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ABSTRACT 

The mechanism of carbon dioxide reduction to methanol on Cu(I) oxide nanolayers and clusters 

using water as a source of hydrogen was traced by density functional theory. The nature of the active 

sites is revealed, namely the role of surface copper dimers, which are present on the Cu2O(001) 

surface and in the nanoclusters of size Cu32O16 and Cu14O7. The major difference between metal 

catalysts and Cu2O is outlined: the CO2 molecule interacts strongly with the oxide and undergoes 

bending prior to hydrogenation. The first step of CO2 hydrogenation results in the formation of a 

stable carboxyl intermediate, –CO(OH), which in the following steps is converted to methanol via 

formic acid and formaldehyde intermediates. The consumption of hydrogen from water leaves 
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surface peroxo- and hydroperoxo- species. The peroxides easily desorb molecular oxygen, while for 

hydroperoxides the reaction of oxygen evolution requires activation energy of 130 kJ mol-1. The 

maxima in absorption spectra correspond well with the required activation energies in the elementary 

steps. 

 

Keywords: Carbon Dioxide Activation, water dissociation, Methanol, Cu2O, reaction mechanism 

of CO2 hydrogenation 
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INTRODUCTION 

The carbon dioxide utilization has become a major challenge in research and the search for 

efficient catalysts to produce either feedstock for the chemical industry or fuel (methanol, methane) 

marked significant progress in the recent years. Still, there are not many industrial processes to use 

CO2 as raw material, because as the final product of fuel combustion it is an endothermic compound 

and relatively inert. The relatively high reduction potential (1.9 V to CO2
–) can be lowered if the 

reduction targets hydrogenated products. 1 With the exception of polymerization reactions to 

polycarbonates and the synthesis of carbamates, all routes to utilize CO2 are hydrogenative. The 

hydrogen, needed as reactant, can be produced in a preliminary electrochemical or 

photoelectrochemical step of water splitting, but a great advantage would be the direct use of water 

in the reduction of CO2. In the recent years, significant steps forward have been made in this 

direction: methane has been produced on a Cu/TiO2 (titania nanotube) photocatalyst under solar 

energy from CO2 and water; 2 CuO-Cu2O nanorods have been used as a photoelectrocatalyst to 

produce methanol; 3 direct photocatalytic reduction of CO2 to CO using water as reagent was 

achieved on amorphous copper oxide nanoclusters grafted on niobate nanosheets. 4 A vast number of 

studies explored copper-based catalysts, which certainly include the industrial Cu/ZnO/Al2O3 

catalyst for methanol production from syngas, CO/CO2/H2. 5-12 The reaction mechanism of CO and 

CO2 hydrogenation on metal surfaces was subject of detailed theoretical studies. 7-11 The structures of 

reaction intermediate species were determined by density functional theory (DFT) calculations 7-10 

and some of the proposed intermediates have been detected experimentally, e.g. formate and 

carboxylate. 9 The understanding of the reaction mechanism is essential for improving catalytic 

performance, but most of our knowledge at present is limited to metal surfaces and layers, while 

oxides were mainly examined with respect to water splitting and R–OH bond-breaking, (R=H, CH3, 

C2H5). 12-19 It is worth noting, that many of the known oxide photocatalysts, electrocatalysts or co-

catalysts consist of nanoclusters, grafted on a semiconductor or another support, and the active phase 
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does not consist of crystallites, but is in fact amorphous. 4,12,20 The experimental methods provide 

scarce information on the elementary building blocks of such materials. In the search of efficient 

catalysts for the reduction of carbon dioxide to fuel (CO, hydrocarbons, methanol) capable in using 

solar energy to promote the reaction, cuprous oxide (Cu2O) has been considered a relevant candidate, 

based on its favorable band gap position and width. 21 As a photocatalyst for water splitting Cu2O did 

not gain great success, since oxidation to CuO and trapping effect from defect sites occurred, but 

proved more efficient in reduction reactions as photocathode. 13 At high oxygen pressure, copper 

vacancies are responsible for the p-type conductivity of cuprous oxide, thus most of the theoretical 

studies have been focused on copper vacancies in bulk structures and copper-deficient surface 

terminations. 22 From experimental studies it is known, that the Cu2O (001) surface can be prepared 

oxygen-rich, or copper-rich, with various reconstructions, depending on oxygen pressure and 

annealing conditions. 23-25 Therefore, we have examined Cu2O (001) as polar copper terminated 

surface and also as oxygen-terminated surface, using density functional theory (DFT) with periodic 

boundary conditions (PBC). The active sites for water adsorption and dissociation, as well as for 

