherwise stated the used precursors were nitrates), reaction conditions (temperature [°C] and pressure 
[MPa]), feed composition, CO2 conversion XCO2 [%], methanol selectivity SMeOH [%], methanol activity (=space-time-

yield STY) [molMeOH/kgcat/h] and reference. 

Catalyst 

Composition 

Preparation 
method 

Reaction 
conditions 

Feed 
CO2 : H2 

XCO2 SMeOH STY Ref 
molar 
ratio 

weight 
percent 

Zr-Cu/ZnO  
34.1 Cu 
31.6 Zn 
6.9 Zr 

co-
precipitation 

250 °C 
3 MPa 

1:3 19.4 29.3 - [47] 

Zr-Cu/ZnO 

40 Cu 
40 Zn 

20 ZrO2 

 
oxalate co-
precipitation 

240 °C 
3 MPa 

22:66 
(:12 N2) 

17.0 41.5 - [48] 

Ti-Cu/ZnO 
40 Cu 
40 Zn 

20 TiO2 
 

oxalate co-
precipitation 

240 °C 
3 MPa 

22:66 
(:12 N2) 

16.4 38.8 - [48] 

Ti-Zr-Cu/ZnO 

40 Cu 
40 Zn 

10 TiO2 

10 ZrO2 

 
oxalate co-
precipitation 

240 °C 
3 MPa 

22:66 
(:12 N2) 

17.4 43.8 - [48] 

Cu/ZnO  
50 Cu 

50 ZnO 
co-

precipitation 
250 °C 
5 MPa 

1:3 - - 
16.1

0 
[49] 

Ga-Cu/ZnO  
50 Cu 

25 ZnO 
25 Ga2O3 

co-
precipitation 

250 °C 
5 MPa 

1:3 - - 
23.0

3 
[49] 

Al-Cu/ZnO  
50 Cu 

45 ZnO 
5 Al2O3 

co-
precipitation 

250 °C 
5 MPa 

1:3 - - 
22.5

0 
[49] 

Zr-Cu/ZnO  
50 Cu 

40 ZnO 
10 ZrO2 

co-
precipitation 

250 °C 
5 MPa 

1:3 - - 
20.7

6 
[49] 

Cr-Cu/ZnO  
50 Cu 

45 ZnO 
5 Cr2O3 

co-
precipitation 

250 °C 
5 MPa 

1:3 - - 
18.7

9 [49] 

Ga-Cu/ZnO 
(LS) 

 
6.0 Cu 

1.9 Ga2O3 

incipient 
wetness 

impregnation 

270 °C 
2 MPa 

1:3 2.0 51.0 2.02 [50] 

Ga-Cu/ZnO 
(HS) 

 
6.8 Cu 

2.5 Ga2O3 

incipient 
wetness 

impregnation 

270 °C 
2 MPa 

1:3 2.0 55.5 1.88 [50] 

Cu/ZnO (HS)  
5.6 Cu 

94.4 ZnO 

impregnation 
(precursor: 
methoxide-

acetylacetone) 

270 °C 
2 MPa 

1:3 2.2 100 4.54 [51] 

Ga-Cu/ZnO 
(LS) 

 
5.4 Cu 

92.1 ZnO 
2.5 Ga2O3 

impregnation 
(precursor: 
methoxide-

acetylacetone) 

270 °C 
2 MPa 

1:3 4.6 83.5 8.11 [51] 

Ga-Cu/ZnO 
(HS) 

 
5.6 Cu 

91.7 ZnO 
2.7 Ga2O3 

impregnation 
(precursor: 
methoxide-

acetylacetone) 

270 °C 
2 MPa 

1:3 6.0 88 
11.8

1 
[51] 

Cu/ZnO 
43 Cu 
57 Zn 

 
co-

precipitation 
240 °C 

4.5 MPa 
1:2.8 20 44 - [52] 
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Catalyst 

Composition 

Preparation 
method 

Reaction 
conditions 

Feed 
CO2 : H2 

XCO2 SMeOH STY Ref 
molar 
ratio 

weight 
percent 

Ga-Cu/ZnO 
43 Cu 

56.5 Zn 
0.5 Ga 

 
co-

precipitation 
240 °C 

4.5 MPa 
1:2.8 21 46 - [52] 

Ga-Cu/ZnO 
43 Cu 
52 Zn 
5 Ga 

 
co-

precipitation 
240 °C 

4.5 MPa 
1:2.8 27 50 - [52] 

Cu/ZnO 
1 Cu 
1 Zn 

 
co-

precipitation 
220 °C 
3 MPa 

1:3 
(: 0.5 N2) 

13.1 44.2 1.25 [53] 

Ti-Cu/ZnO 
1 Cu 
1 Zn 
0.2 Ti 

 
co-

precipitation 
220 °C 
3 MPa 

1:3 
(: 0.5 N2) 

14.8 50.2 1.6 [53] 

In-Cu/ZnO  
67.5 CuO 
25 ZnO 

7.5 In2O3 

co-
precipitation 

250 °C 
5 MPa 

1:8 
(:1 CO) 

13.9
9 

99.75 6.03 [54] 

Cu/ZnO  
0.70 Zn 
0.30 Cu 

co-
precipitation 

250 °C 
3 MPa 

1:3 10.7 - 1.6 [55] 

Cu + ZnO  
0.7 Zn 
0.3 Cu 

mechanical 
mixture 

250 °C 
3 MPa 

1:3 0.7 100 1.4 [55] 

CuZn@ZnOx  
0.48 Zn 
0.52 Cu 

surface 
modification 
precipitation 
(core-shell 
catalyst) 

250 °C 
3 MPa 

1:3 0.3 100 0.6 [55] 

Cu@ZnOx  
0.09 Zn 
0.91 Cu 

surface 
modification 
precipitation 
(core-shell 
catalyst) 

250 °C 
3 MPa 

1:3 2.3 100 4.6 [55] 

Cu/ZnO 
1 Cu 
1 Zn 

 
co-

precipitation 
220 °C 
2 MPa 

1:3 5.5 55 1.56 [56] 

Cu/ZnO 
1 Cu 
1 Zn 

 

chitosan-
assisted co-
precipitation 
(0.0015 g/mL 

chitosan) 

220 °C 
2 MPa 

1:3 10.0 65 3.59 [56] 

Cu/ZnO 
1 Cu 
1 Zn 

 

chitosan-
assisted co-
precipitation 
(0.0030 g/mL 

chitosan) 

220 °C 
2 MPa 

1:3 9.0 60 2.97 [56] 

Cu/ZnO 
1 Cu 
1 Zn 

 

chitosan-
assisted co-
precipitation 
(0.0045 g/mL 

chitosan) 

220 °C 
2 MPa 

1:3 7.9 60 2.50 [56] 

Cu/ZnO 
6 Cu 

1.5 Zn 
 

citric acid 
impregnation 

180 °C 
4 MPa 

1:3 5.7 93.9 37.7 [59] 

 

Raudaskoski et al. did investigations on the suspension ageing times during the 

catalyst preparation in the co-precipitation method. The results indicated that longer 

ageing times (12 or 24 h) result in a higher methanol selectivity and CO2 conversion. 

Whereas low ageing times caused a higher sodium content and therefore, lower 

surface area, bigger particles or too strong CO2 adsorption on the catalyst.[47] 
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A comparison of CuO/ZnO catalysts modified with TiO2 and ZrO2 was done by Xiao et 

al. An increase in catalytic performance when adding TiO2 or ZrO2 and both, TiO2 as 

well as ZrO2, was described. Best results were gained by adding both promoters 

resulting in a CO2 conversion of 17.4 % and a methanol selectivity of 43.8 %. It was 

explained that two sites are responsible for the activity of copper catalyst, namely the 

support, where CO2 is adsorbed, and copper, where H2 is adsorbed and dissociated. 

The atomic hydrogen is transported to the support by spillover.[48] 

Saito et al. investigated various metal oxides on Cu/ZnO catalysts. The activity of the 

catalysts can be ranged as follows: Ga2O3-Cu/ZnO > Al2O3-Cu/ZnO > ZrO2-Cu/ZnO > 

Cr2O3-Cu/ZnO > Cu/ZnO. The scientists discovered a linear relationship between 

space-time-yield (STY) and copper surface area. The STY was elevated for all 

promoters, but the specific activity in mg/m2/h was only increased for Ga2O3- and 

Cr2O3-promotion by 40 % and 30 %, respectively. It was suggested that Al2O3 and ZrO2 

lead to a higher copper dispersion whilst Ga2O3 and Cr2O3 do not increase the copper 

dispersion but increase the specific activity due to an enhanced Cu+/Cu0 ratio at the 

surface.[49] 

Toyir et al. investigated the influence of Ga2O3 on different supports of copper-based 

catalysts prepared by incipient wetness impregnation using nitrate precursors. The 

kind of support had a great impact on the physical properties of gallium-promoted 

catalysts, for example SiO2-supported catalysts had higher surface areas than ZnO-

supported catalysts. Catalytic experiments showed that SiO2-supported catalysts 

perform better regarding methanol selectivity and yield than ZnO-supported. Without 

Ga-promotion the Cu-Zn/SiO2 catalyst was measured to have a lower methanol activity 

and selectivity which demonstrated that gallium is an advantageous promoter. The 

methanol selectivity could be increased to nearly 100 % by addition of Ga to the Cu-

Zn/SiO2 catalyst. Ga2O3 was found to be dispersed in small particles on the 

surface.[50] 

Later, the same authors did a comparison of ZnO-supported catalysts with SiO2-

supported ones prepared by impregnation with methoxide-acetylacetonate precursors. 

Surprisingly, the study showed that ZnO-supported catalysts have a higher methanol 

selectivity and methanol formation rate which is contradictory to the prior study. The 

impregnation with methoxide-acetylacetonate precursors did form catalysts which 

showed a highly increased catalytic activity and stability, especially when promoted 
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with Ga. A higher copper dispersion and lower gallium dispersion was observed when 

using methoxide-acetylacetonate precursors.[51] 

Li et al. investigated the influence of Ga on Cu/ZnO catalysts. Addition of 5 mol% Ga 

led to the best results in terms of catalytic performance due to the highest Zn0 content. 

CO2 conversion, CH3OH selectivity and yield showed a volcano-shaped profile with 

increasing Ga content in the catalyst. Ga-promotion was stated to enhance the Cu 

dispersion.[52] 

TiO2-doping on Cu/ZnO catalysts increased the dispersion of CuO and ZnO and the 

interaction between those oxides. A Ti loading of 10 % in the catalyst gave the best 

results for the catalytic performance. The CO2 conversion showed a maximum with 

increasing TiO2 content whereas the methanol selectivity increased continuously.[53] 

Le Valant et al. discussed a Cu-ZnO synergy which makes CO2 hydrogenation 

selective for methanol whereas Cu and ZnO alone showed only little to no conversion 

to methanol. Under influence of H2 the CuO in the catalyst got reduced to metallic Cu 

while ZnO stayed the same. They stated that Cu cannot be the only active site since 

the turn-over frequency increased when the metallic surface area of copper decreased 

but the activity comes from the interaction between Cu and ZnO. Catalysts based on 

core-shell structure with a ZnOx shell showed methanol activity and 100 % selectivity. 

These catalysts were prepared by a surface modification precipitation method where 

citric acid and distilled water were mixed with a Cu powder and a CuZn brass powder, 

respectively, before zinc nitrate was added and the standard procedure for the 

precipitation method was followed.  Mechanical mixtures of Cu and ZnO were also 

100 % selective for methanol and displayed a volcano-shaped profile in catalytic 

activity with varying Zn content. CO was produced trough the reverse water-gas shift 

reaction while usage of a co-precipitated Cu/ZnO catalyst which decreased the 

selectivity.[55] 

The influence of reaction temperature on Cu/ZnO catalysts prepared with chitosan was 

investigated. Best results were reached when using a small amount of chitosan 

(0.0015 g/mL). With increasing temperature in a range from 180 to 260 °C the CO2 

conversion rose from 4 to 17 %, the methanol selectivity decreased from 98 to 39 %, 

whereas the space-time-yield showed a maximum of 140 gMeOH/kgcat/h at 240 °C. At 

260 °C the CO2 conversion was still increasing but starting deactivation was observed 
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at high chitosan concentrations. Chitosan-assisted co-precipitation was proven to 

increase the copper surface area due to a better dispersion.[56] 

ZnO-supports are often used in catalysts for CO2 hydrogenation to methanol. For 

unpromoted Cu/ZnO catalysts the methanol selectivity is an issue because much CO 

is produced via the revere water-gas shift reaction as by-product.[55] Whereas, using 

high-surface ZnO the selectivity for methanol was stated to be 100 %. Further, a high-

surface ZnO-support led to a significantly better catalytic performance than a low 

surface ZnO-support. The precursor used in the catalyst preparation was found to have 

a great impact on catalytic performance. Promotion with Ga2O3, ZrO2, Al2O3 or Cr2O3 

improves the catalytic performance.[50][51][49] There exists a maximum for a certain 

Ga content (5 mol%) where the performance parameters are the highest.[52] Using a 

small amount of chitosan (0.0015 g/mL) in the co-precipitation method was found to 

deliver an enhanced catalytic performance by changed physiochemical properties of 

the catalyst.[56] ZrO2, TiO2 and a combination of both were proven to increase the 

catalytic performance of ZnO-supported catalysts.[48][53] A study on the ageing time 

during catalyst preparation showed that longer ageing times lead to a higher activity of 

the catalyst because the ageing time strongly influences the catalyst properties. A 

longer ageing time results in a lower sodium content and finer crystallites of the catalyst 

which has an impact on the pore volume in small pores, the particle size, the reduction 

of copper and the dispersion.[47] 

2.1.4.4. SiO2-supported catalysts 

Table 4 lists SiO2-supported catalysts that were experimentally tested. 

Table 4: SiO2-supported catalysts for the hydrogenation of CO2 to methanol with composition, preparation method 
(unless otherwise stated the used precursors were nitrates), reaction conditions (temperature [°C] and pressure 
[MPa]), feed composition, CO2 conversion XCO2 [%], methanol selectivity SMeOH [%], methanol activity (=space-time-
yield STY) [molMeOH/kgcat/h] and reference. 

