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make use of the  CO2 as the feedstock for the production of 
value-added products. This approach allows in essence to 
fully recycle the waste  CO2 and utilize it again for the zero 
net emission scheme [3]. In this aspect, two most impor-
tant pathways are investigated: First is the hydrogenation to 
formic acid or methanol, which is usually carried out in the 
liquid phase and catalyzed homogeneously [4]. An important 
feature of the  CO2 hydrogenation to formic acid (FA) is its 
reversibility, which opens the way to the easy and effective 
hydrogen storage [5].

The other option is the  CO2 reduction to CO which can 
be subsequently used, for example, as a feedstock for the 
Fischer–Tropsch process of fuels synthesis, often together 
with  CO2 still present in the CO + H2 syngas [6]. These pro-
cesses usually make use of the heterogeneous cobalt-based 
catalysts and are carried out in the gas phase in elevated 
temperatures [7–9].

The major obstacle in the effective  CO2 reduction is the 
unfavorable thermodynamics of the reaction. The potential 
of reduction of the  CO2 to  CO2

− (i.e., the transfer of the first 
electron to the  CO2 molecule) amounts to 1.9 eV, and it is 
the least thermodynamically favorable step in the hydrogena-
tion [10]. This generally requires the use of highly active, 
noble metal-based catalysts that exhibit reasonably high 
activity in the reduction process. Examples include the use 
of Pd compounds in the  CO2 hydrogenation to methanol [11] 
or the already mentioned Ru- or Ir-based pincer complexes 
in homogeneous hydrogenation to formic acid [5, 12]. The 
high cost of these catalysts is the reason for the research 
of the equally active catalysts based on the more abundant 
compounds. Lesser activity can be compensated by changing 
the conditions of the reaction, by, for example, enforcing the 
electron transfer by the electric current.

The copper has been reported to be unique among the 
electrocatalysts in  CO2 hydrogenation process as it is most 

Abstract The study is focused on the  CO2 decomposi-
tion on small (6-, 7-, 8- and 13-atomic) Cu clusters. The 
mechanism of the reaction was investigated by means of the 
molecular dynamics approach on the DFT level of theory. 
We have determined that there are two possible transition-
state structures for the C–O bond dissociation—one where 
the reaction occurs on the wall of the cluster and the other 
occurring on the edge formed by two Cu atoms. The reaction 
depends also on the charge present on the Cu cluster that 
could be formed in the photoactivation and charge separa-
tion on the support.

1 Introduction

The  CO2 utilization has attracted enormous interest in the 
recent years and still continues to attract it. The main reason 
for this is the demand for sustainable fuels solutions, which 
can be an alternative for increased fossil fuels consumption 
[1]. The term  CO2 reduction used frequently in this context 
can mean either the reduction of the  CO2 emissions into the 
atmosphere, or the chemical reduction of the  CO2 molecule 
to the value-added products.

The reduction of the  CO2 emission to the atmosphere is 
usually dealt with by means of the CCS (carbon capture and 
storage) [2]. However, a far more interesting approach is to 
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selective to hydrocarbons—CH4 and  C2H4—than any other 
metal [10]. The mechanism of the Cu activity in the electro-
chemical reduction of  CO2 has been theoretically explored 
by the group of Norskov [13], and the experimental results 
of Koper and co-workers [14] provided more insight into the 
mechanism of this selectivity.

Similarly to the electric current being the driving force of 
the process, it has been proposed that the charge redistribu-
tion upon the photoactivation can also lead to the activity 
of supported non-noble metal clusters in the  CO2 reduction 
[15]. Numerous semiconductors have been studied in such a 
reaction, even as early as 1979 [16] but even after relatively 
long time of research, currently reported activity of sup-
ported Cu is still relatively small [17]. The most efficient 
catalysts contain noble metals, for example, Ru [18] or Pt 
[19].