CO2 adsorption, activation and reduction were sought on copper-terminated and oxygen-terminated 

nanolayers of thickness corresponding to four [Cu2O] bi-layers, and finite cluster models of size 

Cu32O16 and Cu14O7; in the CO2 hydrogenation reaction path following the smaller size Cu14O7 

cluster was used. As water dissociation towards surface hydroxyls (H-OH bond breaking) proved to 

have minor energy barrier on both nanolayers and clusters, water has been considered as a source of 

hydrogen for the CO2 reduction.  

 

Methods 

The periodic calculations of crystalline solid Cu2O and Cu2O nanolayers were performed 

with the range separated hybrid density functional HSE06 26 implemented in Gaussian 09, 27 using a 

(10,10,10) k-point mesh for the three-dimensional calculations of the bulk oxide (3D models) and 
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(20,20,0) for the nanolayer models. Eight Cu2O unit cells are included explicitly in all periodic 

calculations. The B3LYP density functional, which includes local and non-local terms, 28 and HSE06 

(for comparison with periodic calculations) have been applied in cluster studies. The minima on the 

potential energy surfaces were identified by the absence of negative eigenvalues in the diagonalized 

Hessian matrix; transition states were characterized by the presence of a single imaginary frequency.  

Time-dependent (TD) DFT was used 29 to determine the UV-VIS absorption spectra of the Cu14O7 

clusters and their adsorption complexes with CO2. The synchronous transit-guided quasi-Newton 

(STQN) method was used for the transition state optimizations. 30 Dispersion effects were taken into 

account by using the empirical formula of Grimme. 31 The bond populations and charge distributions 

were examined by natural bond orbital (NBO) analysis. 32 More details on the computational 

methods and basis sets used, as well as the method validation are presented as Supplementary 

Information.  

 

Structure and Bonding of Cu2O: The Crystalline oxide, Nanolayer and Clusters  

Crystalline oxide and Nanolayers. Nanoclusters are the active component of photo- and 

electrocatalysts, either grafted on another material, or as a separate phase, so a major question arises 

whether they would inherit elements of the crystal surface reconstructions. The simple cubic 

structure of cuprite (Cu2O, space group Pn3 m, No. 224) can be viewed as two sublattices: a face-

centered cubic (fcc) sublattice of copper cations and a body-centered cubic (bcc) sublattice of 

oxygen anions. 33 The oxygen anions are tetrahedrally coordinated by copper cations, while each 

copper center is part of linear –O–Cu–O– groups, formed with the two nearest oxygen neighbors, 

Figure 1. It is a peculiar feature of cuprite, that oxygen has a higher coordination number than the 

transition metal cation. The properties of the bulk solid are correctly reproduced by our calculations, 

Table 1. A number of surface reconstructions have been reported experimentally and studied by first 

principle methods. 17,23,34 On the polar copper-terminated surface, the (1×1) row-missing 
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reconstruction has been found as the most stable one by calculations using Buckingham type 

potentials. 17 Experimentally, a weak (3√2×√2)R45º pattern with many missing spots and two 

variants at 90º have been reported by Low Energy Electron Diffraction (LEED). 23 On the copper-

terminated surface of Cu2O, built of 4[Cu2O] bi-layers, oxygen atoms remain as centers of distorted 

tetrahedra, while copper atoms pull together and Cu(I)-Cu(I) bonds of lengths in the range 2.18-2.94 

Å are created, Figure 1c. Stabilization of the surface is achieved by formation of Cu(I)-Cu(I) surface 

dimers and Cu(I)-Cu(I) bonds are also formed between the surface layer and the first inner Cu-layer. 