Catalyst 

Composition 

Preparation 
method 

Reaction 
conditions 

Feed 
CO2 : H2 

XCO2 SMeOH STY Ref 
molar 
ratio 

weight 
percent 

Zn-Cu/SBA-
15 

0.6 Cu 
0.15 Zn 

1 SBA-15 
 

citric acid 
impregnation 

180 °C 
4 MPa 

1:3 7.7 97.3 - [23] 

Cr-Zn-
Cu/SBA-15 

0.6 Cu 
0.15 Zn 
0.05 Cr 

1 SBA-15 

 
citric acid 

impregnation 
180 °C 
4 MPa 

1:3 8.7 97.1 - [23] 
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Catalyst 

Composition 

Preparation 
method 

Reaction 
conditions 

Feed 
CO2 : H2 

XCO2 SMeOH STY Ref 
molar 
ratio 

weight 
percent 

Mn-Zn-
Cu/SBA-15 

0.6 Cu 
0.15 Zn 
0.05 Mn 

1 SBA-15 

 
citric acid 

impregnation 
180 °C 
4 MPa 

1:3 10.5 98.6 - [23] 

Fe-Zn-
Cu/SBA-15 

0.6 Cu 
0.15 Zn 
0.05 Fe 

1 SBA-15 

 
citric acid 

impregnation 
180 °C 
4 MPa 

1:3 5.7 96.9 - [23] 

Co-Zn-
Cu/SBA-15 

0.6 Cu 
0.15 Zn 
0.05 Co 

1 SBA-15 

 
citric acid 

impregnation 
180 °C 
4 MPa 

1:3 6.6 90.8 - [23] 

Ni-Zn-
Cu/SBA-15 

0.6 Cu 
0.15 Zn 
0.05 Ni 

1 SBA-15 

 
citric acid 

impregnation 
180 °C 
4 MPa 

1:3 6.3 72.4 - [23] 

Ga-Zn-
Cu/SiO2 

 
4.7 Cu 

2.6 ZnO 
1.7 Ga2O3 

incipient 
wetness 

impregnation 

270 °C 
2 MPa 

1:3 2.0 99.8 4.15 [50] 

Ga-Zn-
Cu/SiO2 (HD) 

 
4.7 Cu 

2.3 ZnO 
1.5 Ga2O3 

incipient 
wetness 

impregnation 

270 °C 
2 MPa 

1:3 5.6 99.5 
10.9

1 
[50] 

Zn-Cu/SiO2  
5.0 Cu 

5.0 ZnO 

incipient 
wetness 

impregnation 

270 °C 
2 MPa 

1:3 2.0 47.2 2.04 [50] 

Zn-Cu/SiO2  
4.4 Cu 

2.5 ZnO 

impregnation 
(precursor: 
methoxide-

acetylacetone) 

270 °C 
2 MPa 

1:3 1.8 99.5 3.16 [51] 

Ga-Zn-
Cu/SiO2 

 
4.5 Cu 

2.0 ZnO 
1.6 Ga2O3 

impregnation 
(precursor: 
methoxide-

acetylacetone) 

270 °C 
2 MPa 

1:3 3.4 76 5.17 [51] 

Ga-Zn-
Cu/SiO2 (HD) 

 
4.3 Cu 

2.4 ZnO 
2.0 Ga2O3 

impregnation 
(precursor: 
methoxide-

acetylacetone) 

270 °C 
2 MPa 

1:3 2.5 82.5 4.04 [51] 

Zn-Cu/SBA-
15 

1 Cu 
1 Zn 

 
impregnation-
sol-gel auto-
combustion 

250 °C 
3 MPa 

1:3 
(: 0.4 N2) 

8.9 27.74 4.94 [57] 

Zn-Zr-
Cu/SBA-15 

1 Cu 
1 Zn 

6.31 CuO 
5.89 ZnO 
7.74 ZrO2 

impregnation-
sol-gel auto-
combustion 

250 °C 
3 MPa 

1:3 
(: 0.4 N2) 

19.2 30.60 
11.7

4 
[57] 

Mn-Zn-
Cu/MCF 

6 Cu 
1.5 Zn 
0.5 Mn 
10 MCF 

 
citric acid 

impregnation 
180 °C 
4 MPa 

1:3 3.9 >99 47.9 [58] 

Mn-Zn-
Cu/KIT-6 

6 Cu 
1.5 Zn 
0.5 Mn 

10 KIT-6 

 
citric acid 

impregnation 
180 °C 
4 MPa 

1:3 8.2 >99 
105.

3 
[58] 

Mn-Cu/SBA-
15 

6 Cu 
1.5 Mn 

10 SBA-15 
 

citric acid 
impregnation 

180 °C 
4 MPa 

1:3 7.9 87.0 45.8 [59] 

Mn-Zn-
Cu/SBA-15 

6 C 
1.5 Zn 
0.5 Mn 

10 SBA-15 

 
citric acid 

impregnation 
180 °C 
4 MPa 

1:3 10.7 98.0 69.5 [59] 

Cu/SiO2  10 Cu 
co-

impregnation 
250 °C 

4.1 MPa 
24:72 
(:4 Ar) 

2.8 15 0.18 [60] 

Pd-Cu/SiO2 
1 Cu 

0.33 Pd 
10 Cu 

co-
impregnation 

250 °C 
4.1 MPa 

24:72 
(:4 Ar) 

6.7 30 1.01 [60] 
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Catalyst 

Composition 

Preparation 
method 

Reaction 
conditions 

Feed 
CO2 : H2 

XCO2 SMeOH STY Ref 
molar 
ratio 

weight 
percent 

Pd-Cu/SiO2 
1 Cu 

0. 52 Pd 
10 Cu 

 
co-

impregnation 
250 °C 

4.1 MPa 
24:72 
(:4 Ar) 

6.6 34 1.12 [60] 

Pd-Cu/SiO2 
1 Cu 

0.52 Pd 
10 Cu 

 
sequential 

impregnation 
250 °C 

4.1 MPa 
24:72 
(:4 Ar) 

5.0 23 0.58 [60] 

Pd-Cu/SiO2 
1 Cu 

0.52 Pd 
10 Cu 

sequential 
impregnation 

250 °C 
4.1 MPa 

24:72 
(:4 Ar) 

4.9 24 0.54 [60] 

Cu/ MCM-41  10 Cu 
co-

impregnation 
250 °C 

4.1 MPa 
24:72 
(:4 Ar) 

<1 40 0.07 [60] 

Pd-Cu/ MCM-
41 

1 Cu 
0.33 Pd 

10 Cu 
co-

impregnation 
250 °C 

4.1 MPa 
24:72 
(:4 Ar) 

6.2 23 0.65 [60] 

Cu/SBA-15  10 Cu 
co-

impregnation 
250 °C 

4.1 MPa 
24:72 
(:4 Ar) 

1.5 12 0.11 [60] 

Pd-Cu/ SBA-
15 

1 Cu 
0.33 Pd 

10 Cu 
co-

impregnation 
250 °C 

4.1 MPa 
24:72 
(:4 Ar) 

6.5 23 0.72 [60] 

Cu/MSU-F  10 Cu 
co-

impregnation 
250 °C 

4.1 MPa 
24:72 
(:4 Ar) 

<1 18 0.11 [60] 

Pd-Cu/ MSU-
F 

1 Cu 
0.33 Pd 

10 Cu 
co-

impregnation 
250 °C 

4.1 MPa 
24:72 
(:4 Ar) 

5.3 18 0.40 [60] 

Zn-Cu/SiO2 
1 Cu 

2.03 Zn 
10 Cu 

co-
impregnation 

250 °C 
4.1 MPa 

24:72 
(:4 Ar) 

2.2 50 0.43 [60] 

Cu@m-SiO2  12 Cu 

mesoporous 
silica shell 
(precursor: 

acetate) 

260 °C 
5 MPa 

1:3 
(:0.1 N2) 

11.5 21.2 1.59 [61] 

Zn-Cu@m-
SiO2 

7 Cu 
3 Zn 

12 Cu 

mesoporous 
silica shell 
(precursor: 

acetate) 

260 °C 
5 MPa 

1:3 
(:0.1 N2) 

11.0 63.5 4.56 [61] 

Cu/m-SiO2  12 Cu 

incipient 
wetness 

impregnation 
(precursor: 

acetate) 

260 °C 
5 MPa 

1:3 
(:0.1 N2) 

3.4 18.2 0.41 [61] 

Cu/SiO2  5.2 Cu decomposition 
250 °C 

0.65 MPa 
1:3 < 1 42 0.36 [62] 

Zr-Cu/SiO2  
5.2 Cu 

5.0 ZrO2 
decomposition 

250 °C 
0.65 MPa 

1:3 < 1 82 0.54 [62] 

Ti-Cu/SiO2  
5.2 Cu 

5.0 ZrO2 

5.0 TiO2 
decomposition 

250 °C 
0.65 MPa 

1:3 < 1 68 0.65 [62] 

Ti-Zr-Cu/SiO2  
5.2 Cu 

5.0 TiO2 
decomposition 

250 °C 
0.65 MPa 

1:3 < 1 93 1.62 [62] 

 

A study on the impact of transition metal promoters (Cr, Mn, Fe, Co, Ni) on silica-

supported Cu-ZnO-based catalysts was done by Koh et al. The copper crystal size 

was smaller for all promoted catalysts, especially for Cr- and Mn-promotion, compared 

to an unpromoted Cu-ZnO-based catalyst. Experiments for catalytic hydrogenation of 

CO2 showed that Cr and Mn increased the performance of the catalyst, while 
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application of Fe, Co and Ni as promotors resulted in a reduction of the catalyst 

performance even though they decreased the copper particle size. Therefore, the 

authors concluded that the performance does not only depend on the copper crystal 

size, but also on the interaction of CuO with other oxide species. It is noteworthy, that 

the Co-promoted catalyst was the only one which produced methane as a side 

product.[23] 

Toyir et al. proposed that SiO2 effects a higher surface area and pore volume of the 

catalyst compared to ZnO. ZnO-supported catalysts showed a higher activity and 

selectivity than SiO2-supported ones. Further, high-surface ZnO increased the activity 

more than low-surface ZnO. Gallium turned out to enhance the catalytic activity and 

stability in CO2 hydrogenation. In comparison to nitrate precursors, methoxide-

acetylacetone precursors delivered a higher methanol yield.[51] 

An unsupported Cu-ZnO-ZrO2 catalyst was found to have a 37.9-fold lower methanol 

yield than an SBA-15-supported one which supplied a high surface area. Oppositely, 

the unsupported catalysts yielded in a 2.71 % higher methanol selectivity. A higher 

loading of Cu-ZnO-ZrO2 was determined to decrease the catalytic performance due to 

bigger active-phase particles. Zirconium-promotion was seen to elevate the space-

time-yield, as well as methanol selectivity substantially.[57] 

The impact of different morphological distinct siliceous porous supports on Cu-ZnO-

MnO catalysts were determined. SBA-15 is a two-dimensional mesoporous silica, 

whereas MCF and KIT-6 are three-dimensional mesoporous silica. SBA-15 consists of 

long parallel pore channels which are in a hexagonal order. MCF is built of large 

uniform spherical cells and KIT-6 has a gyroid cubic structure. KIT-6 performed best 

by providing the smallest copper particle size, the best CuO dispersion, the largest 

exposed copper area and efficient diffusion of reactants to the active sites leading to a 

higher CO2 conversion than MCF or SBA-15 and also to a remarkably high methanol 

space-time-yield of  105.3 molMeOH/kgcat/h.[58] 

It was seen by Koh et al. that using SBA-15 supports led to a higher surface area of 

the catalyst and an improved metal dispersion. SBA-15 along with MnO increased the 

CO2 adsorption capacity probably due to formation of smaller copper particles. 

Concerning the catalytic performance, SBA-15 supported catalysts had a higher CO2 

conversion than Cu/ZnO and Cu/MnO explainable by the reducibility of the catalysts 
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due to smaller copper crystallites and adsorption behaviors as the researchers found 

that CO2 molecules form a weaker bonding on the surface of the catalyst. The 

methanol selectivity could be increased significantly by addition of metal-oxides like 

ZnO and MnO by reason of interactions between copper and the metal-oxide.[59] 

Jiang et al. stated that the hydrogenation of CO2 works much faster on bimetallic Cu/Pd 

catalysts than on monometallic catalysts. Co-impregnation was found to deliver better 

results compared to sequential impregnation. The formed Cu/Pd alloy is responsible 

for the enhanced catalytic activity. Pd-Cu/SiO2 catalysts were stated to be long-term 

stable.[60] 

A mesoporous silica support was compared to mesoporous silica shell supports. The 

results indicated that core-shell catalysts have a higher stability, copper dispersion and 

prevent from sintering. Notable, the CO2 conversion of the core-shell catalysts was 

much higher than of the Cu/m-SiO2 catalyst because of the smaller copper particles 

and the consistent dispersion. The methanol selectivity was distributed as follows: 

CuO-ZnO@m-SiO2 > CuO@m-SiO2 > CuO/m-SiO2 since the addition of ZnO resulted 

in more strongly basic sites.[61] 

Schilke et al. investigated the impact of Zr- and Ti-promotion on SiO2-supported 

catalysts. Both dopants increased the CH3OH selectivity and formation. ZrO2 was 

stated to have a better influence on the selectivity, whereas TiO2 leads to a higher 

improvement of the methanol formation rate. Best results were obtained by usage of a 

combination of both leading to a selectivity of 93 % and a methanol formation rate of 

1.62 molMeOH/kgcat/h. With increasing ZrO2 content the methanol yield rose because 

copper and zirconia participate on the methanol formation. Oppositely, increasing TiO2 

content did not yield in a higher formation rate. Therefore, methanol formation was 

stated to happen solely on copper. Further, TiO2 does not enhance copper dispersion. 

Hence, it was concluded that TiO2 promotes the activity of the copper surface area.[62] 

Extensive studies have been made related to silica-supported copper-catalysts. A 

promoting effect could be determined for Cr and Mn, while Fe, Co and Ni suppressed 

the methanol formation by carbon dioxide hydrogenation on Cu-ZnO/SBA-15.[23] 

Cu/m-SiO2 catalysts exhibit a rather low CO2 conversion (3.4%) and methanol 

selectivity (18.2 %). Usage of core-shell structured catalysts could improve the catalytic 

activity significantly to a CO2 conversion of 11.5 % and a methanol selectivity of  
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21.2 % for a Cu@m-SiO2 catalyst.[61] The influence of the SiO2 morphology was 

determined to be great on Cu-ZnO-ZrO2 containing catalysts. The catalytic 

performance was the following: KIT-6 > SBA-15 > MCF.[58] As mentioned for ZnO-

supported catalysts, also for SiO2-supported catalysts Ga-promotion improved the 

catalytic performance.[50][51] Zn- or Pd-doping of a Cu/SiO2 catalyst yielded in a highly 

increased methanol selectivity and yield.[60] Addition of ZrO2 to Cu-ZnO/SBA-15 

strongly improved the catalytic performance. SBA-15-support of a Cu-ZnO-ZrO2 

catalyst led to a remarkably high STY of 11.71 molMeOH/kgcat/h and CO2 conversion of 

19.2 % but to a slightly lower methanol selectivity of 30.60 % compared to an 

unsupported catalyst whose methanol selectivity was 33.31 %.[57] ZrO2-doping had a 

better effect on methanol selectivity, while TiO2-doping had a more significant effect on 

the methanol activity. A combination of both yielded in even better results.[62] MnO-

promotion was found to favor the formation of small copper particles and produced  

4.5 molMeOH/kgcat/h more methanol, while ZnO-doping yielded in a 10.3 % higher 

methanol selectivity.[59] The results obtained by Koh et al.[59]  were notably higher 

than the results from Jiang et al.[60], which may be caused by the temperature and 

pressure difference and the different preparation procedure. 

2.1.4.5. ZrO2-supported catalysts 

Table 5 shows the research that has been done on ZrO2-supported catalysts. 

Table 5: ZrO2-supported catalysts for the hydrogenation of CO2 to methanol with composition, preparation method 
(unless otherwise stated the used precursors were nitrates), reaction conditions (temperature [°C] and pressure 
[MPa]), feed composition, CO2 conversion XCO2 [%], methanol selectivity SMeOH [%], methanol activity (=space-time-
yield STY) [molMeOH/kgcat/h] and reference. 