It is suggested that the major limitation is the dissocia-
tion of the C–O bond in the  CO2 molecule. The dissociative 
adsorption has been studied on clean and stepped copper 
surfaces [20, 21] as well as on the surface-resembling copper 
clusters [22]. The bonding energy was found to increase with 
increasing surface coverage, which might suggest strong 
interactions between the adsorbed species.

The interactions of the reactants with the active site 
depend greatly on the geometry of the latter, and this effect 
will be even more pronounced in case of supported clusters. 
The stability of the clusters under reactive conditions is still 
a matter of the debate. The ReaxFF study on the stability 
of the cobalt clusters was carried out by Zhang et al. [23]. 
The authors found that there is a strong correlation between 
the size of the cluster and its ability to reconstruct in the 
reactive environment. Studies on copper growth on the ZnO 
support have been carried out by Cheng et al. [24] by means 
of molecular dynamics simulation. The clusters have been 
determined as the most stable form when supported on ZnO, 
contrary to the Cu (111) surface, where monolayers have 
been observed.

The aim of the work is to determine the activity of the 
neutral and charged Cu clusters in the  CO2 reduction. Par-
ticularly, we intend to unravel the role of particular cluster 
geometries that are most active in this process and elucidate 
the role of the stability of the cluster on the C–O bond dis-
sociation barrier height.

2  Computational details

The calculations have been done with the Quickstep mod-
ule [25] of the CP2K program [26] based on the density 
functional theory (DFT) methodology. This method uses 
two electron density descriptors: localized Gaussian and 
plane wave (GPW) basis sets. The double-zeta MOLOPT 
basis set with polarization function (DZVP) [27] and the 

complementary plane wave basis set have a cutoff of 400 
Rydberg for electron density. The valence electron–ion inter-
action is based on the norm-conserving and separable pseu-
dopotentials of the analytical form derived by Goedecker, 
Teter and Hutter (GTH) [28], and the generalized gradient-
corrected approximation of Perdew, Burke and Ernzerhof 
(PBE) is adopted for the exchange–correlation energy func-
tional [29]. The PBE functional has been reported to yield 
the binding energies well comparable to the experimental 
values. For more discussion on the applicability of this func-
tional to similar systems, reader is referred to the paper of 
Hellstrom et al. [30].

The periodic boundary conditions were switched on by 
using a cubic simulation box of 18 Å sides for all Cu clus-
ters. Spin polarization was included in the calculations, 
and no symmetry constraints were imposed in structural 
relaxations.

The dissociation of the C–O bond was studied by means 
of the constrained MD simulations. The NVT ensemble has 
been selected, with the temperature set to 300 K and con-
trolled by Nose–Hoover thermostat [31]. The timestep used 
in simulations was 1.0 fs. The constraint applied was the 
distance between the C and O atoms of the  CO2 molecule, 
initially set to 1.2 Å, with the growth rate of 0.00015 Å/
fs. Upon reaching the limit of 3.5 Å, the constraint was 
released, and the simulation continued unconstrained until 
reaching the total time of 15 ps. We have generated 10 MD 
trajectories for each neutral and charged cluster of a differ-
ent initial composition, thus carrying out a total of 80 MD 
simulations.

3  Results and discussion

3.1  Geometries of Cu clusters

The computational model obviously needs to take into 
account many available geometries of the Cu clusters. The 
stability of these systems is a subject to environment condi-
tions and interactions with other species, especially due to 
the fact the energy differences between the particular geom-
etries are reasonably small.