The surface dimers of bond length 2.184 Å lie in the [110] plane, while the bonds with Cu(I) cations 

from the inner layer contribute to a larger four-membered copper assembly. The 2.408 Å and 2.938 

Å Cu(I)-Cu(I) internuclear distances, formed with inner-layer cations, calculated in our work agree 

with the values reported in previous studies (2.516 Å; 3.039 Å), but the Cu(I)-Cu(I) internuclear 

distance in the surface dimer is shorter, 2.184 Å from HSE06 vs 2.401 Å (GGA) or 2.374 (LDA). 34 

The oxygen terminated surface also contains Cu(I)-Cu(I) dimers with internuclear distances of 2.478 

Å, Figure 1d. The angle OCuO near the surface is no longer linear, but bends to 164.5°. The Cu-O 

terminal bonds are considerably shorter, 1.721 Å, compared to other Cu(I)-O bonds, also those in  

finite Cu2O clusters.  

 

Nanoclusters. In the formation of Cu32O16 clusters a cut-off consisting of eight Cu2O unit cells was 

allowed to fully relax; a three-layer four-cell cut-off was used for the Cu14O7 model. These clusters 

contain elements from the bulk Cu2O crystal structure: linear O-Cu-O bonds and tetrahedrally 

coordinated oxygen atoms. The elements of the Cu2O surface reconstruction include surface Cu(I)-

Cu(I) dimers, which form bonds with inner Cu(I) cations to set-up larger assemblies, Figure 2S, 

Supplementary Information. The Cu(I)-Cu(I) bonds fall into the range of lengths 2.264 – 2.353 Å for 

Cu32O16; for the smaller cluster this range is similar, slightly shifted to longer bonds of 2.366 – 2.477 

Å, Table 1. Natural population analysis reveals significant covalent character of the Cu(I)-Cu(I) and 
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Cu(I)-O bonds, Table 2. The partial charge on copper centers does not exceed 0.77 e, while the 

negative charge on oxygen centers varies within the range -1.07 ÷ -1.33 e. The Cu 4s orbital is 

significantly populated which enables the formation of highly delocalized bonding orbitals via 3d-4s 

hybridization.  

 

Adsorption and Dissociation of Water on Cu2O Nanolayers and Clusters  

It is known from experiments that above 300 K, water adsorption on a Cu (001) surface is 

dissociative, while at lower temperatures, 110 K, dissociated and molecular water coexist. 18,24 The 

presence of coordinatively unsaturated oxygen atoms is essential for water molecule dissociation, 

and though the adsorption energies are quite similar for the copper-terminated or oxygen-terminated 

surface of Cu2O (001), 140 kJ mol-1, vs 144 kJ mol-1, our calculations predict that water dissociation 

is spontaneous only at the oxygen-terminated surface. The dissociation of water results in formation 

of closely positioned hydroxyl groups at the coordinatively unsaturated oxygen atoms. The Cu-Cu 

bonds in proximity to the dissociated water molecule are lengthened from 2.478 Å to 2.976 Å and 

the –OH group from the dissociated water molecule forms a bridging Cu-OH-Cu bond. We find a 

preferred position of molecular adsorption on top of a copper atom, whereas for the dissociative form 

our study points to a more stable structure with the hydroxyl group in a bridging position between 

two copper cations, (Figure 3S, Supplementary Information). 

Several adsorption sites are available for water molecules on the Cu32O16 cluster, with 

adsorption energies varying in the range 130 – 164 kJ mol-1. The most favorable adsorption sites for 

water dissociation on either Cu32O16 or Cu14O7 are copper sites among the copper atom assemblies. 

They bind the hydroxyl group resulting after the H-OH bond breaking (H2O ⇒ H•
 surf

 + OH•
surf). The 

hydrogen becomes part of a bridging hydroxyl group Cu(OH)Cu by binding to a coordinatively 

unsaturated oxygen center. The solid crystalline Cu2O is capable to form hydroxyl groups in the 

inner layer and the lowest energy configurations resulting from diffusion of atomic hydrogen have 
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been subject of DFT studies 14, which predicted a bond-centred interstitial hydroxyl and an inverted 

tripodal hydroxyl. These sites however, are less accessible and cannot serve as active sites for 

hydrogenation. According to our results, the coordinatively unsaturated oxygen centers at the surface 

of Cu32O16 and Cu14O7 (Cu3–O) have high proton affinity of 1326 kJ mol-1, which makes them a 

preferred site for hydroxyl group formation. Upon dissociative water adsorption the Cu(I)-Cu(I) 

bonds are lengthened, more significantly at the nanolayer surface, whereas at the nanoclusters the 

change is much smaller, Table 3. The process of water dissociation proved to be practically barrier-

free at the Cu4-site of Cu14O7, as the calculated activation energy is only 0.9 kJ mol-1. 

