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• almost contant during the last 10.000 years 

• 40 % increase since 1750 (industrial revolution) 

• increases now 100 time faster 

• 2 °C limit: 450 ppm until 2099  









CO2 Emissions – A Global Issue 

UCLA – beagreencommuter.com 

~ 10 t/a in Europe 

~ 7 t/a CH3OH 

70.000 km/a by car 
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 metastable CO2
- 

 negative electron affinity of CO2 ~ -0.7 eV 

 lifetime of 60-90 µs 

gas phase 

* - 

CO2 activation 



The Journal of Chemical Physics, Vol. 63, No.9, 1 November 1975  

Collisional ionization of Na, K, and Cs by CO2, COS, and CS2:  

Molecular electron affinities 

CO2 activation: How was this measured? 

Principal: Collision ionization technique 

alkali atom beam Energy determined by TOF Calibration with known values 

EA target M: here CO2 

CO2 

Cs 

projectile energy 
finite positive energy 

scattering angle 



CO2 activation: How was this measured? 

The Journal of Chemical Physics, Vol. 63, No.9, 1 November 1975  

Collisional ionization of Na, K, and Cs by CO2, COS, and CS2:  

Molecular electron affinities 

Ionization potential Cs: 3.893 eV 

 

Threshold for Cs+ and CO2
-: 4.6 ±0.2 eV 

~ 0.7 eV 
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[2] The Journal of Chemical Physics, Vol. 63, No.9, 1 November 1975  

      Collisional ionization of Na, K, and Cs by CO2, COS, and CS2: Molecular electron affinities*  
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gas phase 

* - 

[3] Wang et al. Angew. Chem. Int . Ed. 2007, 46, 5624 –5627 

M M 

tridentate carbonate 

CO3 

δ- 

Al-doped ZnO (0001): -0.56 eV  (Ea = 0.8 eV) [4] 

ZnO (10-10): -0.5 to -0.7 eV [3]   

MgO: -0.64 eV to 2.3 eV [Levchenko]  

[4] ChemPhysChem 2012, 13, 3453 – 3456 

 

CO2  Activation and Reduction 



CO2 chemisorption on surfaces  

as carbonate 

free/symm. mono- bi- bridged 

more complicated, polydentate….. 



CO2 chemisorption on surfaces  

as carboxylates 

as formates 



CO2 chemisorption on metal oxides  

2 examples: MgO / ZnO 



CO2 chemisorption on metal oxides  

2 examples: MgO (100) / ZnO 



F0 centers show a limited usefulness: 

Perpendicular CO2 would poison the catalyst 

activation barrier of 0.17 eV! 

tridentate carbonate as intermediate! 

F0 coulor center on the MgO (100) 

surface  



CO2 chemisorption on metal oxides  

2 examples: MgO (0001) / ZnO 

C(1s) spectrum exposed to 100 L CO2 at 80K 

Estimated by the surface stoichiometries (O:C ratios) 



CO2 chemisorption on metal oxides  

2 examples: MgO / ZnO (10-10) 

• undoped ZnO seems to be inactive 

 

• bent CO2
-  structure 

 

• huge activation barriers of ~ 0.8 eV 

 

• Adsorption energy of ~ 0.5 eV  



CO2 chemisorption on metal oxides  

2 examples: MgO / ZnO (10-10) 

γ: weakly physisorbed CO2 

α + β : strong adsorbed carbonates, coverage depending existence: 

C atom surface O / both O of CO2 interact with neighb. Zn  

Different species due to repulsion of CO2: 2x1 and 1x1  



CO2 chemisorption on metal oxides: 

Conclusion I.  

- Anionic activation of CO2 coupled with an electron transfer 

 

 

- Many metal oxides activate or stabilze CO2: 

 

 MgO to BaO / Cr2O3/ Na2O / NiO / TiO2 / ZnO / CeOx / ZrO2 etc. 