Similar stability studies have been performed before for 
Cu clusters by Petranovski et al. [32] with the CIS method 
and Li et al. [33] with real space pseudopotential approxi-
mation. These studies are in agreement with the minima 
computed in the present work by means of the DFT, with 
the exception of CIS studies of  Cu7 cluster [32], where the 
same geometry is the most stable for both charged and neu-
tral system. Additionally, Li et al. [33] found that several 
geometries exist with similar electronic energy for anionic 
 Cu6 and  Cu7 clusters.
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Table 1 shows the geometries and the energies expressed 
in eV with respect to the most stable cluster. The most sta-
ble of the  Cu6 clusters is the planar  D3h system (6A), as 

described by Jaque and Torro-Labbe [34]. The energy of 
the double-capped tetrahedron structure with  C2v symmetry 
(6C) is less stable by 0.24 eV. This structure is, however, 

Table 1  The geometries and relative energies of the investigated Cu clusters

Cu6 6A

Charge 0: ΔE = 0.00 eV

Charge -1: ΔE = 0.45 eV

6B

ΔE = 0.09 eV

ΔE = 0.39 eV

6C

ΔE = 0.24 eV

ΔE = 0.00 eV

6D

ΔE = 0.29 eV

ΔE = 0.59 eV

Cu7 7A

Charge 0: ΔE = 0.00 eV

Charge -1: ΔE = 0.10 eV

7B

ΔE = 0.20 eV

ΔE = 0.14 eV

7C

ΔE = 0.33 eV

ΔE = 0.00 eV

Cu8 8A

Charge 0: ΔE = 0.00 eV

Charge -1: ΔE = 0.00 eV

8B

ΔE = 0.18 eV

ΔE = 0.10 eV

8C

ΔE = 0.19 eV

ΔE = N/A

8D

ΔE = 0.40 eV

ΔE = N/A

Cu13 13A

Charge 0: ΔE = 0.00 eV

Charge -1: ΔE = 0.00 eV

13B

ΔE = 0.34 eV

ΔE = 0.39 eV

Bold indicates the most stable geometry of the particular cluster, which serves as the reference energy
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the ground state for the anionic system with a charge of 
−1, and it is more stable than  D3h system (6A) by as much 
as 0.45 eV. Out of the  Cu6 clusters, one more should be 
noted—the “incomplete-D6h” (6D) is equally stable to dou-
ble-capped tetrahedron when it bears no charge, but when 
a −1 charge is present, it becomes least stable out of the 
investigated clusters with the relative energy of 0.59 eV. In 
addition, we can conclude that the 6B structure is relatively 
stable in both anionic and neutral form.

The  Cu7 clusters follow similar pattern; however, contrary 
to the  Cu6 clusters, the relative energy differences for ani-
onic cluster are much smaller, on the border of the accuracy 
of the DFT method. The most stable neutral cluster is the 
one with the highest symmetry—D5h (7A). The cluster with 
 C3v symmetry that is built out of three condensed tetrahedra 
(7B) is only less stable by 0.20 eV. The least symmetric 
cluster—capped bipyramid with a square base (7C)—is at 
the same time least stable out of investigated clusters, but 
still the energy differences with respect to the ground-state 
cluster are only 0.33 eV.

Interestingly, this least symmetric cluster is most sta-
ble one when anionic (−1 charge) systems are considered, 
but the energy differences between the clusters are very 
small—0.10 and 0.14 eV for  D5h and  C3v clusters, respec-
tively—and as such should be considered small enough to 
be distinguished with the DFT method. This implies that the 
interconversion between the charged clusters is very easy, 
provided that there are no high kinetic barriers. Although 
the transition-state structures have not been calculated for 
the needs of the present study, we do not expect them to be 
high, and the results presented in the second section of this 
manuscript confirm this assumption.

For  Cu8 clusters, we have observed even smaller differ-
ences in the energy of the charged systems. The most stable 
is the highest symmetry cluster, which is also the most stable 
when no charge is present. The double-capped square bipy-
ramid is less stable by only 0.10 eV, which again should be 
considered less than the accuracy of the DFT method. The 
other two investigated models—incomplete  D3h (8C) and 
anti-prism (8D), could not be optimized in the anionic state 
and converged to the stable ones instead. That confirms the 
assumption of easy interconversion of clusters.