 

CO2 Adsorption and Hydrogenation on Cu2O Nanolayers and Clusters.  

The CO2 molecule can be adsorbed on Cu2O either end-on, at copper sites, retaining its linear 

form, or by forming a surface carbonate at coordinatively unsaturated oxygen centers. The 

adsorption energy for binding via one oxygen atom of CO2 to a terminal copper atom of the Cu14O7 

cluster is 88 kJ mol-1, and it is much lower at the Cu2O(001) surface, 48 kJ mol-1, where a bridging 

position between two copper cations is preferred. The formation of surface carbonate is achieved in 

the presence of neighboring oxygen and copper coordinatively unsaturated centers, at which the CO2 

molecule binds via one oxygen atom and one carbon atom, Figure 2a. The redistribution of charges 

is minor, the surface oxygen which participates in the formation of CO3
•• remains considerably ionic 

in nature, with a natural charge changing from -1.30 to -1.10; the copper center charge increases 

from +0.64 to +0.68. The oxygen of the C-O-Cu linkage bears a charge of -0.82, while the terminal 

oxygen atom of the CO3
•• group has a local charge of -0.62. The adsorption energy of carbonate 

species reaches 123 kJ mol-1. On a metallic copper surface the GGA-DFT calculated binding energy 

of carbonate was reported as much higher, 350 kJ mol-1. 7 In presence of surface hydroxyls, CO2 

adsorption at the copper assemblies occurs via bonding to two adjacent copper centers by forming 

Cu-O and Cu-C bonds, which results in strongly bent CO2
δ–, Figure 2b. The adsorption energy in this 
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case increases to 240 kJ mol-1 due to hydrogen-bond formation. In the first hydrogenation step the 

oxygen atom of CO2, non-bonded to the surface, accepts hydrogen to form a carboxyl intermediate –

CO(OH), Table 4. The calculated activation barrier to carboxyl formation is only 13.8 kJ mol-1 and 

this intermediate proved to be strongly bound to the surface, Figure 2c. The Cu-C bond is covalent, 

evidenced by the partial natural charges at copper and carbon atoms of +0.55 and +0.37, 

respectively; the oxygen atoms originating from carbon dioxide bear a negative charge of -0.72. 

Carboxyl, –CO(OH), is considered as intermediate in the water-gas shift reaction (WGS, CO + H2O), 

and also in the reverse process (RWGS, CO2 + H2). 7,8,36 The carboxyl has also been proposed as a 

key intermediate in methanol synthesis over copper catalysts from CO/CO2/H2/H2O mixtures rather 

than formate (HCOO•). 37 The step to follow in the carboxyl route over metallic surfaces was 

suggested to be hydrogenation of the second oxygen atom to form carbene diol. 37 According to 

detailed DFT studies, the formate-to-formic acid reaction path was the energetically most favorable 

on metallic copper and on the commercial Cu/ZnO/Al2O3 syngas to methanol catalyst. 7,10 

Temperature-programmed reaction studies demonstrated that formate hydrogenation yields methanol 

over a Cu/ZnO/Al2O3 catalyst, 38 but according to a more recent study bidentate binding of formate 

to the copper surface would prevent methanol synthesis; only the monodentate HCOO• proved to be 

reactive, though not selectively, to methanol. 37,39 On Cu2O however, though surface copper dimers 

play a key role in the hydrogenation, a different path is followed: our calculations indicate that the 

second hydrogenation step occurs at the carbon site and yields directly formic acid, HCOOH. The 

hydrogenation step to formic acid on the Cu2O surface is endothermic by 59.7 kJ mol-1 and has a 

reaction barrier of 121 kJ mol-1. The copper-oxygen bond bears some ionic character, with natural 

charge of +0.69 at the copper center and -0.73 e at the oxygen atom. The charge at the other oxygen 

atom forming the hydroxyl group is -0.67 e. The role of formic acid in methanol synthesis from 

CO/CO2/H2 has also been subject of debate – whether it is a reaction intermediate, or a byproduct. 7,9 

The photocatalytic reduction of CO2 yielded formic acid among reaction products on a number of 
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semiconductor materials. 21 Our results for the reaction energetics compare well with the calculated 

data for metallic copper, 7 but while the adsorption energy of formic acid on metallic copper was 

calculated as very low, 21 kJ mol-1, on Cu2O the adsorption energy is much higher: 152 kJ mol-1 on 

Cu14O7 and 107 kJ mol-1 on the Cu2O(001) nanolayer. The strongly adsorbed molecules of formic 

acid on Cu2O would rather participate in subsequent reduction, than being desorbed as side-product. 

