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Density functional theory in combination with microkinetic modeling was applied to investigate the mechanism 

of the hydrogenation of carbonyl groups on Cu-based catalyst. Surface hydroxyl groups play a key role in 

hydrogenation of ketones and aldehydes by facilitating the hydrogenation of alkoxy intermediates. Hydroxyl 

groups are formed by the activation of water molecules. However, direct activation of water is very slow. An 

alternative pathway in which adsorbed water transfers a proton to the alkoxy intermediate, forming OH* and 

the hydrogenation product has been identified via  DFT calculations. Regeneration of these hydroxyl groups 

occurs via reaction of surface oxygen with water. Promoters play a key role in this activation step. 

1. Scope 

Hydrogenation reactions are of fundamental importance in the production of intermediates and fine chemicals. 

The most commonly applied catalysts are palladium, platinum and nickel.1 Over the last decade, the use of 

promoted copper catalysts for selective hydrogenolysis and hydrogenation of carbonyl compounds, such as 

ketones and aldehydes, has steadily increased.2 However, the location, nature and kinetic role of the promoters 

remains poorly understood. As a result, a wide range of promoter elements has been investigated 

experimentally. The most active one, chromium, is however to be avoided due to environmental concerns. The 

design of active, selective and sustainable copper-based catalysts would benefit from a more rational approach. 

In this study, carbonyl hydrogenation is studied on a model Cu(111) surface by a combination of density 

functional theory and microkinetic modeling. The modeling work is validated against our experimental kinetic 

data. Hydrogenation of acetol to propylene glycol is used as a probe reaction. This reaction is the key step in 

glycerol hydrogenolysis over copper-based catalysts.3 

2. Results and discussion 

Hydrogenation of carbonyl compounds, such as ketones and aldehydes, can generally follow two pathways. In 

the first step either the carbon atom is hydrogenated, i.e., alkoxy pathway, or the oxygen atom is hydrogenated, 

i.e., carbene pathway. Hydrogenation of the oxygen atom by both hydrogen and hydroxyl groups was 

considered, as shown in Figure 1. Hydrogenation of the carbon atom by a hydroxyl group is highly activated 

and therefore not included. 

  

Figure 1. Energy diagrams for the hydrogenation of acetol to propylene glycol via the alkoxy pathway( ) and 

carbene pathway( ) on Cu(111). Hydrogenation with surface hydrogen (left) and hydrogenation of the oxygen atom 

with surface hydroxyl (right). Transition state structures are shown in the the inserts. 
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In the case of hydrogenation by H*, the carbon atom is hydrogenated following the alkoxy pathway, resulting 

in a stable alkoxy intermediate. Hydrogenation of the oxygen atom in the first step is highly activated and 

would result in the formation of a relatively unstable carbene intermediate. Subsequent hydrogenation of the 

alkoxy intermediate with H* is highly activated. For the mechanism involving H*, one would therefore expect 

that the surface is covered with alkoxy species. Surface hydroxyl groups, however, open up a facile proton 

transfer pathway for hydrogenation of alkoxy species, even though the geometry for proton transfer is not well-

aligned. In the carbene pathway, proton transfer from hydroxyl groups is less effective, and the barrier drops 

by only 17 kJmol-1 to 99 kJmol-1. In addition to hydroxyl groups, water was considered as a source of protons 

and for this pathway a low barrier was also calculated. The role of surface hydroxyl groups as hydrogenating 

species for O-containing intermediates is more generic and was also calculated for the hydrogenation of 

formaldehyde and acetone over copper catalysts. The kinetic viability of the proposed pathway, however, 

depends on the availability of surface hydroxyl groups, and needs to be verified by microkinetic modeling. 

As shown in Figure 2, surface hydroxyl groups are proposed to originate 

from the activation of water. Glycerol hydrogenolysis on copper 

catalysts follows a sequential mechanism of a practically quasi-

equilibrated acid-catalyzed dehydration step, followed by the slow 

hydrogenation of acetol.4 Direct H2O activation by dissociation into H* 

and OH*, is very slow on copper catalysts because Cu interacts weakly 

with H2O.5 This was confirmed by our calculations with a barrier of 172 

kJmol-1 for this reaction. We therefore propose a water cycle as 

illustrated in Figure 2. Hydroxyl groups are formed by proton transfer 

from water to the surface alkoxy groups. This step has a barrier of 32 

kJmol-1. The surface hydroxyl group subsequently hydrogenates another 

alkoxy group, with a barrier of 66 kJmol-1, forming surface oxygen. The 

hydroxyl groups are regenerated through reaction with water, forming 

two hydroxyl groups and closing the cycle.  

Reactivity is not solely determined by the energy profile, but also 

depends on the stability and availability of the reactants and 

intermediates. Therefore, a microkinetic model was constructed to 

verify the role of water and hydroxyl groups in the hydrogenation of aldehydes and ketones. The microkinetic 

model shows a significant increase in activity when the OH*-assisted pathways discussed above are included 

in the mechanism. In addition, a significant enhancement in activity was found when an independent fast OH* 

formation pathway is included in the mechanism. Such a pathway could be provided by reducible oxide 

promotors, such as, e.g. CeOx, ZnO and CrOx, providing guidelines for the selection of novel promotors.6 

3. Conclusions 

The mechanism of carbonyl hydrogenation on copper catalysts was investigated using density functional 

theory and microkinetic modeling. It was found that hydroxyl groups play a key role in the high hydrogenation 

activity of copper catalysts by enabling a fast pathway to remove the stable alkoxy intermediate. Formation 

and regeneration of the hydroxyl groups follows a water-induced cycle, and is enhanced by reducible metal 

oxide promotors.  
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Figure 2. Proposed hydroxyl cycle in 

the case of copper catalyzed 

hydrogenation of carbonyl compounds 

in the presence of water 