For  Cu13, only two systems have been investigated. The 
high symmetry  D5h (8B) turned out to be less stable in neu-
tral and anionic forms by 0.34 and 0.39 eV, respectively. 
That implies that the distorted cluster is most stable, con-
trary to all smaller clusters investigated.

To conclude, the transformation between structures is 
easy, especially for the anionic  Cu7 and  Cu8 clusters, where 
the relative energies do not exceed 0.15 eV. For anionic  Cu6 
cluster, such transformation needs at least 0.45 eV and can 
occur easier for neutral cluster, where only 0.24–0.29 eV is 
required to overcome energetic minimum.

Interestingly, the  Cu13 cluster is not influenced by the 
charge it bears, and for both neutral and anionic systems, 
the same amount of energy (0.34 and 0.39 eV, respectively) 
is needed to trigger the transformation.

It has to be clarified that these results disregard the inter-
actions with other species, and all clusters are considered to 
be in the gas phase. The interactions with the support fall 
beyond the scope of this study mainly due to the plethora 
of systems able to support small Cu clusters. In the next 
section, we will focus on the possibility of the interaction 
 CO2 molecule to trigger the transformation between differ-
ent clusters.

3.2  CO2 dissociative adsorption

The  CO2 molecule is very thermodynamically stable, and 
therefore, its interaction with Cu clusters is expected to be 
weak. On the other hand, copper-based catalysts are known 
to catalyze the  CO2 hydrogenation [22]; however, the disso-
ciative adsorption on clean Cu surfaces is still under debate 
[20]. The interactions with cluster will obviously differ from 
the clean surfaces, for two reasons—the small size of the 
clusters does not allow it to have fully metallic character and 
the undercoordination of the atoms of the clusters provides 
the binding sites for the  CO2 molecule.

For the needs of the present study, we have carried out 
the constrained MD simulations, where the constraint was 
set to gradually increase the C–O bond length in the  CO2 
molecule. That generated a very reactive oxygen species that 
was able to strongly interact with the Cu cluster and acted as 
the factor triggering the potential interconversion to another 
geometry. In most cases, the geometry of the cluster changed 
to the most stable shape during the equilibration part of the 
MD run, and only upon the interaction with the reactive 
oxygen species, other conversions have been observed.

Out of the ten concurrent simulations for  Cu6 clusters, 
three main different pathways have been identified and are 
shown in Fig. 1 (the plots that were consistent with one 
another have been omitted for clarity). In two of them, a 
significant increase in the energy is initially observed. This 
is the result of the partial dissociation of the  CO2 molecule 
from the cluster, while constrained C–O distance is increas-
ing. In four cases, we have observed the complete dissocia-
tion of the  CO2 from the Cu cluster that caused increase in 
the total energy of the system by more than 2 eV due to the 
reactive oxygen being formed away from the cluster. These 
geometries have been disregarded as physically unfeasible. 
Evidently, the immobilization of the  CO2 molecule next to 
the reactive site is a crucial factor, and the reaction can be 
greatly facilitated in such conditions—for example, in con-
fined space of a microporous support.

The alternative pathways of  CO2 dissociation on  Cu6 
cluster differ in the orientation of the bond being cleaved. 
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The anionic system (curve marked with orange color in 
Fig. 1) displays slightly higher energy barrier for the C–O 
bond dissociation than two pathways for the neutral sys-
tems. The cleaved C–O bond is aligned in parallel to the 
bridge site between two Cu atoms. Preferentially, the lower 
energy pathways are possible for neutral systems, where the 
O atom is located on the hollow site formed by three Cu 
atoms. Interestingly—in both preferred anionic and neutral 
pathways, the  Cu6 cluster has identical geometry, that is, 
however, different from its geometry in the beginning of the 
MD run. Therefore, we conclude that only the position of the 
dissociating  CO2 molecule is responsible for the favorable 
kinetics of the reaction; the preferred position depends in 
this case on the total charge of the cluster.