The hydrogenation of formic acid to formaldehyde is weakly exothermic by 24 kJ mol-1 and with a 

small energy barrier of 27.3 kJ mol-1. The transition state of this step corresponds to 

dihydroxymethylene species, H2C(OH)2
• with one weakly bound hydroxyl group which is easily 

detached to a surface copper center, Figure 2e. A hydroxymethoxy intermediate has been considered 

in theoretical studies of the CO2 hydrogenation mechanism over Cu/ZnO/Al2O3 catalyst, 9 over pure 

metallic Cu, 7 but for a copper-ceria catalyst, recently reported as highly active in methanol synthesis 

from CO/CO2/H2, a formyl intermediate was suggested in the rate-determining step. 9 The main 

reason for the different reaction intermediates suggested for metallic, metal/oxide and oxide 

catalysts, is the stronger interaction between the oxide catalyst and carbon dioxide in the adsorption 

step, prior to hydrogenation. Surface carbonate, activated carbon dioxide CO2
δ–, and formate species 

were detected by IRRAS (Infrared Reflection-Absorption Spectroscopy) on Cu/CeOx. 9 While our 

results indicate that carbon dioxide undergoes bending upon adsorption at the Cu2O nanoclusters to 

form either surface carbonate or activated carbon dioxide (carboxylate-like, CO2
δ–), a formate 

intermediate is not formed on Cu2O – neither on finite clusters, nor at the nanolayers. Instead, further 

reduction of formaldehyde proceeds via strongly exothermic reaction to a methoxy intermediate, 

accompanied by water molecule release. The final step to methanol formation is weakly endothermic 

with a small energy barrier of 24 kJ mol-1, Figure 3. There is still high energy required for methanol 

desorption from the Cu2O surface as methanol molecules are attached by hydrogen bonds to the 

surface. The methanol adsorption energy on Cu2O compares well with the value calculated for a 
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Cu/CeOx catalyst (80 kJ mol-1), 9 while on pure copper metallic surface it was calculated much 

smaller, 27 kJ mol-1. 7 

The reaction balance requires oxygen evolution, as hydrogen from dissociated water 

molecules is consumed in the reaction. This step is usually the rate-determining one on oxide 

catalysts for water splitting. 19,40-42 The surface copper dimers provide a favorable site for the binding 

of the excess surface oxygen, which remains after the consumption of hydrogen. Peroxides and 

hydroperoxides are formed on copper surface dimers, Figure 4. The peroxide is weakly bound and 

dissociation of molecular oxygen requires 47 kJ mol-1, Table 4. The hydroperoxo species, however, 

are more strongly bound to the surface. An activation barrier of 130.5 kJ mol-1 to peroxide formation 

from hydroperoxide was calculated. This energy barrier is higher, compared to the best known water 

splitting catalysts, 19,20 but it is not much higher than the highest energy barrier in CO2 

hydrogenation. The highest energy barriers calculated for the hydrogenation reaction and for oxygen 

evolution on Cu14O7 appear in the red and near-IR region of the spectrum. In experimental studies, 

photocatalytic systems consisting of a co-catalyst and semi-conductor light harvester have been 

proposed in order to achieve efficient light absorbance for reaction activation. 4,21,42 As the reaction 

barriers of carbon dioxide reduction on Cu2O do not require high-energy activation, it is worthwhile 

to investigate the own light absorbance properties of the active phase. Time-dependent DFT 

calculations indicate that the Cu14O7 cluster and the reaction intermediates have their most intense 

excitations in good agreement with the calculated activation energies, Table 5. In the adsorption 

complexes the excitations are slightly blue-shifted, most significantly in the carboxyl intermediate. 