Catalyst 

Composition 

Preparation 
method 

Reaction 
conditions 

Feed 
CO2 : H2 

XCO2 SMeOH STY Ref 
molar 
ratio 

weight 
percent 

Zn-Cu/ZrO2  
30 Cu 

41 ZnO 
co-

precipitation 
220 °C 
5 MPa 

1:3.9 8.7 56 - [26] 

Zn-Cu/ZrO2  
30 Cu 

41 ZnO 
co-

precipitation 
220 °C 
5 MPa 

1:6 10.0 55 - [26] 

Cu/ZrO2  2 Cu impregnation 
250 °C 
3 MPa 

22:75 
(:3 He) 

0.99 69 3.6 [63] 

Cu/ZrO2  
40 CuO 
60 ZrO2 

deposition 
precipitation 

240 °C 
2 MPa 

1:3 7.2 49.3 - [64] 

Cu/ZrO2  
30 CuO 
70 ZrO2 

deposition 
precipitation 

240 °C 
2 MPa 

1:3 6.3 48.8 
11.2

4 
[64] 
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Catalyst 

Composition 

Preparation 
method 

Reaction 
conditions 

Feed 
CO2 : H2 

XCO2 SMeOH STY Ref 
molar 
ratio 

weight 
percent 

Cu/a-ZrO2  10 Cu 
incipient 
wetness 

impregnation 

260 °C 
3 MPa 

1:3 7.9 42 2.56 [65] 

Cu/m-ZrO2  10 Cu 

Incipient 
wetness 

impregnation 
260 °C 
3 MPa 

1:3 4.9 48 0.47 [65] 

Cu/t-ZrO2  10 Cu 
incipient 
wetness 

impregnation 
260 °C 
3 MPa 

1:3 5 51 1.90 [65] 

Zn-Cu/ZrO2  
43 CuO 
15 ZnO 
42 ZrO2 

reverse co-
precipitation 

240 °C 
5 MPa 

1:3 
(:0.3 N2) 

22.4 64 - [66] 

Cu/ZrO2  
58.6 CuO 
41.4 ZrO2 

reverse co-
precipitation 

200 °C 
3 MPa 

1:3 
(:0.3 N2) 

7.2 70.2 - [67] 

Zn-Cu/ZrO2  
15.1 CuO 
41.8 ZnO 
43.1 ZrO2 

reverse co-
precipitation 

200 °C 
3 MPa 

1:3 
(:0.3 N2) 

6.5 70.9 - [67] 

Ga-Cu/ZrO2  
27 Cu 

3 Ga2O3 

70 ZrO2 

co-
precipitation 

250 °C 
2 MPa 

1:3 - - 0.14 [68] 

Ga-Cu/ZrO2  
27 Cu 

3 Ga2O3 

70 ZrO2 

deposition co-
precipitation 

250 °C 
2 MPa 

1:3 
13.7

1 
75.59 1.93 [68] 

B-Cu/ZrO2  
27 Cu 
3 B2O3 

70 ZrO2 

co-
precipitation 

250 °C 
2 MPa 

1:3 0 0 0 [68] 

B-Cu/ZrO2  
27 Cu 
3 B2O3 

70 ZrO2 

deposition co-
precipitation 

250 °C 
2 MPa 

1:3 
15.8

3 
67.26 1.8 [68] 

Cu/ZrO2  
10 Cu 

 

incipient 
wetness 

impregnation 

230 °C 
1MPa 

1:3 
(:1 N2) 

4.2 39 1.2 [69] 

Ag-Cu/ZrO2  
10 Cu 
1 Ag 

incipient 
wetness 

impregnation 

230 °C 
1MPa 

1:3 
(:1 N2) 

2.6 49 0.9 [69] 

Cu/ZrO2 
1 Cu 
1 Zr  

urea nitrate 
combustion 

220 °C 
3 MPa 

1:3 
(: 0.5 N2) 

5.3 58 - [70] 

La-Cu/ZrO2 

1 Cu 
1 Zr 

0.05 La 
 

urea nitrate 
combustion 

220 °C 
3 MPa 

1:3 
(: 0.5 N2) 

6.2 66 - [70] 

 

Portha et al. compared an Al2O3-supported and a ZrO2-supported Cu-ZnO catalyst for 

the hydrogenation of CO2. Despite the Al2O3-support led to a higher surface area and 

CO2 conversion, the ZrO2-support was determined to elevate the methanol selectivity 

and simultaneously showed a lower selectivity for CO in the reverse water-gas shift 

reaction.[26] 

Zirconium-supported copper catalysts were also tested by Liu et al. The physical 

properties of the catalysts changed with the copper content and the preparation 

method. Regarding the preparation method they figured out that deposition 

precipitation provided the largest specific surface area and smaller particles. The 

methanol selectivity depended on the CuO/ZrO2 ratio.[64] 
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Copper was tested on ZrO2-supports with different Zr-phases such as amorphous 

zirconia, tetragonal zirconia and monoclinic zirconia. The XRD pattern indicated that 

on Cu/a-ZrO2 and Cu/t-ZrO2 CuO is well dispersed while Cu/m-ZrO2 delivers bigger 

CuO particles which was verified by HR-TEM of the catalysts. Monoclinic zirconia 

showed a stronger adsorption of CO2 than tetragonal. On amorphous and tetragonal 

zirconia much more H2 could be adsorbed due to a strong interaction of copper with 

a-ZrO2 and t-ZrO2, respectively. As the catalytic activity was tested Cu/a-ZrO2 had the 

best methanol yield (2.56 molMeOH/kgcat/h) and the highest CO2 conversion (7.9 %) 

which is attributable to the large copper surface area. The methanol selectivity was 

highest using Cu/t-ZrO2 (51 %).[65] 

Arena et al. found only a difference smaller than 1 % in CO2 conversion and methanol 

selectivity concerning the composition of Cu/ZrO2 and Cu-ZnO/ZrO2 catalysts. 

However, the space-time-yield of methanol did rapidly increase at low Zn content, 

showing a maximum at a Zn/Cu ratio between 0.3 and 0.5. Reverse co-precipitation 

under ultrasound irradiation was successfully applied, yielding in improved physical 

properties compared to conventionally prepared catalysts.[67] 

Deposition precipitation on nanocrystalline zirconia yielded in a smaller CuO size than 

conventional precipitation which led to a better dispersion and a higher stability against 

sintering and agglomeration and further increased the CO2 conversion and methanol 

yield. The effect of different promoters (Ga and B) was much lower than the effect of 

different preparation methods. It was concluded that nanocrystalline supports increase 

the interaction of the catalyst components and that Cu0 and especially Cu+ are 

important in the active sites.[68] 

Tada et al. investigated Ag-promotion of CuO/ZrO2 catalysts. Addition of Ag decreased 

the methanol production rate by 0.3 % and CO2 conversion by 1.6 % but increased 

methanol selectivity by 10 % and lowered the CO2 activation energy. Further on, silver-

doped catalysts exhibited highly methanol-selective active sites. Silver was described 

to cover parts of the copper surface area and it promoted CuO growing.[69]  

Guo et al. tested the promotional effect of La-doping on Cu/ZrO2 catalysts and they 

found that La-promotion leads to decreasing CuO and ZrO2 particle size with 

increasing La content. La acted positively regarding the thermal stability of the catalyst 

because the dispersed La works as a thermal insulation.  As La-defects formed in the 
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ZrO2-phase and La2Zr2O7 was formed, crystallization and grain growth were hindered. 

Further, La increased the number of basic sites. In terms of catalytic activity, increasing 

La loading yielded in increasing methanol selectivity and a volcano-shaped CO2 

conversion.[70] 

ZrO2-supported catalysts are believed to be more stable and selective than ZnO-

supported catalysts. Further, the kind of zirconia[65] and the preparation method[68] 

used have a great impact on the catalytic performance. Liu et al. proposed deposition 

precipitation to be the most effective method.[64] ZrO2-support was stated to improve 

the reducibility of copper.[63] Both, B2O3 and Ga2O3, were proven to increase the 

catalytic performance of ZrO2-supported catalysts when using a suitable preparation 

method.[68] Also La-promotion had a positive effect on the catalytic activity.[70] 

Whereas, Ag-promotion did not deliver satisfactory results.[69] ZnO in a ZrO2-

supported catalyst did not influence the CO2 conversion and methanol selectivity but 

promoted the space-time-yield of methanol.[67] 

2.1.4.6. Graphene-oxide-supported catalysts 

Table 6 summarizes the research on graphene-oxide (GO)-supported catalysts. 

Table 6: GO-supported catalysts for the hydrogenation of CO2 to methanol with composition, preparation method 
(unless otherwise stated the used precursors were nitrates), reaction conditions (temperature [°C] and pressure 
[MPa]), feed composition, CO2 conversion XCO2 [%], methanol selectivity SMeOH [%], methanol activity (=space-time-
yield STY) [molMeOH/kgcat/h] and reference. 

Catalyst 

Composition 

Preparation 
method 

Reaction 
conditions 

Feed 
CO2 : H2 

XCO2 SMeOH STY Ref 
molar 
ratio 

weight 
percent 

Zn-Zr-Cu/GO  

35.1 Cu 
26.8 Zn 
36.7 Zr 
1.4 GO 

reverse co-
precipitation 

240 °C 
2 MPa 

1:3 
(: 0.3 N2) 

15.8 35 8.43 [71] 

Zn-Cu/redGO 
1 Cu 
1 Zn 

5 Cu-Zn 
incipient 
wetness 

impregnation 

250 °C 
1.5 MPa 

1:3 14 2.8 6.87 [72] 

Zn-Cu/redGO 
1 Cu 
1 Zn 

10 Cu-Zn 
incipient 
wetness 

impregnation 

250 °C 
1.5 MPa 

1:3 26 5.1 
13.2

3 
[72] 

Zn-Cu/redGO 
1 Cu 
1 Zn 

20 Cu-Zn 
incipient 
wetness 

impregnation 

250 °C 
1.5 MPa 

1:3 19 8.5 7.62 [72] 

Zn-Cu/redGO 
1 Cu 
1 Zn 

30 Cu-Zn 
incipient 
wetness 

impregnation 

250 °C 
1.5 MPa 

1:3 20 15.6 7.62 [72] 

Zn-Zr-Al-
Cu/redGO 

 

4 CuO 
3 ZnO 

1.5 ZrO2 
1.5 Al2O3 

40 redGO 

co-
precipitation 

240 °C 
2 MPa 

1:3 14.7 78 9.7 [73] 
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Witoon et al. did experiments with graphene-oxide-supported Cu-ZnO-ZrO2 catalysts. 

In the hydrogenation of CO2 catalysts with small amounts of graphene-oxide (GO)  

(0.5-2.5 wt%) showed an increased conversion of CO2 compared to a GO-free CuO-

ZnO-ZrO2 catalyst whereas at higher GO contents (5 wt%) the CO2 conversion 

decreased drastically. Regarding the space-time-yield, the catalyst containing 1 wt% 

GO delivered the best results. The space-time-yield showed a volcano-shaped 

temperature dependency with a maximum at 240 °C. A long term test utilizing the 

catalyst with 1 wt% GO revealed that a GO-support is favorable for the long-term 

stability concerning the space-time-yield of methanol, whereas the CO yield decreased 

with time due to sintering or partial oxidation of copper.[71] 

Bimetallic Cu-Zn/reduced graphene-oxide (redGO) catalysts showed the highest 

activity when containing 10 wt% Cu-Zn. At higher concentrations a lower dispersion 

and agglomeration of the active metal was observed and the performance got 

poorer.[72] 

A reduced graphene-oxide-supported CuO-ZnO-ZrO2-Al2O3 catalyst showed a higher 

surface area and a higher dispersion of CuO than a CuO-ZnO-ZrO2-Al2O3 catalyst. The 

reduced graphene-oxide-supported catalyst was stated to have a better interaction 

between active component and CO2 indicating a better adsorption of CO2. Additionally, 

the amount of adsorbed H2 was higher. As expected, the catalytic performance of the 

reduced graphene-oxide-supported catalyst was higher, in particular about 1.1-fold, 

than for the catalyst without graphene.[73] 

GO was found to promote the interaction between the mixed metals (Cu, Zn, Zr) to 

make the hydrogen spillover easier which leads to a high methanol space-time-

yield[71] and increases the surface area leading to a better reducibility of copper and 

a higher adsorption capacity.[73] Cu-Zn supported on reduced graphene-oxide 

showed a remarkably high methanol yield at a content of 10 wt% Cu-Zn.[72] 

2.1.4.7. TiO2-supported catalysts 

Table 7 lists the research on TiO2-supported catalysts. 
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Table 7: TiO2-supported catalysts for the hydrogenation of CO2 to methanol with composition, preparation method 
(unless otherwise stated the used precursors were nitrates), reaction conditions (temperature [°C] and pressure 
[MPa]), feed composition, CO2 conversion XCO2 [%], methanol selectivity SMeOH [%], methanol activity (=space-time-

yield STY) [molMeOH/kgcat/h] and reference. 

Catalyst 

Composition 

Preparation 
method 

Reaction 
conditions 

Feed 
CO2 : H2 

XCO2 SMeOH STY Ref 
molar 
ratio 

weight 
percent 

Zn-Ce-
Cu/TiO2-

nanotubes 

6 Cu 
3 Zn 
1 Ce 

10 TiO2 
nanotubes 

deposition 
precipitation 

260 °C 
3 MPa 

1:3 
(:1 N2) 

23.3 59.8 9.33 [74] 

Cu/TiO2  10 Cu impregnation 
220 °C 
3 MPa 

1:3 
(:0.5 N2) 

4.3 29.8 - [75] 

Mg-Cu/TiO2  
10 Cu 
1 MgO 

impregnation 
220 °C 
3 MPa 

1:3 
(:0.5 N2) 

5.2 37.9 - [75] 

Mg-Cu/TiO2  
10 Cu 
5 MgO 

impregnation 
220 °C 
3 MPa 

1:3 
(:0.5 N2) 

2.6 55.5 - [75] 

 

Using TiO2-nanotubes as supporting material provided catalysts with an enhanced 

CuO dispersion and a higher copper surface area compared to an unsupported Cu-

ZnO-CeO2 catalyst. The catalytic performance of the TiO2-nanotubes-supported 

catalysts was increased showing a maximum at a TiO2 content of 10 wt%. The only 

side product that could be detected was CO.[74] 

TiO2-supported catalysts were examined by Liu et al. They concluded that the 

supplementation of a small quantity of MgO gives a higher CO2 conversion. At a 

loading of 3 % MgO the CO2 conversion decreased in comparison to a Cu/TiO2 catalyst 

without MgO. The TOF declined with an increasing MgO content owing to a lower 

copper activity due to less interaction between CuO and TiO2. The selectivity of 

methanol had a volcano-shaped profile with respect to an increasing MgO content on 

account of the increasing strong basic sites. The maximal selectivity of 55.5 % was 

observed at a MgO loading of 5 %.[75] 

2.1.4.8. CeO2-supported catalysts 

Table 8 outlines the research work on CeO2-supported catalysts. 
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Table 8: CeO2-supported catalysts for the hydrogenation of CO2 to methanol with composition, preparation method 
(unless otherwise stated the used precursors were nitrates), reaction conditions (temperature [°C] and pressure 
[MPa]), feed composition, CO2 conversion XCO2 [%], methanol selectivity SMeOH [%], methanol activity (=space-time-

yield STY) [molMeOH/kgcat/h] and reference. 

Catalyst 

Composition 

Preparation 
method 

Reaction 
conditions 

Feed 
CO2 : H2 

XCO2 SMeOH STY Ref 
molar 
ratio 

weight 
percent 

ZnO-Cu/CeO2  
43 CuO 
14 ZnO 
43 CeO2 

reverse co-
precipitation 

240 °C 
5 MPa 

1:3 
(:0.3 N2) 

8.5 80 - [66] 

Cu/CeO2 
1 Cu 
1 Ce 

 
deposition 

precipitation 
300 °C 
5 MPa 

1:4 29 10 - [76] 

Cu/CeO2  10 Cu precipitation 
230 °C 
3 MPa 

1:3 3.5 65.6 0.48 [77] 

Pd-Cu/CeO2  
10 Cu 
0.5 Pd 

precipitation 
230 °C 
3 MPa 

1:3 
(: 0.5 N2) 

5.5 48.7 0.52 [77] 

Pd-Cu/CeO2  
10 Cu 
1 Pd 

precipitation 
230 °C 
3 MPa 

1:3 
(: 0.5 N2) 

14.8 29.0 0.87 [77] 

Cu/CeO2 
1 Cu 
1 Ce 

 
co-

precipitation 
300 °C 
5 MPa 

1:4 30 28 - [76] 

Cu/CeO2-
nanotubes 

  impregnation 
260 °C 
3 MPa 

1:3 
(: 1 N2) 

3.5 85 4.2 [78] 

Ni-Cu/CeO2-
nanotubes 

1 Cu 
1 Ni 

 impregnation 
260 °C 
3 MPa 

1:3 
(: 1 N2) 

11.9 74 12.0 [78] 

Ni-Cu/CeO2-
nanotubes 

1 Cu 
2 Ni 

 impregnation 
260 °C 
3 MPa 

1:3 
(: 1 N2) 

17.8 79 18.1 [78] 

 

Two different preparation methods for CeO2-supports were compared by Sripada et al. 

The preparation method had an impact on the surface area, the porosity, the dispersion 

of the active component and on support properties like the surface composition. 