The most energetically stable product of the reaction is 
the cluster similar to the most stable standalone  Cu6  D3h 
cluster (6A), but with the oxygen atom located in one vertex, 
and the Cu atom in between O and C atoms that were ini-
tially bonded. The interconversion between the less thermo-
dynamically stable geometries has been observed for three 
different systems, so we can assume it is a facile process.

The dissociation of the  CO2 on the anionic  Cu6 cluster 
occurs only in one way, as all generated trajectories were 
consistent with each other. The cleaved bond is aligned in 
parallel to the bridge between two Cu atoms, similarly to the 
less favored pathway in neutral  Cu6 cluster. Interestingly, the 
final product is significantly different than for neutral cluster 
and is geometrically equivalent to the most stable anionic 
 Cu6 cluster (6C); however, the reaction is endothermic by 
approximately 0.5 eV. The kinetic barriers for the reaction 
on anionic  Cu6 are comparable to the case of neutral  Cu6 
and lie in the range of 1.0 and 1.5 eV depending on the run.

Figure 2 shows the charge distribution among the three 
atoms of  CO2 molecule along the trajectory shown in red 
in Fig. 1. Initially, the sum of the charges is zero, which 
represents neutral, isolated  CO2 molecule. The moiety gains 

slightly neutral charge of approximately −0.1 e upon the 
activation and coordination to the edge of the cluster. This 
charge is mostly localized on the oxygen atom bound to the 
cluster, while the changes on the CO moiety are minor. At 
this step of the trajectory (approximately 2000th step), the 
cluster reorganizes, and the activated  CO2 molecule coor-
dinates to the triangular wall of the cluster. This leads to 
significant decrease in the charge on CO moiety (both C and 
O atoms) as well as O atom being dissociated. The later is, 
however, part of the steady decrease in the charge since the 
beginning of the run, which seems not to be affected by the 
change in the cluster structure.

Interestingly, the final charge on the C atom is nearly the 
same as it was in the beginning of the run. At the same time, 
it can be clearly seen the divergence of the charges on the 
oxygen atoms—from initial −0.15 e, dissociating oxygen 
forms a strong bond with Cu cluster gaining negative charge 
of −0.50 e and the other oxygen becomes almost neutral 
(−0.05 e).

The charge distribution in the case of anionic cluster 
follows a similar pattern. Charges on both oxygen atoms 
diverge in the same way, and from initial −0.25 e, Cu-
bound oxygen gains more negative charge of −0.60 e and 
the C-bound one settles at −0.10 e. At the same time, the 
charge on the C atom varies only slightly at approximately 
0.2 e. The sum of the charges on the atoms from  CO2 mol-
ecule is approximately −0.5 e during the whole run.

The most significant difference for the case of neutral  Cu7 
cluster is the weaker interaction of the reactants. As much as 
seven out of ten trajectories generated show the dissociation 
of the  CO2 from the cluster, which together with the increase 
in the C–O bond length causes significant raise of the total 
energy of the system. This is visible in Fig. 3—the blue line, 
which is representative for the dissociation on the neural 
 Cu7 cluster, shows the increase in energy of almost 2 eV. 
The associated geometry is shown next to the maximum 
and displays the fully dissociated  CO2–Cu7 system. For this 
reason, we have been able to identify only one pathway that 

Fig. 1  Two alternative pathways of  CO2 dissociation on neutral  Cu6 
cluster (green and red) and anionic Cu6

− cluster (orange)

Fig. 2  Changes in Mulliken charges on carbon (gray), oxygens 
(orange and red) atoms and their sum (green) in neutral  Cu6 cluster
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leads via the intermediate on the hollow site of the triangle 
formed by Cu atoms. The geometry of the cluster slightly 
differs for those runs; however, the effect of the geometry on 
the total energy is minor.