The excitation energy of 121 kJ mol-1 needed for carboxyl-to-formic acid conversion falls in the near 

IR region (990 nm). The surface peroxide has intense absorption at 914 nm, which very well matches 

the activation barrier of 130.5 kJ mol-1 to peroxide formation. These results indicate that Cu2O 

nanoclusters would not require the use of supporting light harvesting material, because their own 
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absorptions could provide the energy needed for activation and for desorption of the final product, 

methanol.  

 

CONCLUSIONS 

The surface stabilization of copper(I) oxide nanoclusters and nanolayers occurs via formation 

of Cu-Cu dimers and larger assemblies of copper cations. Upon adsorption of water or carbon 

dioxide, Cu-Cu bonds lengthen to allow binding of the adsorbate molecules. The carbon dioxide 

molecule undergoes strong bending upon adsorption. Water dissociation is spontaneous on the 

oxygen terminated Cu(001) surface, on Cu32O16 and on a Cu14O7 model cluster. The hydroxylated 

Cu2O surface, resulting from water dissociation, provides hydrogen for CO2 reduction as bridging 

hydroxyl groups more easily donate hydrogen to the activated carbon dioxide molecules. The first 

step of hydrogenation is the formation of carboxyl group, –CO(OH), and this step is practically 

barrier free, with activation energy of 13.8 kJ mol-1. The second hydrogenation step with formation 

of formic acid HCO(OH), requires activation energy of 121 kJ mol-1. This barrier matches the 

maxima in light absorption of the Cu14O7 clusters and the intermediate reaction products, which fall 

in the red to near IR region. The molecule of formic acid remains strongly adsorbed at the Cu14O7 

clusters and Cu2O nanolayers, with adsorption energies of 152 kJ mol-1 and 107 kJ mol-1, 

respectively. The strong binding of formic acid at the Cu2O surface keeps it as a reactant for the next 

hydrogenation steps, to formaldehyde and methanol. Major advantage of Cu2O over metallic 

catalysts is the strong interaction with CO2 and formic acid, which activates these molecules to 

undergo reduction. Methanol is also strongly bound to the surface via hydrogen bond formation, but 

less than the reaction intermediates. 
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Table 1. Lattice Constant (a, Å), Bond Lengths, Bond Angles, and Band Gap for Cu2O as bulk 
crystal, thin layer Cu2O (001), and nanocluster Cu32O16, calculated using the HSE06 functional and 
compared to experimental data.  

 a, Å RCu-O Å RCu-Cu Å ∠CuCuCu, 
deg 

Direct gap, 
eV  

Cu2O crystal 4.209 1.823 2.977  2.39 

Cu2O (001) 
Cu-
terminated 

4.130 1.812 
1.836 
1.878 

2.184 
2.408 
2.938  

54.0; 
2×63.0; 
75.3 

 

Cu2O (001) 
O-terminated 

4.130 1.721  
1.836  

2.478 
2.939  

  

      

Cu2O(001) + 
(H2O) layer  

4.206 1.794 
1.841 
1.861 
2.137 a 
2.000 b 

2.887 
2.934 
3.015 

55.3; 
2×62.2; 
78.0 

 

 

Cu2O crystal  
exp. c  4.267 1.84   2.17 

Cu32O16 

 1.788÷ 
1.859 

2.264 
2.283 
2.313 
2.353 

2×59.2 
61.8     
64.7 

 

 

Cu14O7 

 1.747÷ 
1.866 

2.366÷ 
2.477 

62.5     
57.3     
77.8      
82.3 

 

a Cu-Owater; b Cu-Ohydroxyl; c experimental data from ref. 33 and 35 
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Table 2. HOMO-LUMO gaps (eV), natural population analysis and natural charges (qM, e) of 

Cu32O16 and Cu14O7 clusters. 

Cluster HOMO-
LUMO 

q M q O M 3d M 4s O 2s O 2p 

Cu32O16 0.91 0.45-0.77 -1.07  ÷ 
-1.33 

9.50÷9.72 0.48÷1.07 1.88÷1.90 5.15÷5.58

Cu14O7 0.63 0.51÷0.67 -1.06 ÷  
-1.30 

9.50÷9.70 0.75÷0.87 1.88÷1.91 5.14÷5.40
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Table 3. Selected bond lengths before and after water dissociation on Cu2O nanolayer and clusters; 

enthalpy of surface hydroxyl group formation, ΔHOH.  