Deposition precipitation provided catalysts with a higher methanol yield but a lower 

selectivity than co-precipitation.[76] 

Pd-promotion was examined on a Cu/CeO2 catalyst. Experiments indicated that Pd- 

promotion increases the space-time-yield and CO2 conversion but decreases the 

methanol selectivity. The promotional effect of the highly dispersed Pd was due to more 

active Cu sites. However, Pd did not make more active sites available. Pd-promotion 

led to a higher surface concentration of copper and a higher copper dispersion through 

a strong interaction between Cu and Pd which prevented from aggregation of the 

copper particles.[77] 

Tan et al. tried bimetallic Cu-Ni supported on CeO2-nanotubes for hydrogenation of 

CO2 to methanol. They discovered that with increasing Ni content the CO2 conversion 
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as well as methanol space-time-yield were rising to a maximum at a Ni/(Cu+Ni) atomic 

ratio of 2/3, thereafter they decreased. The methanol selectivity for a Ni-free Cu/CeO2 

catalyst was 10 % higher than for the Cu-Ni/CeO2 catalysts where it was almost stable 

on a level around 75 %. The authors spoke of a Cu-Ni synergy where Cu segregates 

to the surface and Ni stabilizes the reaction intermediates. CeO2 was described to 

promote the adsorption and activation of CO2 and to favor the dispersion and 

stabilization of the Cu-Ni alloy.[78] 

As mentioned before, also for CeO2-supported catalysts it was claimed that the 

preparation method influences the obtained catalyst in terms of morphology, surface 

area and other catalyst properties. Therefore, the catalytic performance is depending 

on the preparation method used.[76] Unpromoted Cu supported on CeO2-nanotubes 

prepared by impregnation showed a high methanol selectivity of 85 %.[78] Ni- and Pd-

doping had a promotional effect on the catalytic performance compared to an 

unpromoted Cu/CeO2 catalyst.[77][78]   

2.1.4.9. ZnO-ZrO2-supported catalysts 

Table 9 gives a summary on ZnO-ZrO2-supported catalysts. 

Table 9: ZnO-ZrO2-supported catalysts for the hydrogenation of CO2 to methanol with composition, preparation 
method (unless otherwise stated the used precursors were nitrates), reaction conditions (temperature [°C] and 
pressure [MPa]), feed composition, CO2 conversion XCO2 [%], methanol selectivity SMeOH [%], methanol activity 
(=space-time-yield STY) [molMeOH/kgcat/h] and reference. 

Catalyst 

Composition 

Preparation 
method 

Reaction 
conditions 

Feed 
CO2 : H2 

XCO2 SMeOH STY Ref 
molar 
ratio 

weight 
percent 

Cu/ZnO-ZrO2 

0.5 Cu 
0.2 Zn 
0.3 Zr 

 
impregnation-
sol-gel auto-
combustion 

250 °C 
3 MPa 

1:3 
(: 0.4 N2) 

0.5 33.31 0.31 [57] 

Cu/ZnO-ZrO2 

0.5 Cu 
0.2 Zn 
0.3 Zr 

 
glycine nitrate 
combustion 

220 °C 
3 MPa 

1:3 12.0 71.1 - [79] 

Cu/ZnO-ZrO2 

0.5 Cu 
0.2 Zn 
0.3 Zr 

 
urea nitrate 
combustion 

240 °C 
3 MPa 

1:3 14.9 56.8 - [80] 

Cu/ZnO-ZrO2 
0.5 Cu 
0.2 Zn 
0.3 Zr 

 
solid-state 
reaction 

(solvent-free) 

240 °C 
3 MPa 

1:3 15.7 58.0 - [81] 

Cu/ZnO-ZrO2 

6 Cu 
3 Zn 
1 Zr 

57.1 CuO 
28.1 ZnO 
14.8 ZrO2 

carbonate co-
precipitation 

180 °C 
3 MPa 

3:9 
(:1 N2) 

2.9 92.4 2.65 [82] 

Cu/ZnO-ZrO2 
6 Cu 
3 Zn 
1 Zr 

57.1 CuO 
28.1 ZnO 
14.8 ZrO2 

carbonate co-
precipitation 

240 °C 
3 MPa 

3:9 
(:1 N2) 

16.0 48.7 7.96 [82] 

Cu/ZnO-ZrO2 
6 Cu 
3 Zn 
1 Zr 

56.4 CuO 
27.7 ZnO 
15.9 ZrO2 

complexation 
by citric acid 

180 °C 
3 MPa 

3:9 
(:1 N2) 

1.9 0 1.87 [82] 
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Catalyst 

Composition 

Preparation 
method 

Reaction 
conditions 

Feed 
CO2 : H2 

XCO2 SMeOH STY Ref 
molar 
ratio 

weight 
percent 

Cu/ZnO-ZrO2 
6 Cu 
3 Zn 
1 Zr 

56.4 CuO 
27.7 ZnO 
15.9 ZrO2 

complexation 
by citric acid 

240 °C 
3 MPa 

3:9 
(:1 N2) 

12.5 48.2 6.74 [82] 

Cu/ZnO-ZrO2 
6 Cu 
3 Zn 
1 Zr 

56.8 CuO 
27.7 ZnO 
15.5 ZrO2 

gel oxalate co-
precipitation 

180 °C 
3 MPa 

3:9 
(:1 N2) 

3.6 11.0 3.37 [82] 

Cu/ZnO-ZrO2 
6 Cu 
3 Zn 
1 Zr 

56.8 CuO 
27.7 ZnO 
15.5 ZrO2 

gel oxalate co-
precipitation 

240 °C 
3 MPa 

3:9 
(:1 N2) 

18.0 48.6 9.52 [82] 

Cu/ZnO-ZrO2 

2.0 Cu 
73.5 Zn 
24.5 Zr 

 
co-

precipitation 
220 °C 
8 MPa 

1:3 2 92 1.25 [83] 

Cu/ZnO-ZrO2 
62.5 Cu 

28.125 Zn 
9.375 Zr 

 
co-

precipitation 
220 °C 
8 MPa 

1:3 21 68 5.65 [83] 

Cu/ZnO-ZrO2 

6 Cu 
3 Zn 
1 Zr 

 
co-

precipitation 
230 °C 
5 MPa 

1:3 16.7 54.7 - [84] 

Cu/ZnO-ZrO2 

6 Cu 
3 Zn 
1 Zr 

 
co-

precipitation 
270 °C 
5 MPa 

1:3 22.5 51.8 - [84] 

Cu/ZnO-ZrO2 

6 Cu 
3 Zn 
1 Zr 

 

precipitation- 
reduction with 

NaBH4 
(B/Cu=5) 

230 °C 
5 MPa 

1:3 15.4 66.8 - [84] 

Cu/ZnO-ZrO2 

6 Cu 
3 Zn 
1 Zr 

 

precipitation-
reduction with 

NaBH4 
(B/Cu=5) 

270 °C 
5 MPa 

1:3 23.0 56.8 - [84] 

Cu/ZnO-ZrO2  
4 Cu 

3 ZnO 
3 ZrO2 

co-
precipitation 

230 °C 
3 MPa 

1:3 19.3 48.6 2.51 [85] 

Cu/ZnO-ZrO2 
41.8 Cu 
30.6 Zn 
27.6 Zr 

 
reverse co-
precipitation 

240 °C 
2 MPa 

1:3 
(: 0.3 N2) 

3.8 32 9.99 [86] 

Si-Cu/ZnO-
ZrO2 

41.8 Cu 
30.9 Zn 
27.3 Zr 

1.15 SiO2 
reverse co-
precipitation 

240 °C 
2 MPa 

1:3 
(: 0.3 N2) 

5.0 37 
11.5

5 
[86] 

Cu/ZnO-ZrO2  
5 CuO 
3 ZnO 
2 ZrO2 

co-
precipitation 

230 °C 
3 MPa 

1:3 19.6 44.4 2.3 [87] 

La-Cu/ZnO-
ZrO2 

 

5 CuO 
3 ZnO 

1.5 ZrO2 
0.5 La2O3 

co-
precipitation 

230 °C 
3 MPa 

1:3 20.5 49.8 2.7 [87] 

Ce-Cu/ZnO-
ZrO2 

 

5 CuO 
3 ZnO 

1.5 ZrO2 
0.5 CeO2 

co-
precipitation 

230 °C 
3 MPa 

1:3 22.8 53.0 3.2 [87] 

Nd-Cu/ZnO-
ZrO2 

 

5 CuO 
3 ZnO 

1.5 ZrO2 
0.5 Nd2O3 

co-
precipitation 

230 °C 
3 MPa 

1:3 19.0 40.5 2.0 [87] 

Pr-Cu/ZnO-
ZrO2 

 

5 CuO 
3 ZnO 

1.5 ZrO2 
0.5 Pr6O11 

co-
precipitation 

230 °C 
3 MPa 

1:3 19.3 42.0 2.2 [87] 

Cu/ZnO-ZrO2 
5 Cu 
2 Zn 
3 Zr 

 
co-

precipitation 
240 °C 
3 MPa 

1:3 
(: 0.5 N2) 

18.2 41.6 - [88] 

W-Cu/ZnO-
ZrO2 

5 Cu 
2 Zn 

2.8 Zr 
0.2 W 

 
co-

precipitation 
240 °C 
3 MPa 

1:3 
(: 0.5 N2) 

19.7 49.3 - [88] 

W-Cu/ZnO-
ZrO2 

5 Cu 
2 Zn 
1 Zr 
2 W 

 
co-

precipitation 
240 °C 
3 MPa 

1:3 
(: 0.5 N2) 

5.6 64.0 - [88] 
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Catalyst 

Composition 

Preparation 
method 

Reaction 
conditions 

Feed 
CO2 : H2 

XCO2 SMeOH STY Ref 
molar 
ratio 

weight 
percent 

Cu/ZnO-ZrO2 
5 Cu 
2 Zn 

2.5 Zr 
 

co-
precipitation 

240 °C 
3 MPa 

1:3 18.2 41.6 - [89] 

Cr-Cu/ZnO-
ZrO2 

5 Cu 
2 Zn 

2.5 Zr 
0.5 Cr 

 
co-

precipitation 
240 °C 
3 MPa 

1:3 18.1 40.0 - [89] 

Mo-Cu/ZnO-
ZrO2 

5 Cu 
2 Zn 

2.5 Zr 
0.5 Mo 

 
co-

precipitation 
240 °C 
3 MPa 

1:3 19.0 46.7 - [89] 

W-Cu/ZnO-
ZrO2 

5 Cu 
2 Zn 

2.5 Zr 
0.5 W 

 
co-

precipitation 
240 °C 
3 MPa 

1:3 19.4 47.8 - [89] 

Cu/ZnO-ZrO2  
65 CuO 
23 ZnO 
12 ZrO2 

co-
precipitation 

220 °C 
8 MPa 

1:3 - 68 5.62 [90] 

Ga-Cu/ZnO-
ZrO2 

 

65 CuO 
23 ZnO 
9 ZrO2 

3 Ga2O3 

co-
precipitation 

220 °C 
8 MPa 

1:3 - - 6.55 [90] 

Mn-Cu/ZnO-
ZrO2 

 

65 CuO 
23 ZnO 
9 ZrO2 

3 MnO 

co-
precipitation 

220 °C 
8 MPa 

1:3 - 66 4.68 [90] 

B-Cu/ZnO-
ZrO2 

 

65 CuO 
23 ZnO 
9 ZrO2 

3 B2O3 

co-
precipitation 

220 °C 
8 MPa 

1:3 - - 5.31 [90] 

In-Cu/ZnO-
ZrO2 

 

65 CuO 
23 ZnO 
9 ZrO2 

3 In2O3 

co-
precipitation 

220 °C 
8 MPa 

1:3 - - 0.78 [90] 

Gd-Cu/ZnO-
ZrO2 

 

65 CuO 
23 ZnO 
9 ZrO2 

3 Gd2O3 

co-
precipitation 

220 °C 
8 MPa 

1:3 - - 4.84 [90] 

Y-Cu/ZnO-
ZrO2 

 

65 Cu 
23 ZnO 
9 ZrO2 

3 Y2O3 

co-
precipitation 

220 °C 
8 MPa 

1:3 - 62 5.77 [90] 

Cu/ZnO-ZrO2  
65 CuO 
23 ZnO 
12 ZrO2 

complexation 
with citric acid 

220 °C 
8 MPa 

1:3 - - 3.43 [90] 

Ga-Cu/ZnO-
ZrO2 

 

65 CuO 
23 ZnO 
9 ZrO2 

3 Ga2O3 

complexation 
with citric acid 

220 °C 
8 MPa 

1:3 - 70 6.55 [90] 

Mg-Cu/ZnO-
ZrO2 

 

65 CuO 
23 ZnO 
9 ZrO2 

3 MgO 

complexation 
with citric acid 

220 °C 
8 MPa 

1:3 - 63 2.81 [90] 

Mn-Cu/ZnO-
ZrO2 

 

65 CuO 
23 ZnO 
9 ZrO2 

3 MnO 

complexation 
with citric acid 

220 °C 
8 MPa 

1:3 - 67 4,84 [90] 

Cu/ZnO-ZrO2  
62.4 CuO 
25.0 ZnO 
12.6 ZrO2 

thermal 
decomposition 

of citrates 

220 °C 
8 MPa 

1:3 - 88 3.00 [91] 

Mn-Cu/ZnO-
ZrO2 

 

65.8 CuO 
26.6 ZnO 
5.6 ZrO2 
2 MnO 

thermal 
decomposition 

of citrates 

220 °C 
8 MPa 

1:3 - 91 4.31 [91] 
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A Cu/ZnO-ZrO2 catalyst was prepared by glycine nitrate combustion. The glycine 

amount used during the preparation highly influenced the formation of the zirconia 

phases in a volcano-shaped form regarding the m-ZrO2/t-ZrO2 ratio. It was stated that 

m-ZrO2 has a higher catalytic activity than t-ZrO2 with the same surface area and 

copper dispersion.[79] 

The same was done with urea nitrate combustion, showing also a volcano-shaped form 

of the m-ZrO2/t-ZrO2 ratio with increasing urea amount. The catalyst prepared by urea 

nitrate combustion had a higher catalytic activity compared to catalysts with the same 

compositions which were prepared using other methods, such as oxalic co-

precipitation and Na2CO3 co-precipitation, which could be explained by the better 

interaction between ZnO, ZrO2 and copper after the short high temperature exposure 

during the combustion.[80] 

The performance of Cu/ZnO-ZrO2 catalysts was tested by Guo et al. The calcination 

temperature during the preparation affected the copper dispersion and simultaneously 

the CO2 conversion so that it decreased at high calcination temperatures. Best results 

were obtained at a calcination temperature of 400 °C.[81]  

Bonura et al. noticed a 5.5-times higher CO2 conversion and 1.9-times lower methanol 

selectivity at high reaction temperatures because of favoring of the endothermic 

reverse water-gas shift reaction. Additionally, they investigated the influence of the 

preparation method on the catalytic performance. The catalyst prepared by 

complexation with citric acid turned out to perform worst in terms of CO2 conversion 

and methanol selectivity due to the higher activation energy of the catalyst. In contrast 

to that, catalysts prepared by co-precipitation exhibited lower activation energies and 

easier reactivity of the adsorbed CO2 in consequence of the lower particle size. The 

catalyst prepared via gel oxalate co-precipitation acted better regarding CO2 

conversion and space-time-yield compared to conventional co-precipitated catalysts. 

In addition to that, it was stated that there is a correlation between CO2 conversion and 

methanol selectivity, particularly a high methanol selectivity is connected to a low CO2 

conversion and vice versa.[82] 

Experiments using Cu/ZnO-ZrO2 catalysts with varying copper content showed that 

the metal dispersion gets worse with increasing metal content due to a larger grain 

size. The catalytic activity decreased with increasing metal content regarding moles of 
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methanol produced by moles of copper in a certain time whereas the moles of 

methanol produced per kg catalyst and time unit increased. The adsorption of CO2 on 

the catalyst was promoted by stabilized Cu+ ions on the ZnO and ZrO2 surface, 

respectively.[83] 

The already discussed effect of reaction temperature was also proven by Dong et al. 