Two distinct products have been identified for the  Cu7 
clusters. More energetically stable is the product with CO 
bound to the bridge site of the 7B cluster, causing the overall 
reaction to be thermoneutral. Less stable is the distorted 7A 
product, where the oxygen atom causes the cleavage of two 
Cu–Cu bonds in the cluster, which accounts for its lower 
stability.

The interactions between  CO2 and anionic  Cu7 cluster are 
stronger, and the  CO2 molecule tends not to dissociate from 
the cluster in most cases. Indeed, initially we have observed 
a slight increase in the energy, but the system quickly settled 
in one of two major pathways. The pathways are similar to 
ones observed for  Cu6 clusters—dissociation on the bridge 
site (edge) of the hollow site (wall). The dissociation on the 
bridge site is less kinetically preferred as the barrier associ-
ated with it is in the order of 1.5 eV. More preferred is the 
dissociation on the wall of the cluster, which is consistent 
with the similar mechanism observed in case of neutral  C6 
cluster. The barrier is of the same magnitude as for anionic 
 C6 cluster and amounts to approximately 1.0 eV.

The weak interaction and separation of  CO2 and the clus-
ter is also the reason why the charges fluctuate in the ini-
tial steps of the trajectory of the neutral  Cu7 clusters. Upon 
the binding of the two, similar charge divergence on two O 
atoms is observed, as it was the case for  Cu6 clusters. The 
final steps of the simulation are very close to the neutral  Cu6 
cluster, with similar charges on particular atoms C: 0.35 e, 
C-bound O: −0.05 e, cluster-bound O: −0.5 e.

For anionic  Cu7 cluster, the situation is slightly differ-
ent. Due to much stronger interaction between the com-
ponents of the system,  CO2 was already activated after 
the equilibration run (see Fig. 3), and initial charges on 
the oxygens in the production run have already diverged. 

The cluster-bound O atom bore a charge of −0.4 e, and the 
C-bound one—a charge of −0.2 e. The sum of the charges 
on the atoms belonging to the  CO2 molecule remained 
lower than −0.4 e for the whole duration of the run. The 
charge on the C atom was close to the 0.2 e, but at the 
end of the run decreased by 0.1 e. This coincides with the 
formation of the bond between C and the second Cu atom 
from the cluster (see right-hand structure in Fig. 3). The 
charges are shown in Fig. 4.

The dissociation profiles on the  Cu8 clusters are shown 
in Fig. 5. With respect to the interactions with the charged 
cluster, the profiles are similar to  Cu7 clusters—in both 
cases  CO2 molecule dissociates from the neutral clus-
ter, which combined with constrained increase in the 
bond length is responsible for the observed increase in 
the energy of the system in the initial phase. Similarly to 
the anionic  Cu7 cluster, the anionic  Cu8 cluster does not 
display this effect, and  CO2 remains in proximity of the 
cluster.

There are similarities with respect to the geometry of 
the active site for the dissociation as well. Two possible 

Fig. 3  Energy profiles for a  CO2 dissociating on the neutral (blue) 
and anionic (orange)  Cu7 clusters

Fig. 4  Changes in Mulliken charges on carbon (gray), oxygens 
(orange and red) atoms and their sum (green) in anionic  Cu7 cluster

Fig. 5  The energy profiles of the  CO2 dissociation on the neutral 
(blue) and anionic (orange)  Cu8 clusters



Theor Chem Acc (2017) 136:98 

1 3

Page 7 of 9 98

geometries have been observed—with the dissociation 
occurring at the edge of the cluster in case of anionic sys-
tem, and at the triangular wall in case of neutral system. It 
can be observed that for a neutral system, the energetics of 
the C–O dissociation is favoured compared to the charged 
system. However, the dissociation of the  CO2 from the 
cluster is a limiting factor, and despite a barrier of approxi-
mately 1 eV, the reaction is unlikely to occur.