 
 

- Most of the metal oxides stabilize CO2 as carbonates non-diss. 

 

 

- Strongly depending on the cristall. orientation and defect situation  

 (coulor centers etc.) 

 

- Surface termination: terraces, edges, steps 



CO2 chemisorption: alternatives 

a) clean: well defined Fermi-edge 

      1L or 2L: anioic e- get consumed  

      + 2 additional peaks 

dissociative CO2 adsorption at RT 



CO2 chemisorption on transition metals 

cleavage of a bond 

neg EA 

- work function of the metal 

- structural parameters 



CO2 chemisorption on transition metals 



CO2 chemisorption on transition metals 

dissociation 

hydrogenation 



CO2 chemisorption on transition metals 

Oxygen affinity as descriptor  

for the pathway 

The stronger the metal-O 

Interaction, the lower the barrier: 

see BEP relation 

Different mechanisms steered by 

CO2 dissociation barrier 



CO2 chemisorption on transition metals: 

Conclusion II.  

Not discussed:  

complexes, homogeneous catalysts, enzymes, electrochemical reduction 

- CO2 adsorbs on metals often dissociatively 

 

- with hydrogen are formate or carboxylate adsorbates possible 

 

- Many parameters like the work function, defectivity, oxophilicity and  

    carbophilicity influence the CO2 adsorption 

 



CO2 conversion with heterogeneous 

catalysts: metals + metal oxides 



CO2 conversion with heterogeneous 

catalysts: Selectivities 



CO2 conversion with heterogeneous 

catalysts: Selectivities 

FT catalysts have to adsorb also CO dissociatively! 
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NiMgO catalyst for Sabatier reaction: 

 

- 4H2 / 1 CO2 at 1 bar 
 

- CH4 and CO as products 

CO2+4H2                CH4+2H2O       ∆𝐻298=-165,12 kJ/mol  

CO
2

CO
2

CH3OH + H2O H0  - 50 kJ mol- 1

+ 2 H2 CH3OH H0  - 91 kJ mol- 1CO

H0    41 kJ mol- 1

+ 3 H2

+ H2 + H2OCO

CO2 conversion with Ni catalyst: 

Selectivity 

PhD-Thesis M.-M. Millet 



CO2 / CO conversion with Cu catalysts 
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CO 2  / (CO+CO2) 

Cu/ZnO/Al2O3 

Cu/MgO 

ZnO-impregnated Cu/MgO  

13CO2 (±5 %) 

91% 

96% 

MeOH from  

93% 

Behrens, Frei, Schlögl et al., ChemCatChem 2015, 7, 1105 – 1111 



Al doped ZnO + Cu in rWGSR: 

 

• more charge carriers 

 

• more active in CO2 activation / CO-production 

 

• decrease of the app. Ea 

PhD-Thesis, Maria Heenemann  



The importance of a metal/metal oxide interface 

Y.-F. Zhao et al. / Journal of Catalysis 281 2011 199–211 

Cu (111) 



Science 1 AUGUST 2014•VOL 345 ISSUE 6196 

The importance of a metal/metal oxide interface 



Precursor Precatalyst Catalyst Cu/ZnO:Al 

(68:29:3) 

Schumann et al., ChemCatChem, Vol.6, Issue 10, 2889-2897, 2014 

The importance of a metal/metal oxide interface 



CO2 activation and conversion: 

Conclusion III. 

Not discussed: DRM / Hydrogen activation 

1. Electron transfer for the anionic CO2 activation: metal or metal oxide (see ZnO) 

 

2. On metal oxides rather as carbonate on metals dissociativly adsorbed   

     (or as formiate / carboxylate) 

 

3. Heterogenous catalysts exist of metals + metal oxides (support or co-catalyst) 

 

4. Interface between metal and metal oxide plays an important role: i.e. methanol 

 

5. Depending on the metal, its electr. structure and the defectivity: prod. selectivity 
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