The often-used co-precipitation method for catalyst preparation was compared to a 

precipitation-reduction method using NaBH4. The precipitation-reduction method was 

evaluated to be advantageous considering methanol selectivity and space-time-yield. 

The Cu0/Cu+ ratio had a volcano shaped curve with varying B/Cu molecular ratio and 

was presumed to influence the catalytic performance because it showed a relation to 

the space-time-yield.[84] 

Phongamwong et al. investigated the promotional effect of SiO2-addition on Cu/ZnO-

ZrO2 catalysts. With increasing SiO2 content the CuO crystal size decreased. The 

catalyst containing 1.15 wt% SiO2 showed the best catalytic performance. When silica 

content got greater than 2.5 wt% the catalytic activity decreased due to segregation of 

silica particles. Addition of SiO2 led to a higher long term stability.[86] 

Rare-earth elements promoted Cu/ZnO/ZrO2 catalysts performed differently. While La 

and Ce enhanced methanol selectivity and CO2 conversion, Nd and Pr suppressed the 

hydrogenation reaction.[87] 

Wang et al. tested various Cu/ZnO-ZrO2 catalysts. The results indicated enhanced 

stability, CO2 conversion and methanol selectivity for catalysts containing a small 

amount of WO3, like 2 or 5 mol%, due to a higher surface area and reducibility of the 

catalyst and a better copper dispersion. However, a high amount of WO3 (20 mol%) 

led to a very low CO2 conversion due to aggregation of the copper particles and 

coverage of the active copper by WO3. However noteworthy is the highly improved 

methanol selectivity which reached 64 %.[88]  

Doping with Cr2O3 led to a slightly lower catalytic activity, namely a 0.1 % lower CO2 

conversion and a 1.6 % lower methanol selectivity, compared to an unmodified 

Cu/ZnO-ZrO2 catalyst because of less dispersion of the active components. MoO3- and 

WO3-doping had the opposite effect on the catalyst performance where WO3-

promotion showed the best results with 19.4 % CO2 conversion and 47.8 % CH3OH 

selectivity.[89] 



35 
 

Słoczyński et al. did an extensive study on the influence of various oxide additives on 

the catalytic performance of Cu/ZnO-ZrO2 catalysts. Addition of Ga2O3 led to the 

highest disperson of CuO and ZnO and to a very positive effect on the catalytic 

performance. At first MnO and B2O3 showed a high CuO dispersion but the catalyst 

tended to sintering. Indium oxide had a negative effect on the activity of the 

catalyst.[90] 

A comparison of a CuO/ZnO-ZrO2 catalyst with a Mn-promoted one showed that Mn-

promotion is effective in terms of methanol yield and selectivity. Zirconium was stated 

to have a positive effect on the activity. Both catalysts did not produce higher alcohols 

or methane. The methanol yield did increase significantly with elevated pressure.[91] 

In the Cu/ZnO-ZrO2 system m-ZrO2 was stated to have a higher catalytic activity than 

t-ZrO2.[79][80] This statement is contradictory to the proposal of Witoon et al. where t-

ZrO2 showed a higher activity in ZrO2-supported catalysts.[65] As it was already stated 

for other catalytic systems, the preparation method has a great impact on the activity 

as it influences the structure and properties of the catalyst. Best methanol yields were 

obtained using gel-oxalate co-precipitation, followed by carbonate co-precipitation 

which is the most used method. Unsatisfactory results were obtained by complexation 

with citric acid.[82] Precipitation-reduction delivered better results than conventional 

carbonate co-precipitation. The amount of NaBH4 used for precipitation-reduction was 

another influencing factor regarding the catalytic performance.[84] It was found that 

the calcination temperature has a strong influence on the catalytic performance when 

using a solvent-free solid-state-reaction as preparation method.[81] Further, the copper 

content was proposed to be an important factor for catalytic activity. A high copper 

content results in a decreased activity concerning the methanol formation rate per mole 

of copper due to larger copper particles and a decreased copper dispersion.[83] Si-

doping had a positive effect on Cu/ZnO-ZrO2 systems in terms of stability and catalytic 

performance because it led to a better dispersion of the metal oxides.[86] La, Ce, Mo, 

W, Mn and Ga were found to be promoters in the CO2 hydrogenation to methanol, 

whereas Nd, Pr, Cr and In are suppressors for this reaction.[87][89][90][91] Addition of 

a suitable amount of WO3 was found to give stable catalysts with better catalytic 

performance than MoO3.[88][89] 
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2.1.4.10. ZnO-Al2O3-supported catalysts 

Table 10 presents an overview on ZnO-Al2O3-supported catalysts. 

Table 10: ZnO-Al2O3-supported catalysts for the hydrogenation of CO2 to methanol with composition, preparation 
method (unless otherwise stated the used precursors were nitrates), reaction conditions (temperature [°C] and 
pressure [MPa]), feed composition, CO2 conversion XCO2 [%], methanol selectivity SMeOH [%], methanol activity 
(=space-time-yield STY) [molMeOH/kgcat/h] and reference. 

Catalyst 

Composition 

Preparation 
method 

Reaction 
conditions 

Feed 
CO2 : H2 

XCO2 SMeOH STY Ref 
molar 
ratio 

weight 
percent 

Cu/ZnO-Al2O3  
67.5 CuO 
25 ZnO 

7.5 Al2O3 

co-
precipitation 

250 °C 
5 MPa 

1:8 
(:1 CO) 

15.5
8 

99.81 
17.7

5 
[54] 

In2O3-
Cu/ZnO-Al2O3 

 

67.5 CuO 
25 ZnO 
5 Al2O3 

2.5 In2O3 

co-
precipitation 

250 °C 
5 MPa 

1:8 
(:1 CO) 

15.2
4 

99.34 
14.9

7 
[54] 

In2O3-
Cu/ZnO-Al2O3 

 

67.5 CuO 
25 ZnO 

2.5 Al2O3 

5 In2O3 

co-
precipitation 

250 °C 
5 MPa 

1:8 
(:1 CO) 

14.9
8 

99.72 8.98 [54] 

Cu/ZnO-Al2O3  40 Cu commercial 
250 °C 

4.1 MPa 
24:72 
(:4 Ar) 

18.4 27 0.17 [60] 

Cu/ZnO-Al2O3  
35 CuO 
33 ZnO 
32 Al2O3 

commercial 
240 °C 
5 MPa 

1:3 
(:0.3 N2) 

19.5 61 - [66] 

Cu/ZnO-Al2O3  
4 Cu 

3 ZnO 
3 Al2O3 

co-
precipitation 

230 °C 
3MPa 

1:3 18.7 43.0 2.15 [85] 

Cu/ZnO-Al2O3 

6 Cu 
2.5 Zn 
1.5 Al 
Citric 

acid/salt=0
.5 

 

mechanical 
milling and 

direct 
combustion 

with citric acid 
(solvent-free) 

240 °C 
3 MPa 

1:3 5.6 62.3 1.40 [92] 

Cu/ZnO-Al2O3 

6 Cu 
2.5 Zn 
1.5 Al 
Citric 

acid/salt=0
.75 

 

mechanical 
milling and 

direct 
combustion 

with citric acid 
(solvent-free) 

240 °C 
3 MPa 

1:3 8.9 62.9 2.25 [92] 

Cu/ZnO-Al2O3 

6 Cu 
2.5 Zn 
1.5 Al 
Citric 

acid/salt=1 

 

mechanical 
milling and 

direct 
combustion 

with citric acid 
(solvent-free) 

240 °C 
3 MPa 

1:3 14.6 63.6 3.75 [92] 

Cu/ZnO-Al2O3 

6 Cu 
2.5 Zn 
1.5 Al 
Citric 

acid/salt=1
.25 

 

mechanical 
milling and 

direct 
combustion 

with citric acid 
(solvent-free) 

240 °C 
3 MPa 

1:3 16.2 83.8 4.06 [92] 

Cu/ZnO-Al2O3 

6 Cu 
2.5 Zn 
1.5 Al 
oxalic 

acid/salt=1 

 

mechanical 
milling and 

direct 
combustion 
with oxalic 

acid (solvent-
free) 

240 °C 
3 MPa 

1:3 12.1 42.6 3.12 [92] 

Cu/ZnO-Al2O3 

6 Cu 
2.5 Zn 
1.5 Al 

urea/salt=
1 

 

mechanical 
milling and 

direct 
combustion 
with urea 

(solvent-free) 

240 °C 
3 MPa 

1:3 3.2 53.9 0.69 [92] 
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Catalyst 

Composition 

Preparation 
method 

Reaction 
conditions 

Feed 
CO2 : H2 

XCO2 SMeOH STY Ref 
molar 
ratio 

weight 
percent 

Cu/ZnO-Al2O3 

6 Cu 
2.5 Zn 
1.5 Al 

 
carbonate co-
precipitation 

240 °C 
3 MPa 

1:3 8.1 63.3 2.06 [92] 

Cu/ZnO-Al2O3 

45 Cu 
45 Zn 
10 Al 

 
gel-network 

co-
precipitation 

240 °C 
2 MPa 

1:3 20.1 31.3 - [93] 

Cu/ZnO-Al2O3 

45 Cu 
45 Zn 
10 Al 

 
oxalate co-
precipitation 

240 °C 
2 MPa 

1:3 19.3 22.3 - [93] 

Cu/ZnO-Al2O3 

45 Cu 
45 Zn 
10 Al 

 
carbonate co-
precipitation 

240 °C 
2 MPa 

1:3 15.8 22.8 - [93] 

Cu/ZnO-Al2O3 
2 Cu 
1 Zn 
1 Al 

 

co-
precipitation 
(precursor: 

HTls) 

230 °C 
5 MPa 

1:3 12.5 50.3 - [94] 

Cu/ZnO-Al2O3 
2 Cu 
1 Zn 
1 Al 

 

co-
precipitation 
(precursor: 

HTls) 

270 °C 
5 MPa 

1:3 23.8 39.8 - [94] 

Cu/ZnO-Al2O3  
5 CuO 
4 ZnO 
1 Al2O3 

co-
precipitation 

260 °C 
2.6 MPa 

1:3 
15.8

1 
23.32 - [95] 

Si-Cu/ZnO-
Al2O3 

 

5 CuO 
4 ZnO 
1 Al2O3 

0.02 SiO2 

co-
precipitation 

260 °C 
2.6 MPa 

1:3 
20.2

4 
27.15 - [95] 

Ti-Cu/ZnO-
Al2O3 

 

5 CuO 
4 ZnO 
1 Al2O3 

0.02 TiO2 

co-
precipitation 

260 °C 
2.6 MPa 

1:3 
16.1

0 
25.29 - [95] 

Si-Ti-Cu/ZnO-
Al2O3 

 

5 CuO 
4 ZnO 
1 Al2O3 

0.01 SiO2 
0.01 TiO2 

co-
precipitation 

260 °C 
2.6 MPa 

1:3 
40.7

0 
41.17 - [95] 

Cu/ZnO-Al2O3 
50 Cu 
25 Zn 
25 Al 

 
co-

precipitation 
via HTls 

250 °C 
5 MPa 

1:3 19.7 39.7 
10.6

1 
[96] 

Mn-Cu/ZnO-
Al2O3 

50 Cu 
25 Zn 

22.5 Al 
2.5 Mn 

 
co-

precipitation 
via HTls 

250 °C 
5 MPa 

1:3 22.3 43.0 
13.1

1 
[96] 

La-Cu/ZnO-
Al2O3 

50 Cu 
25 Zn 

22.5 Al 
2.5 La 

 
co-

precipitation 
via HTls 

250 °C 
5 MPa 

1:3 23.3 43.8 
13.7

3 
[96] 

Ce-Cu/ZnO-
Al2O3 

50 Cu 
25 Zn 

22.5 Al 
2.5 Ce 

 
co-

precipitation 
via HTls 

250 °C 
5 MPa 

1:3 23.6 45.9 
14.0

4 
[96] 

Zr-Cu/ZnO-
Al2O3 

50 Cu 
25 Zn 

22.5 Al 
2.5 Zr 

 
co-

precipitation 
via HTls 

250 °C 
5 MPa 

1:3 24.7 58.0 
15.2

9 
[96] 

Y-Cu/ZnO-
Al2O3 

50 Cu 
25 Zn 

22.5 Al 
2.5 Y 

 
co-

precipitation 
via HTls 

250 °C 
5 MPa 

1:3 26.9 47.1 
16.2

3 
[96] 

Cu/ZnO-Al2O3 

55 Cu 
30 Zn 
15 Al 

 
co-

precipitation 
200 °C 
4 MPa 

1:3 3.9 90 8 [97] 

Pd-Cu/ZnO-
Al2O3 

55 Cu 
30 Zn 
15 Al 

4 Pd 

co-
precipitation 

and 
impregnation 

of Pd 

200 °C 
4 MPa 

1:3 3.0 95 7 [97] 
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Catalyst 

Composition 

Preparation 
method 

Reaction 
conditions 

Feed 
CO2 : H2 

XCO2 SMeOH STY Ref 
molar 
ratio 

weight 
percent 

Pd-Cu/ZnO-
Al2O3 

55 Cu 
30 Zn 
15 Al 

10 Pd 

co-
precipitation 

and 
impregnation 

of Pd 

200 °C 
4 MPa 

1:3 2.2 93 4 [97] 

Cu/ZnO-Al2O3 
2 Cu 
1 Zn 
1 Al 

 

co-
precipitation 
(precursor: 

HTls) 

270 °C 
5 MPa 

1:3 23.8 39.8 - [98] 

F-Cu/ZnO-
Al2O3 

2 Cu 
1 Zn 
1 Al 

0.1 F 
 

co-
precipitation 
(precursor: 

HTls) 

270 °C 
5 MPa 

1:3 23.7 43.7 - [98] 

 

Despite addition of In2O3 to a Cu/ZnO-Al2O3 catalyst resulted in a higher copper 

surface area, the catalytic activity did not increase compared to a catalyst without 

In2O3. This may be explained by the strong adsorption of CO2. However, the stability 

of the catalyst was enhanced when containing In2O3.[54] 

Using a Cu/ZnO-Al2O3 catalyst prepared by solvent-free mechanical milling and direct 

combustion Lei et al. determined only methanol and CO as products. Different fuels 

were tested where citric acid turned out to deliver catalysts with the highest activity, 

followed by oxalic acid. Urea delivered the lowest performance. When comparing 

different fuel to salt atomic ratios using citric acid as fuel the ratio 1 showed the best 

performance, probably due to smaller CuO particles and a larger Cu surface.[92] 

Gel-network co-precipitation was contrasted to oxalate and carbonate co-precipitation. 

The gel-network co-precipitation method generated smaller particles, a higher copper 

dispersion and a higher surface area than the other two methods. As expected from 

these parameters, also the catalytic activity and performance was higher for the gel-

network co-precipitated catalysts with the same composition as the oxalate and 

carbonate co-precipitated catalysts. In particular a carbon dioxide conversion of  

20.1 % and a methanol selectivity of 31.3 % could be reached. More precisely, the 

oxalate method led to a higher CO2 conversion as the carbonate method, whereas the 

methanol selectivity was similar. A 100 h on-stream test showed that using the gel-

network method generated a more stable catalyst.[93] 

The promotional effect of SiO2 and TiO2 on a Cu/ZnO-Al2O3 catalyst was investigated 

by Zhang et al. They provided data of the catalytic activity which shows that SiO2 has 

a better effect on the catalytic performance than TiO2. Moreover, promotion with both, 
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SiO2 and TiO2, led to the best results. All promoters did improve the CuO and ZnO 

dispersion in the catalyst and hence, enhanced the surface area and interaction 

between CuO and ZnO which is accountable for the higher catalytic activity.[95] 

Cu/ZnO-Al2O3 catalysts with different modifiers were checked for their performance in 

CO2 hydrogenation to methanol. The CO2 conversion and methanol selectivity of 

Cu/ZnO-Al2O3 catalysts could be significantly improved by addition of modifiers such 

as Mn, La, Ce, Zr and Y. All modifiers obtained a higher copper surface area, metal 

dispersion and amount of basic sites, especially Zr and Y performed very good.[96] 

The effect of Pd-promotion was tested on Cu/ZnO-Al2O3 catalysts. Pd-doping was 

stated to decrease the copper dispersion and the exposed copper area due to 

coverage of copper by palladium or the formation of a Pd-Cu alloy and leads to smaller 

copper particles. Catalysts containing Pd had a lower methanol yield. Moreover, with 

increasing Pd content the catalytic activity was decreasing. For that, Melián-Cabrera 

et al. assumed that Pd has no promotional effect on Cu/ZnO-Al2O3 catalysts. But 

measuring the intrinsic methanol yield per mole of exposed copper showed a 

promoting effect of Pd. The authors could not exactly qualify this intrinsic promotional 

effect because palladium interferes in N2O chemisorption experiments, where the 

exposed copper surface is determined.[97] 

Gao et al. investigated the influence of fluorine modification on Cu/ZnO-Al2O3 catalysts. 