 RCu-Cu, Å 
before ads. 

RCu-Cu, Å 
after ads. 

RCu-O, Å 
before ads. 

RCu-O, Å 
after ads. 

RCu-OH, Å ROH, Å ΔHOH, 
kJ mol-1 

Cu2O (001), 
O terminated 

2.478  
2.939 

2.976 
2.887 

1.721  1.794 2.000 0.963 
1.002 

144 

Cu32O16 2.264 2.295 1.826 1.710 1.925 0.964 
1.041 
1.482 

130 

Cu14O7 2.450 2.567 1.951 1.880 1.868 0.965 
1.091 
1.393 

174  
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Table 4. Reaction Activation Barriers (Ea) and Binding Energies (BE) of Reaction Intermediates (in 

bold) for the Elementary Steps of CO2 Hydrogenation Using Water as a Source of Hydrogen, 

Calculated by B3LYP on a Cu14O7 cluster. a 

Reaction BE, kJ mol-1 Ea, kJ mol-1 

H2O ⇒ H•
 surf

 + OH•
surf 156 0.9 

2 OH• ⇒ H•
 surf

 + •OOH surf ⇒ 2 H•
 surf

 +  

O2 (ads) 

336 b 

47 c 

130.5 

CO2 + O••
surf ⇒ CO3

••
surf 123  

CO2 + Cu2
••

surf  + O••
surf ⇒ CO2

δ–
surf + 

Cu2Oδ+ 
240  

CO2 + H• ⇒ •CO(OH) 395 13.8 

•CO(OH) + H• ⇒ HCO(OH) surf 152 121 

HCO(OH) ads.
 + H• ⇒ H2CO surf + OH•

surf 
via H2C(OH)2

 • as TS 
85 27.3 

H2CO ads. + H• ⇒ H3CO•
surf 211 61 

H3CO•+ H• ⇒ H3C(OH) surf 127 24 

a – vibrational frequencies of reaction intermediates are provided as Supplementary information, 
Table 4S; b –binding energy of hydroperoxide; c – binding energy of dioxygen adsorbed 
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Table 5. Maxima in the UV-VIS absorption spectra, calculated by TD DFT.  

 Wavelength, 
nm 

Oscillator 
strength 

Cu14O7 
821 

1070 

0.03 

0.05 

Cu14O7 with CO2 
adsorbed  

798 

947 

0.04 

0.05 

Cu14O7 hydroxylated 
with CO2 adsorbed a 995 0.06 

Reaction intermediate 
Cu14O7 with  –CO(OH) 
adsorbed b 

1060 

810 

0.03 

0.07 

Reaction intermediate 
Cu14O7 with H2C(OH)2

 •  
adsorbed d 

898 

843 

0.03 

0.04 

Cu14O7 with  surface 
hydroperoxide 914 0.03 

Cu14O7 with  methanol 
adsorbed 

886 

840 

0.03 

0.03 
a Figure 2b b Figure 2c c Figure 2e 
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Figure Captions 

Figure 1. a) The Cu2O unit cell. b) The Cu14O7 nanocluster. c) The Cu2O (001) copper-terminated 

surface with copper surface dimers and subsurface dimers denoted. d) The Cu2O (001) oxygen-

terminated surface with copper surface dimers denoted. Cu atoms are small red circles, O atoms – 

large blue circles. 

Figure 2. The formation of a) surface carbonate species, b) CO2 adsorbed at two copper atoms, c) the 

carboxyl intermediate –CO(OH) d) formic acid e) dihydroxymethylene intermediate H2C(OH)2
• and 

f) methanol.  

Figure 3. Elementary steps in the reaction path for CO2 hydrogenation to formic acid, with energy 

barriers and heat effects denoted. Blue arrows show desorption energies from the Cu14O7 cluster, red 

arrows denote desorption from the nanolayer. 

Figure 4. Surface peroxide (a) and hydroperoxide (b), formed after the hydrogen from hydroxyl 

groups was consumed in hydrogenation. 
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The CO2 hydrogenation to methanol using dissociated water as hydrogen source proceeds via stable 
carboxyl, formic acid and formaldehyde intermediates. 
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