The CO2 conversion was slightly lower (0.1 %) for the fluorine modified catalyst due to 

the smaller exposed copper surface area, whereas the TOF, methanol selectivity and 

yield were higher for this catalyst. The methanol selectivity was stated to be dependent 

on the basic sites, namely strongly basic sites favor methanol production.[98] 

As the preparation method is an important parameter for the catalytic activity, a 

combustion method with different fuels and different amounts of fuel was tested. 

Activity tests showed the following results: citric acid > oxalic acid > urea. The activity 

increased with increasing amount of citric acid.[92] Different co-precipitation methods 

were compared giving results that showed the following activity: gel-network co-

precipitation > oxalate co-precipitation > carbonate co-precipitation.[93] Compared to 

the combustion method, all co-precipitation methods had a fairly lower methanol 

selectivity. SiO2 and TiO2 promoted the hydrogenation of CO2 to methanol, where SiO2 

was the better promoter. A combination of SiO2 and TiO2 strongly enhanced the 
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catalytic performance.[95] Other promoters were Mn, La, Ce, Zr and Y. Regarding the 

space-time-yield of methanol and the CO2 conversion the promotional effect was: Y > 

Zr > Ce > La > Mn. The only difference in this order regarding the methanol selectivity 

was that Zr showed a higher selectivity than Y.[96] In2O3-doping had promotional 

effects on the catalyst structure but it lowered the catalytic activity.[54] F-modification 

decreased the CO2 conversion but elevated the methanol selectivity and yield.[98] Pd-

promotion was stated to lower the catalytic activity but the intrinsic methanol yield 

enhanced.[97] Remarkably, all catalysts, Pd-promoted, In2O3-promoted and 

unpromoted, tested by Melián-Cabrera et al.[97] and Sadeghinia et al.[54] showed a 

very high methanol selectivity above 90 % compared to all other Cu/ZnO-Al2O3 

catalysts mentioned before which mostly show a selectivity in the range of 20-65 %. 

2.1.4.11. ZnO-Al2O3-ZrO2-supported catalysts 

Table 11 provides a summary of ZnO-Al2O3-ZrO2-supported catalysts. 

Table 11: ZnO-Al2O3-ZrO2-supported catalysts for the hydrogenation of CO2 to methanol with composition, 
preparation method (unless otherwise stated the used precursors were nitrates), reaction conditions (temperature 
[°C] and pressure [MPa]), feed composition, CO2 conversion XCO2 [%], methanol selectivity SMeOH [%], methanol 
activity (=space-time-yield STY) [molMeOH/kgcat/h] and reference. 

Catalyst 

Composition 

Preparation 
method 

Reaction 
conditions 

Feed 
CO2 : H2 

XCO2 SMeOH STY Ref 
molar 
ratio 

weight 
percent 

Cu/ZnO-
Al2O3-ZrO2 

 

4 CuO 
3 ZnO 

1.5 ZrO2 
1.5 Al2O3 

co-
precipitation 

240 °C 
2 MPa 

1:3 13.2 72 8.2 [73] 

Cu/ZnO-
Al2O3-ZrO2 

 

4 Cu 
3 ZnO 

1.5 Al2O3 
1.5 ZrO2 

co-
precipitation 

230 °C 
3 MPa 

1:3 23.2 60.3 3.75 [85] 

Cu/ZnO-
Al2O3-ZrO2 

2 Cu 
1 Zn 

0.7 Al 
0.3 Zr 

 

co-
precipitation 
(precursor: 

HTls) 

230 °C 
5 MPa 

1:3 15.5 54.5 - [94] 

Cu/ZnO-
Al2O3-ZrO2 

2 Cu 
1 Zn 

0.7 Al 
0.3 Zr 

 

co-
precipitation 
(precursor: 

HTls) 

270 °C 
5 MPa 

1:3 26.6 43.1 - [94] 

Cu/ZnO-
Al2O3-ZrO2 

2 Cu 
1 Zn 

0.3 Al 
0.7 Zr 

 

co-
precipitation 
(precursor: 

HTls) 

230 °C 
5 MPa 

1:3 8.6 41.7 - [94] 

Cu/ZnO-
Al2O3-ZrO2 

2 Cu 
1 Zn 

0.3 Al 
0.7 Zr 

 

co-
precipitation 
(precursor: 

HTls) 

270 °C 
5 MPa 

1:3 20.9 31.4 - [94] 

Cu/ZnO-
Al2O3-ZrO2 

6 Cu 
3 Zn 

0.7 Al 
0.3 Zr 

 

co-
precipitation 

(precursor: HT 
containing) 

250 °C 
5 MPa 

1:3 23.9 55.0 - [99] 
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Catalyst 

Composition 

Preparation 
method 

Reaction 
conditions 

Feed 
CO2 : H2 

XCO2 SMeOH STY Ref 
molar 
ratio 

weight 
percent 

Cu/ZnO-
Al2O3-ZrO2 

9 Cu 
3 Zn 

0.7 Al 
0.3 Zr 

 

co-
precipitation 

(precursor: HT 
containing) 

250 °C 
5 MPa 

1:3 22.1 51.6 - [99] 

Cu/ZnO-
Al2O3-ZrO2 

6 Cu 
3 Zn 

0.7 Al 
0.3 Zr 

 

co-
precipitation 
(precursor: 
phase-pure 

HTls) 

250 °C 
5 MPa 

1:3 21.2 48.8 - [99] 

Cu/ZnO-
Al2O3-ZrO2 

6 Cu 
3 Zn 

0.7 Al 
0.3 Zr 

 

co-
precipitation 
(precursor: 
rosasite) 

250 °C 
5 MPa 

1:3 23.0 52.5 - [99] 

Cu/ZnO-
Al2O3-ZrO2 

2 Cu 
1 Zn 

0.6 Al 
0.1 Zr 

 

co-
precipitation 
(precursor: 

HTls) 

250 °C 
5 MPa 

24:73 
(:3 N2) 

23.0 47.6 4.37 [100] 

Cu/ZnO-
Al2O3-ZrO2 

2 Cu 
1 Zn 

0.9 Al 
0.1 Zr 

 

co-
precipitation 
(precursor: 

HTls) 

250 °C 
5 MPa 

24:73 
(:3 N2) 

24.1 55.7 5.93 [100] 

Cu/ZnO-
Al2O3-ZrO2 

2 Cu 
1 Zn 

1.2 Al 
0.1 Zr 

 

co-
precipitation 
(precursor: 

HTls) 

250 °C 
5 MPa 

24:73 
(:3 N2) 

25.6 61.3 8.74 [100] 

Cu/ZnO-
Al2O3-ZrO2 

2 Cu 
1 Zn 

1.5 Al 
0.1 Zr 

 

co-
precipitation 
(precursor: 

HTls) 

250 °C 
5 MPa 

24:73 
(:3 N2) 

23.8 56.9 5.93 [100] 

Cu/ZnO-
Al2O3-ZrO2 

6 Cu 
3 Zn 
5 Al 
5 Zr 

 
co-

precipitation 
240 °C 
4 MPa 

1:3 
20.5

1 
61.01 - [101] 

Cu/ZnO-
Al2O3-ZrO2 

  commercial 
240 °C 
4 MPa 

1:3 
16.2

5 
42.61 - [101] 

Cu/ZnO-
Al2O3-ZrO2 

2 Cu 
1 Zn 

0.92 Al 
0.08 Zr 

 

co-
precipitation 
(precursor: 

HTls) 

250 °C 
5 MPa 

1:3 21.9 45.3 
12.1

7 
[102] 

Cu/ZnO-
Al2O3-ZrO2 

2 Cu 
1 Zn 

0.76 Al 
0.24 Zr 

 

co-
precipitation 
(precursor: 

HTls) 

250 °C 
5 MPa 

1:3 22.5 46.9 
12.8

0 
[102] 

F-Cu/ZnO-
Al2O3-ZrO2 

2 Cu 
1 Zn 

0.92 Al 
0.08 Zr 

0.77 F 

co-
precipitation 
(precursor: 

HTls) 

250 °C 
5 MPa 

1:3 20.5 52.3 
13.4

2 
[102] 

F-Cu/ZnO-
Al2O3-ZrO2 

2 Cu 
1 Zn 

0.76 Al 
0.24 Zr 

0.59 F 

co-
precipitation 
(precursor: 

HTls) 

250 °C 
5 MPa 

1:3 21.1 53.5 
13.7

3 
[102] 

 

Cu/ZnO-Al2O3-ZrO2 catalysts showed a maximum in CO2 conversion as well as 

CH3OH selectivity with varying zirconia content. The opposite, namely a minimum, 

happened for CO selectivity. With increasing Zr4+/(Al3++Zr4+) atomic ratio a maximum 

in Cu surface area and Cu dispersion was demonstrated. Best results were obtained 

using an atomic ratio of 0.3.[94] 
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Gao et al. found besides methanol also carbon monoxide, water and small amounts of 

methane and higher hydrocarbons as by-products. With increasing copper content of 

the Cu/ZnO-Al2O3-ZrO2 catalysts they found a maximum of CO2 conversion, methanol 

selectivity as well as methanol yield at a copper content of 55 wt%. The decrease after 

the maximum was referred to a coverage of the active centers with unreducible Cu2+. 

The catalytic performance of a catalyst prepared with a hydrotalcite-containing 

precursor was better than that of catalysts prepared with a phase-pure HTl precursor 

having a general formula of [M2+
1-xM3+

x(OH)2]x+(An-)x/n·mH2O or with a rosasite 

precursor.[99] 

Gao et al. declared that when using a Cu/ZnO-Al2O3-ZrO2 catalyst for CO2 

hydrogenation the maximum CO2 conversion, methanol selectivity and yield can be 

achieved for an Al content of 1.2 relative to the Zn content (Cu2+/Zn2+/Al3+/Zr4+ = 

2/1/1.2/0.1). The amount of copper surface played an important role in the activity of 

the catalyst. Further the effect of the reaction temperature was tested. The results 

indicated that with increasing reaction temperature from 170 to 310 °C the methanol 

selectivity decreased from 86 to 26 %, the CO2 conversion increased from 5 to 32 % 

and the methanol yield raised to a maximum of 8.74 molMeOH/kgcat/h at 250 °C 

thereafter it decreased again. Additionally, the impact of elevating reaction pressure 

was checked in the range of 1 to 9 MPa, emerging that all three performance 

parameters mentioned above increased but it was mentioned that too high pressures 

require better equipment and is a safety problem.[100] 

A fibrous Cu/ZnO-Al2O3-ZrO2 catalyst was compared to a commercial one. The 

catalytic activity of the fibrous catalyst was higher than that of the commercial catalyst. 

Further, the catalyst stability was tested by exposing the catalysts at 400 °C for 3 h as 

Cu tends to sinter at high temperatures. The fibrous catalyst showed a very good 

thermal stability compared to the commercial catalyst.[101] 

Fluorine-modification had an impact on the properties of Cu/ZnO-Al2O3-ZrO2 catalysts. 

While the copper surface area was decreased, the proportion of strongly basic sites 

was increased. Therefore, these catalysts obtained marginally lower (about 6 %) 

carbon dioxide conversions but CH3OH selectivity and yield increased significantly 

(about 15 and 10 %, respectively) compared to catalysts without fluorine.[102] 
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Cu/ZnO-Al2O3-ZrO2 had a high thermal stability[101] and produced also CO, water, 

methane and higher hydrocarbons besides methanol. The copper content which 

delivered the best results was 55 wt% with a Cu2+/Zn2+ ratio of 2.[99] Some authors 

stated that the Zr content in Cu/ZnO-Al2O3-ZrO2 catalysts was ideal at a Zr4+/(Al3++Zr4+) 

ratio of 0.3.[94] While others proposed the optimal Al content to be 27.9 mol%[100] 

and the best Zr content to be 5 mol%.[101] F-promotion led to a slightly lower CO2 

conversion but increased the methanol selectivity and yield.[102] 

2.1.4.12. Others 

Table 12 contains research work on copper-based catalysts in compositions that were 

not mentioned yet.  

Table 12: Other catalysts for the hydrogenation of CO2 to methanol with composition, preparation method (unless 
otherwise stated the used precursors were nitrates), reaction conditions (temperature [°C] and pressure [MPa]), 
feed composition, CO2 conversion XCO2 [%], methanol selectivity SMeOH [%], methanol activity (=space-time-yield 
STY) [molMeOH/kgcat/h] and reference. 

Catalyst 

Composition 

Preparation 
method 

Reaction 
conditions 

Feed 
CO2 : H2 

XCO2 SMeOH STY Ref 
molar 
ratio 

weight 
percent 

Cu/MnO 
6 Cu 

1.5 Mn 
 

citric acid 
impregnation 

180 °C 
4 MPa 

1:3 1.8 98.8 11.8 [59] 

Cu/Ga2O3  2 Cu impregnation 
250 °C 
3 MPa 

22:75 
(:3 He) 

1.09 58 2.6 [63] 

Cu/Ga2O3-
ZrO2 

 
2 Cu 
6 Ga 

ion-exchange 
250 °C 
3 MPa 

22:75 
(:3 He) 

1.05 72 4.0 [63] 

Cu/Ga2O3-
ZrO2 

 
2 Cu 
6 Ga 

ion-exchange 
+ additional 

drying 

250 °C 
3 MPa 

22:75 
(:3 He) 

0.65 75 2.6 [63] 

Cu/Ga2O3-
ZrO2 

 
2 Cu 
6 Ga 

impregnation 
250 °C 
3 MPa 

22:75 
(:3 He) 

0.94 78 4.1 [63] 

Cu-ZnO-TiO2-
ZrO2 

4 Cu 
4 Zn 
1 Ti 
1 Zr 

 
sol-gel with 
citric acid 

240 °C 
3 MPa 

1:3 17.0 44.0 - [103] 

Cu-ZnO-TiO2-
ZrO2 

4 Cu 
4 Zn 
1 Ti 
1 Zr 

 
solid-state 

reaction with 
citric acid 

240 °C 
3 MPa 

1:3 16.2 43.7 - [103] 

Cu-ZnO-TiO2-
ZrO2 

4 Cu 
4 Zn 
1 Ti 
1 Zr 

 
solution-

combustion 
240 °C 
3 MPa 

1:3 15.6 41.9 - [103] 

Zr-Cu/CNT 
(oxygen 

containing 
groups) 

 
10 CU 

40 ZrO2 
50 CNT 

deposition 
precipitation 

260 °C 
3 MPa 

1:3 14.4 36.5 1.94 [104] 

Zr-Cu/CNT 
(few oxygen 
containing 

groups) 

 
10 CU 

40 ZrO2 
50 CNT 

deposition 
precipitation 

260 °C 
3 MPa 

1:3 24.9 40.1 2.21 [104] 
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Catalyst 

Composition 

Preparation 
method 

Reaction 
conditions 

Feed 
CO2 : H2 

XCO2 SMeOH STY Ref 
molar 
ratio 

weight 
percent 

Zr-Cu/CNT 
(nitrogen 

containing 
groups) 

 
10 CU 

40 ZrO2 
50 CNT 

deposition 
precipitation 

260 °C 
3 MPa 

1:3 16.3 43.5 2.62 [104] 

Cu/ZnO-
Ga2O3 

 
14.2 Cu 
4.2 Ga 

incipient 
wetness 

impregnation 

250 °C 
3 MPa 

1:3 3.37 35.4 1.00 [115] 

Cu/ZnO-
Ga2O3 

 
14.2 Cu 
4.2 Ga 

incipient 
wetness 

impregnation 

270 °C 
3 MPa 

1:3 6.01 28.2 1.44 [115] 

(CuZnGa)MW  
16.6 Cu 
4.9 Ga 

MW-assisted 
precipitation 

250 °C 
3 MPa 

1:3 10.3 38.3 3.50 [115] 

(CuZnGa)MW  
16.6 Cu 
4.9 Ga 

MW-assisted 
precipitation 

270 °C 
3 MPa 

1:3 15.8 29.3 4.23 [115] 

Cu/LaCrO3  13 Cu 
wet 

impregnation 
250 °C 
2 MPa 

1:3 4.8 46.6 - [116] 

LaCr0.5Cu0.5O3  13 Cu 
sol-gel with 
citric acid 

250 °C 
2 MPa 

1:3 10.4 90.8 - [116] 

La-Cu-Zn-O 
1 La 

0.7 Cu 
0.3 Zn 

 
sol gel with 
citric acid 

250 °C 
5 MPa 

1:3 6.4 57.9 1.56 [117] 

La-Y-Cu-Zn-O 

0.8 La 
0.2 Y 

0.7 Cu 
0.3 Zn 

 
sol gel with 
citric acid 

250 °C 
5 MPa 

1:3 5.0 59.6 1.25 [117] 

La-Ce-Cu-Zn-
O 

0.8 La 
0.2 Ce 
0.7 Cu 
0.3 Zn 

 
sol gel with 
citric acid 

250 °C 
5 MPa 

1:3 8.1 63.3 2.50 [117] 

La-Mg-Cu-Zn-
O 

0.8 La 
0.2 Mg 
0.7 Cu 
0.3 Zn 

 
sol gel with 
citric acid 

250 °C 
5 MPa 

1:3 9.1 65.2 2.81 [117] 

La-Zr-Cu-Zn-
O 

0.8 La 
0.2 Zr 
0.7 Cu 
0.3 Zn 

 
sol gel with 
citric acid 

250 °C 
5 MPa 

1:3 12.6 59.6 1.25 [117] 

YBa2Cu3O7 

1 Y 
2 B 

3 Cu 
7 O 

 

Grinding, 
heating, 
pressing, 
crushing, 
sieving, 

calcination 

240 °C 
3 MPa 

1:3 3.4 50.7 - [118] 

 

Cu-ZnO-TiO2-ZrO2 catalysts were prepared using three different preparation methods, 

namely a sol-gel method, a solid-state reaction method and solution combustion. The 

sol-gel method yielded in the highest CO2 conversion (17 %) and methanol selectivity 

(44 %), followed by the solid-state reaction method. This result was explained by the 

high Cu surface area and hence, high copper dispersion and by the high adsorption 

capacity for H2.[103] 

Carbon nanotubes (CNT) supports were examined on Cu/ZrO2. The kind of functional 

groups on CNTs played a major role on the metal dispersion such that nitrogen 
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containing groups ensured a high dispersion and good reduction to form small copper 

particles. Small copper particles were stated to be advantageous for the separation of 

H2. This led to a high methanol yield of 2.62 molMeOH/kgcat/h when using nitrogen 

containing groups.[104] 

For Cu/Zn-Ga catalysts the influence of increasing reaction temperature was also 

tested which yielded in a higher CO2 conversion and methanol yield but in a lower 

methanol selectivity. Catalysts prepared using a microwave (MW)-assisted method 

showed better performance than conventionally prepared catalysts.[115]  

The catalytic performance of a LaCr0.5Cu0.5O3 catalyst was determined to have a better 

catalytic performance than a Cu/LaCrO3 catalyst with the same copper amount. The 

LaCr0.5Cu0.5O3 catalyst showed a lower CO and CH4 selectivity and simultaneously a 

high CH3OH selectivity of 90.8 % which makes the LaCr0.5Cu0.5O3 perovskite structure 

a well applicable catalyst material.[116] 

Perovskite-type catalysts (La-Cu-Zn-O) were tested with yttrium, cerium, magnesium 

and zirconium. Adding Ce, Mg and Zr resulted in smaller particles, a higher Cu 

dispersion and further increased the catalytic performance. Notable, the catalyst 

containing zirconium displayed the highest CO2 conversion and methanol yield (12.6 

% and 1.25 molMeOH/kgcat/h, respectively) but the lowest methanol selectivity (59.6 %). 

Addition of yttrium lowered the CO2 conversion and methanol yield.[117] 

Tests on a YBa2Cu3O7 catalyst showed that after H2 reduction at 250 °C the non-active 

orthorhombic structure turned to a tetragonal structure, which is active for CO2 

hydrogenation. Best results for the production of methanol could be obtained at a high 

pressure, a high space velocity and a low temperature. For CO2 conversion a high 

pressure, a high temperature and a low space velocity were preferable.[118] 

2.1.5. Summary 

Supports 

The selectivity of Al2O3-supported catalysts is rather low but Cu/Al2O3 catalysts lead to 

a better methanol yield than Cu/SiO2 catalysts.[114] Silica-supported catalysts stand 

out with their high thermal stability.[17] Cu/Al2O3 catalysts give a higher CO2 

conversion, while Cu/ZrO2 catalysts have a higher methanol selectivity.[26] ZrO2-
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supports provide a higher basicity of the catalyst, a better copper dispersion and 

stability than Al2O3-supports.[29] In a Cu/Ga2O3-ZrO2 catalyst the ZrO2 contributes to 

a better reducibility of copper whereas Ga2O3 improves the metal dispersion leading 

to better catalytic performance.[63] Various supports for Cu-Zn catalysts were 

compared, showing that Zr-oxide delivers the highest activity, followed by Al. The worst 

results were given by Ce-oxide catalysts due to a low carbon dioxide conversion. 

Summarizing, it is stated that the oxide carrier influences the adsorption properties and 

structure of the catalyst. Methanol is believed to be the main product if the reaction 

temperature is low and the CO2 conversion is high.[66] ZnO is an often-used 

supporting material due to the synergy between copper and zinc yielding in a highly 

selective catalyst.[55] A comparison of Cu/ZnO-Al2O3, Cu/ZnO-ZrO2 and Cu/ZnO-

Al2O3-ZrO2 catalysts shows that the Cu/ZnO-Al2O3 catalysts have the highest copper 

surface area, followed by the Cu/ZnO-Al2O3-ZrO2 catalyst. Since the Cu/ZnO-Al2O3-

ZrO2 catalyst has the best catalytic performance the exposed copper surface cannot 

be the only influencing factor. Al2O3-promotion is stated to enhance the CuO dispersion 

and hinders the CuO reduction while ZrO2-addition promotes the reduction leading to 

a higher catalytic stability.[85] CeO2 as supporting material gives highly selective 

catalysts but it is not stable in the presence of water.[29] TiO2 and Ga2O3 are also 

stated to be applicable supporting materials which can lead to satisfying results in the 

presence of promoters.[75] To combine the advantages of each support also 

combinations of ZnO, TiO2 and ZrO2 are used.[103] Further supports are CNT with 

functional groups which have a positive effect on the catalytic properties.[104] 

Promoters 

Using ZnO as a promotor results in a high copper dispersion and surface area. ZnO 

promotes the reaction of CO2 and H2 through interaction with copper.[41][59][61][67] 

ZrO2-promotion gives highly selective, active and stable catalysts for the desired 

reaction.[57][41][42][48][49][62][96] Positive effects on the copper particle size and 

dispersion are given by Mn-addition but also sintering could be 

observed.[23][59][90][91][96] The main promotional effect of Ga2O3 is the improved 

metal dispersion on the catalyst surface leading to an enhanced performance for the 

CO2 hydrogenation to methanol. Gallium was also attributed to increase the stability of 

the catalyst.[50][51][52][49][90] Mg increases the copper dispersion and metal surface 

as well as the strong basic sites.[41][75] There exist very contradictory opinions on Pd-



47 
 

promotion. While there is agreement that there forms a strong interaction between 

copper and palladium researcher disagree on the effect of this alloy on the catalytic 

performance. Some speak of an enhanced methanol formation and a stable catalyst 

due to the Pd-Cu alloy[60][77] while others declare that the copper gets covered by the 

palladium leading to a decreased catalytic activity whereas the intrinsic methanol yield 

is enhanced.[97] Barium has a great impact on the methanol selectivity. It increases 

the exposed copper area and hinders from sintering. Since potassium favors the 

reverse water-gas shift reaction it is not promoting the methanol formation.[43] TiO2 is 

often reported as a well performing promoter for the hydrogenation reaction to 

methanol. It is said to have a positive impact on the Cu-Zn interaction in Zn containing 

catalysts, on the copper dispersion and on the crystal size.[44][48][53][95] But there 

exists also a study claiming that TiO2 has no influence on the copper dispersion.[62] 

Yttrium, aluminum, molybdenum and tungsten have a highly positive effect on the 

catalyst properties and hence on the catalytic performance.[46][49][88][89][96] B2O3 

was also tested for the promotion of the hydrogenation of CO2 yielding in a positive 

result concerning the catalytic activity.[68][90] Silver promotes the formation of 

methanol-selective active sites but lowers the methanol production due to coverage of 

the exposed copper area.[69] Iron, Cobalt and Gadolinium are suppressors for the CO2 

reduction to methanol. Moreover, addition of cobalt leads to methane 

production.[23][87] While some researchers state that chromium has a positive effect 

on the catalytic performance of a catalyst[23][49], others assume a negative 

influence.[89] Varying opinions exist on the impact of nickel. As some scientists say 

nickel hinders the catalytic activity[23], whereas others speak of a promoting effect of 

nickel on the CO2 conversion and methanol formation rate.[78] Agreement persists on 

the lower methanol selectivity when using nickel. Praseodymium and neodymium have 

a slightly negative effect on catalysts concerning the catalytic performance.[87] While 

indium has no or a negative effect on the catalytic performance, it raises the stability 

of the catalyst.[54][90] Lanthanum, cerium as well as silicon are good promoters for 

the desired reaction.[86][46][70][87][95][96] Doping with fluorine leads to a smaller 

copper surface area which results in a lower carbon dioxide conversion, while the 

methanol selectivity and yield are enhanced.[98][102] 

In general, it can be said that high temperatures lead to a high CO2 conversion rate 

and methanol yield but to a low methanol selectivity due to favoring of the reverse 

water-gas shift reaction.[56][82][115] Besides the right composition a high catalytic 
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performance can be achieved by catalysts with highly dispersed, small particles which 

are well reduceable and have a high surface area. The preparation method has a high 

impact on these important properties of the catalyst.[103][80][68][64][76][82]  
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3. Reaction mechanism of Cu-based catalysts 

The reaction mechanism of the hydrogenation of carbon dioxide to form methanol is a 

strongly debated topic among researchers. Scientists do not agree about key reaction 

intermediates. Knowledge about the reaction mechanism is very important for an 

efficient catalyst design. In the following section the reaction pathways that can be 

found in literature are discussed. The formate pathway and the RWGS reaction and 

CO hydrogenation pathway are the two mostly proposed reaction mechanisms but also 

a hydrocarboxyl pathway is mentioned.[119] 

3.1. Formate pathway 

The formate pathway is often considered as the reaction route for CO2 hydrogenation 

to methanol on copper-based catalysts. This path is characterized by the formation of 

a formate (HCOO) intermediate. Nevertheless, researchers proposed various reaction 

routes containing different reaction intermediates in addition to formate as pictured in 

Figure 4.  

  

Figure 4: Formate pathway for methanol synthesis from 
CO2[120][121][122][123][124][125][126][127][128][129][130][131][132][133]    
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Kourtelesis et al. investigated the mechanism of CO2 hydrogenation on La2O3-

promoted Cu/ZnO-Al2O3 catalysts with the help of in situ diffuse reflectance infrared 

fourier transform spectroscopy (DRIFTS) experiments. They found that the reaction 

runs via the formate pathway with the formation of a methoxy (H3CO) species being 

the rate-determining step. Hydrogen adsorbs on copper and provides atomic hydrogen 

by spillover, whereas CO2 adsorbs on the support. CO was proposed to be a by-

product which is produced by the RWGS reaction via a formate intermediate.[120]  

Grabow and Mavrikakis did density functional theory (DFT) calculations on a Cu(111) 

surface with reaction rates that are similar to reaction rates on Cu/ZnO and merged 

the data with experimental data from a Cu/ZnO-Al2O3 catalyst. They concluded that 

methanol is formed by CO2 reduction through the formate pathway with the methoxy 

hydrogenation being the rate-limiting step. CO was stated to be promotional for CO2 

hydrogenation because it may support the hydrogenation of intermediates in the CO2 

hydrogenation pathway through a HCO (formyl) intermediate and it removes H2O and 

shifts the equilibrium to CO2 and H2 via the water-gas shift reaction.[121] 

A DFT calculation was done by Qiu et al. to analyze the reaction mechanism on a Co-

promoted Cu(100) surface. They came to the result that carbon dioxide undergoes the 

formate pathway to form methanol. The hydrogenation of CO2 follows an Eley-Rideal 

(ER)-mechanism. The hydrogenation of an OH-group to form water is the rate-limiting 

step. The impact of Co-promotion was investigated showing that the hydrogenation of 

the OH group is the only different step compared to an unpromoted Cu(100) surface. 

Hence, the rate-limiting step has changed. Adding Co leads to a Co-O bond which is 

stronger than the Cu-O bond and promotes the formation of key intermediates. Thus, 

the methanol selectivity and efficiency on a Cu(110) surface is enhanced by Co-

doping.[122] 

Studt et al. did microkinetic modelling and DFT studies on Cu/ZnO catalysts. They 

spoke of a formate intermediate, hence the formate pathway was considered. All 

intermediates in CO2 hydrogenation form an oxygen bond on the catalyst surface and 

are therefore stabilized by ZnO whereas carbon bonds which occur in CO 

hydrogenation would be destabilized by ZnO. Thus, ZnO promotes CO2 hydrogenation 

and suppresses CO hydrogenation. The researchers compared different CO/CO2 feed 

compositions and came to the conclusion that high contents of CO2 lead to a high 

formate coverage of the catalyst surface which lowers the activity for CO 
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hydrogenation but supports CO2 hydrogenation because formate is an intermediate in 

this mechanism.[134] 

Kattel et al. did x-ray photoelectron spectroscopy measurements, DFT calculations and 

kinetic Monte Carlo simulations for Cu/ZnO and ZnCu catalysts. They considered the 

formate pathway and the RWGS reaction to form CO followed by CO hydrogenation 

via an HCO intermediate. The favored pathway for both catalysts was stated to be the 

formate route. The RWGS reaction and CO hydrogenation route was proposed to 

mainly produce CO because only a small amount of CO is further hydrogenated to 

methanol.[123]  

Karelovic et al. proposed the formate pathway to be the route for methanol synthesis 

from H2 and CO2. They did kinetic experiments, H/D isotopic substitution and in situ 

DRIFTS to examine the mechanism on SiO2-supported copper-based catalysts and 

came to the result that the reaction proceeds via the formate pathway. The 

hydrogenation of formic acid is the rate-limiting step. Two products are formed under 

the reaction conditions. The formate intermediate was stated to lead to methanol while 

the carboxyl intermediate results in carbon monoxide as side product via the RWGS 

reaction.[124] 

Nie et al. investigated Pd-Cu bimetallic catalysts using DFT calculations. The 

mechanism was stated to follow the formate path. The formation of the HCOO 

(formate) intermediate was found to be energetically more favored than the formation 

of the COOH (hydrocarboxyl) intermediate since HCOO is thermodynamically more 

stable. The step with the highest barrier was found to be the hydrogenation of HCOO. 

Water was observed to have a promoting effect on the reaction.[125]  

Fujitani et al. stated that on a Zn-deposited Cu(111) surface a formate and a methoxy 

species can be found as reaction intermediates with formate hydrogenation being the 

rate-limiting step indicating the reaction to proceed via the formate pathway.[135] 

Wu et al. compared the formate pathway and the RWGS reaction and CO 

hydrogenation pathway applying spin-polarized DFT calculations on Cu/ZnO. The 

scientists came to the conclusion that the formate path is favored. The rate-limiting 

steps were found to be the HCOO and H3CO hydrogenation forming HCOOH (formic 

acid) and H3COH, respectively.[126] 
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Wang et al. did research on copper-cerium-zirconium catalysts using in situ DRIFTS. 

They found that the monodentate as well as the bidentate form of the HCOO 

intermediate contribute to the formation of methanol. While the bidentate HCOO 

directly reacts to H3COH or forms the monodentate HCOO, the monodentate form 

concentrates slowly on the surface before further hydrogenation to methanol.[136] 

Liu et al. did DFT calculations and kinetic Monte Carlo simulations on Cu2O(111) and 

Cu(111). Mono-HCOO was considered to be a more favorable reaction intermediate 

than cis-COOH or trans-COOH. On Cu2O(111) further hydrogenation leads to 

HCOOH, H2COOH (hydroxymethoxy), H2CO (formaldehyde), H2COH (hydroxymethyl) 

and finally results in H3COH, whereas on Cu(111) H3CO is built instead of H2COH. 

HCOOH hydrogenation was regarded as the rate-limiting step on both surfaces.[127]  

Hong and Liu did DFT calculations and kinetic Monte Carlo simulations on Cu/m-ZrO2. 

According to their research CO2 adorbs on ZrO2, while H2 dissociatively adsorbs on 

Cu. The reaction proceeds mainly through the formate route. The results indicate that 

CO is not produced directly from CO2 but by the decomposition of the HCO 

intermediate. Rate-limiting steps are mainly the adsorption of CO2 and the 

hydrogenation of the H2CO intermediate. CO2 adsorption could be supported by 

lowering of the temperature but the H2CO hydrogenation requires higher 

temperatures.[128]  

Xu et al. examined the CO2 hydrogenation on a Cu/ZnO catalyst through 13C-labeled 

CO and came to the result that CO2 is the only carbon source in methanol synthesis 

from CO2 and H2 meaning that no CO is built through the reverse water-gas shift 

reaction and further hydrogenated to methanol. Further, they proposed that the 

reaction proceeds via a formate intermediate with the formation of formaldehyde from 

formate being the key step.[137] 

Kakumoto et al. did DFT calculations on Cu/ZnO and Cu/CuO catalysts. The results 

indicated that methanol synthesis occurs on the boundary of Cu to CuO and ZnO, 

respectively. At first, CO2 adsorbs linearly on the Cu+, whereas H2 adsorbs on the 

metallic copper, whereafter the hydrogen attacks the carbon to form bidentate formate. 

Further formaldehyde, methoxy and methanol are formed.[129] 

Nakatsuji and Hu did some research on the reaction mechanism on Cu(100) and  

Zn/Cu(100) using the dipped adcluster model combined with ab initio Hartree-Fock and 
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second-order Møller-Plesset calculations. The scientists state that H2 as well as CO2 

adsorb on the catalyst before they react with each other. The reaction proceeds 

according to the formate pathway. The rate-limiting step was determined to be the 

hydrogenation of formate to dioxomethylene and the further hydrogenation to 

formaldehyde. On Cu(100) the reaction occurs on the Cu-Cu sites. Whereas on 

Zn/Cu(100) the Cu-Cu sites as well as the Cu-Zn sites play an important role. 

Moreover, on Zn/Cu(100) the activation barriers of the rate-determining steps are lower 

and the dioxomethylene intermediate is stabilized which leads to a higher reactivity in 

CO2 hydrogenation to methanol.[130]    

DFT calculations on Cu nanoparticles and on Cu(111) were done by Yang et al. Their 

research revealed that the reaction runs via the formate path where the H2COO 

(dioxomethylene) intermediate is energetically favored over the HCOOH intermediate. 

The reaction of hydrogen with carbon dioxide proceeds in an ER-mechanism. 

Dioxomethylene hydrogenation is the rate-limiting step. In comparison to Cu(111) 

intermediates and transition states are more stable on Cu nanoparticles and hence, 

Cu nanoparticles exhibit a higher activity.[131]  

Hu et al. studied the formate pathway on a Cu(100) surface with the dipped adcluster 

model. According to the authors the reactants hydrogen and carbon dioxide follow a 

Langmuir-Hinshelwood (LH)-mechanism. The rate-determining step was found to be 

the hydrogenation of formate to dioxomethylene. Since the backward reaction has a 

low energy barrier and is exothermic the dioxomethylene intermediate can easily react 

back to the formate intermediate. Therefore, the presence of adsorbed hydrogen is 

important to ensure that the dioxomethylene intermediate is converted to the 

formaldehyde intermediate according to the proposed reaction sequence.[132] 

As formate is the most abundant intermediate on the surface Wu and Yang discussed 

the influence of formate surface coverage over Cu(211) on the reaction path. They 

found that a high formate coverage leads to a weaker adsorption of many 

intermediates. The adsorbed formate intermediate does not only participate in 

methanol formation but also acts as a spectator. Surface coverage also affects the turn 

over frequency.[133] 

In situ DRIFTS studies on Cu/ZrO2 showed that methanol is produced by the formate 

pathway with the hydrogenation of formate being the rate-limiting step. In the beginning 
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H2 dissociatively adsorbs on the copper surface and migrates to the ZrO2 surface by 

hydrogen spillover. The hydrogen spillover plays an important role and depends on the 

interaction between Cu and ZrO2. CO2 adsorbs on the oxygen vacancies of the ZrO2 

surface forming a carbonate species. Wang et al. proposed a formate pathway with 

carbonate (CO3), formate and methoxy being the intermediates before the final product 

methanol is formed.[138] 

3.2. RWGS reaction and CO hydrogenation pathway 

Figure 5 shows that a possible reaction path to generate methanol from CO2 starts with 

the reverse water-gas shift reaction where carbon dioxide is converted to carbon 

monoxide via a hydrocarboxyl intermediate. CO is then hydrogenated to finally produce 

methanol and water. 

 

Figure 5: RWGS reaction and CO hydrogenation pathway for methanol synthesis from CO2[139][140][141][142] 

Yang et al. discussed not only the formate path but also the RWGS reaction and CO 

hydrogenation path on Cu nanoparticles besides the more plausible formate path. CO 

formation through the RWGS reaction occurs two orders of magnitude faster than 

methanol production. In the CO hydrogenation path the HCO intermediate seemed 

more likely than the COH (hydroxymethylidyne) intermediate but the HCO intermediate 

is not stable and dissociates to CO and H. Therefore, this path leads solely to CO as 
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by-product in CO2 hydrogenation to methanol and methanol is exclusively produced 

via the formate route. To increase the methanol yield methanol formation through the 

CO hydrogenation path has to be achieved. Therefore, a catalyst which stabilizes the 

formyl intermediate is necessary.[131] 

Liu et al. studied the RWGS reaction followed by CO hydrogenation path on Cu-Pd 

bimetallic catalysts using periodic DFT calculations. The presence of Pd causes an 

increase of the adsorption energies and activation barriers. On Cu(111) and PdCu 

hydrogenation of carbon dioxide to trans-COOH is considered as the rate-limiting step 

as it shows the highest activation barrier whereas on a Pd monolayer on copper cis-

COOH decomposition is the rate-limiting step due to a stronger adsorption of 

COOH.[139] 

DFT calculations and kinetic Monte Carlo simulations on metal-doped Cu(111) 

surfaces were done by Yang, White and Liu. They compared the formate route, which 

runs via a H2COO intermediate with its hydrogenation being the rate-limiting step, and 

the RWGS reaction and CO hydrogenation path for Au-, Ni-, Pt-, Pd- and Rh-doped 

copper surfaces. It was stated that the reaction proceeds via both pathways. The Au-

doped surface and the undoped surfaces were found to produce methanol mainly 

through the formate route, whereas the other dopants lead to methanol by the RWGS 

reaction and CO hydrogenation path. Furthermore, Au turned out to suppress 

methanol formation, whereas the other dopants promote methanol production on a 

Cu(111) surface by stabilization of the CO and HCO intermediate.[140] 

Kattel et al. demonstrated that the RWGS reaction and CO hydrogenation path is more 

favored than the formate route on Cu/TiO2 and Cu/ZrO2 catalysts using DFT 

calculations, KMC simulations and in-situ DRIFTS measurements. Even though the 

HCOO formation is favored, it tends to accumulate on the surface and hence poisons 

the catalyst which makes the RWGS reaction and CO hydrogenation path more 

likely.[141] 

Liu et al. investigated the RWGS and CO hydrogenation path on Cu(111) and Rh-

doped Cu(111) surfaces with the help of DFT calculations. On Cu(111) and 

Rh3Cu6(111) surfaces the rate-limiting step is the formation of trans-COOH, whereas 

on Rh6Cu3(111) surfaces as well as on Rh monolayer surfaces the rate-determining 
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step is the CO hydrogenation because of the enhanced interaction between the 

surface and trans-COOH.[142] 

3.3. Hydrocarboxyl pathway 

As in the RWGS reaction and CO hydrogenation path there exists a second pathway 

in which a COOH intermediate is formed. Here, the hydrocarboxyl is hydrogenated to 

dihydroxycarbene (COHOH) and after some intermediate steps methanol is generated 

as shown in Figure 6. 

 

Figure 6: Hydrocarboxyl pathway for methanol synthesis from CO2[119] 

Zhao et al. considered all possible steps for the hydrogenation of CO2 on Cu(111) to 

form methanol using periodic plane-wave DFT. One possibility is the formate pathway 

proceeding via an ER-mechanism. The rate limiting steps in the formate path were 

stated to be the hydrogenation of formate and the formation of H2CO which is even 

harder. The authors came to the conclusion that the formate pathway is unlikely at the 

usual low operating temperatures because of the high activation energies of a few 

elementary steps and the absence of H2CO as side product. The second possibility is 

the RWGS reaction followed by CO hydrogenation path where CO2 is converted to CO 
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through the formation of COOH. The H2CO intermediate of this pathway is only weakly 

bound to the surface and may desorb. As H2CO is not detected as side product on 

Cu(111) Zhao et al. assume that methanol formation does not happen through this 

pathway. The third possibility is the hydrocarboxyl pathway. After the dissociative 

adsorption of H2 on the copper surface it reacts with CO2 most likely through an ER-

mechanism and forms trans-COOH which can be further transformed to cis-COOH. In 

the most likely route the trans-COOH is hydrogenated to dihydrocarbene (t,t-COHOH) 

which can be transformed to its isomers t,c- and c,c-COHOH. The dihydrocarbenes 

dissociate into COH and OH. The COH intermediate is hydrogenated to HCOH 

(hydroxymethylene). Followed by another three hydrogenation steps first HCOH, then 

H2COH and then H3COH are formed. Zhao et al. proposed the COOH pathway to be 

more plausible than the formate route and RWGS reaction and CO hydrogenation 

path. The key-step in the hydrocarboxyl route is the formation of trans-COOH. The 

methanol formation from H2COH in the COOH route is more likely than from H3CO in 

the formate pathway. The authors also studied the influence of water on the reaction 

mechanism and found that water acts as an inhibitor in the formate pathway whereas 

the COOH pathway is promoted by the presence of water due to a hydrogen transfer 

mechanism during the formation of trans-COOH. In the presence of water the rate 

limiting step is the decomposition of COHOH.[119] 

3.4. Summary 

Despite many years of research on the reaction mechanism of CO2 hydrogenation to 

methanol on copper-based catalysts the main reaction path is still not known. While 

many researchers suggest the formate pathway, others propose the reverse water-gas 

shift reaction followed by CO hydrogenation. Another potential way for methanol 

formation is the hydrocarboxyl pathway. Not only the main pathway is debated but also 

the reaction intermediates as well as the rate-limiting step. It is well known that 

hydrogen dissociatively adsorbs on the copper surface.[119] Many researchers 

propose an Eley-Rideal-mechanism where gaseous CO2 reacts with the adsorbed 

hydrogen[119][122][131], whereas others state that CO2 adsorbs on the catalyst before 

it reacts with the adsorbed hydrogen in a Langmuir-Hinshelwood-mechanism.[132] 

The reaction route may also depend on the support. To gain more insight into the 
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reaction mechanism further research is necessary in order to develop more efficient 

and effective catalysts.  
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4. Conclusion and outlook 

It can be said that the hydrogenation of carbon dioxide to methanol is an important 

research topic especially concerning environmental issues. The transformation of 

carbon dioxide to methanol is a promising approach to reduce CO2 emissions to the 

atmosphere in order to counteract global warming and therefore has aroused wide 

interest among scientist. The obtained methanol can be used in various applications 

for example as fuel or solvent. In the past decades extensive studies have been carried 

out regarding this topic.  

The reaction starting from carbon dioxide and hydrogen to produce methanol is an 

exothermic reaction and requires low temperatures and high pressure to reach ideal 

reaction conditions for high conversions at equilibrium. Further a catalyst is necessary 

to activate the carbon dioxide, accelerate the desired reaction and eliminate the 

formation of side products like carbon monoxide or methane. The composition of the 

catalyst is crucial as it determines the properties of the catalyst such as activity, 

stability, and selectivity. This work summarizes the research status with respect to 

heterogeneous copper-based catalysts as they showed satisfactory methanol 

formation in experiments. As discussed in the previous chapters various supports and 

promoters were tested in combination with copper acting as an active metal. Tested 

supports were for example Al2O3, ZnO, SiO2, ZrO2, graphene-oxide, TiO2, CeO2. 

Remarkably good results were gained using mixtures of supports to combine the 

positive features of each material for example ZnO-Al2O3-ZrO2. Nearly each element 

of the periodic table was tested as promoter for the catalyst. Good results were 

obtained using gallium, aluminum, zirconium, yttrium, molybdenum and tungsten. Not 

only the catalyst composition and reaction conditions have a big influence on the 

catalytic properties but also the preparation method has a great impact on the catalytic 

performance of the catalyst. 

Another discussed topic is the reaction mechanism of the CO2 hydrogenation to 

methanol. Knowledge about the reaction route would make it easier to find the ideal 

catalyst composition. The considered supporting material should be taken into account 

when discussing the reaction mechanism since it can influence the reaction route by 

stabilization or destabilization of the reaction intermediates. By now a few different 

reaction pathways were proposed. Often mentioned are the formate pathway as well 
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as the reverse water-gas shift reaction and CO hydrogenation pathway. Also published 

is a hydrocarboxyl pathway. Further, the activation of CO2 is still unclear. Both, a 

Langmuir-Hinshelwood-mechanism and an Eley-Rideal-mechanism are mentioned in 

literature. The impact of the presence of water on the reaction is unclear, too. While 

some scientists state that water deactivates the catalyst and inhibits the reaction, 

others propose a promoting effect of water on the reaction. By now the reaction 

mechanism is an unsolved problem. Further research and experiments are necessary 

to gain more insight into the reaction path that is proceeded. 

The hydrogenation of carbon dioxide can be a significant step against global warming. 

Speaking of environmental issues, prospective challenges are the waste treatment or 

perhaps even recycling of spent catalysts. Hence, in research a focus should be laid 

on the disposal of the catalysts to develop a reaction cycle that is as environmentally 

friendly as possible. At the same time more research has to be done concerning the 

reaction mechanism, catalyst composition and catalyst preparation to be able to create 

a highly active, selective and stable catalyst. The optimization of the catalyst and the 

operating conditions are important to transform carbon dioxide effectively and 

selectively to methanol. As a result, carbon dioxide is removed from the atmosphere 

and transformed into a valuable and versatile chemical that can be reused in many 

applications. 
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