The anionic pathway is also less preferred when com-
pared to the anionic  Cu7 system. The barrier for C–O dis-
sociation on anionic  Cu8 cluster amounts to approximately 
1.5 eV, while it is more favorable for anionic  Cu7 cluster, 
where it amounts to 1.0 eV. This is caused by the different 
geometry of the active site—the dissociation occurring at 
the edge of the cluster results in the raise of the energetic 
barrier, as it was already observed for the  Cu6 cluster. While 
theoretically possible, the dissociation at the triangular wall 
has not been observed in any trajectory involving anionic 
 Cu8 cluster.

The end product of the process in both neutral and anionic 
 Cu8 clusters is similar and consists of a carbonyl bound to a 
vertex of a cluster and the oxygen atom bound to the hollow 
site on the triangular wall. The product is energetically more 
stable for the neutral cluster, where the reaction is thermon-
eutral, while the negatively charged species is less stable by 
approximately 0.5 eV.

Figure 6 shows the profile of the Mulliken charges for 
the neutral  Cu8 cluster. The plot displays similar character-
istics to neutral  Cu6 plot (Fig. 2). Before the  CO2 molecule 
is coordinated to the cluster, the sum of charges on the par-
ticular atoms is 0. Upon the formation of the strong bond 
between the components, the charge is transferred to the C 
and C-bound O atoms. The total charge remains at approxi-
mately −0.2 e until the end of the run. Similar divergence 
of the charge on two atoms is visible as it is the case for all 
other simulations (Figs. 2 and 4). 

In case of anionic  Cu8, the pattern is similar, with the 
lower initial total charge on  CO2 molecule. Upon activation, 

the charge is −0.35 e, and after C–O bond cleavage, it drops 
to approximately −0.5 e, which is the lowest value observed. 
In the later stage of the run, the cluster rearranges and the 
CO moiety gains additional charge, which leads to the slight 
increase in the overall charge to −0.4 e. This value is pre-
served until the end of the run.

The  Cu13 system is the biggest among the investigated 
ones and is characterized by the lowest activation barrier for 
the C–O dissociation. This effect is due to the fact that the 
 Cu13 cluster adapts its geometry to maximize the interactions 
with the  CO2 molecule. While for the smaller clusters the 
reaction occurred at the edge or a triangular wall, the wall of 
the  Cu13 cluster where the  CO2 is bound assumes a butterfly 
conformation. That leads to the binding of all three atoms 
of  CO2 to the active cluster.

The transition-state structure in both anionic and neu-
tral cases is similar, and the bond dissociation occurs at the 
square wall of the cluster. It has to be pointed out that the 
size of the cluster allows for such a change in its geometry to 
form a square site at the wall, which has not been observed 
for clusters smaller than  Cu13. Both—carbon and oxygen 
atoms—are bound to the two nearest Cu atoms. The activa-
tion energy amounts to approximately 1.0 and 0.7 eV for the 
neutral and anionic system, respectively. The geometry of 
the final product is again similar to the  Cu8 cluster, where 
the carbonyl is only bound to one Cu atom, contrary to  Cu6 
and  Cu7, where it is bound to two Cu atoms. Interestingly, 
the reaction is thermoneutral for the neutral case, but slightly 
exothermic (ΔE = −0.2 eV) for the anionic case. This is 
because the reshaping of the cluster occurs after the con-
straint has been released.

The charge profiles shown in Fig. 7, look very similar in 
case of both neutral and anionic clusters. This is caused by 

Fig. 6  Changes in Mulliken charges on carbon (gray), oxygens 
(orange and red) atoms and their sum (green) in neutral  Cu8 cluster

Fig. 7  The energy profiles for the C–O bond dissociation on the neu-
tral (orange) and anionic (green)  Cu13 cluster



 Theor Chem Acc (2017) 136:98

1 3

98 Page 8 of 9

the quick activation of the  CO2 molecule during the equili-
bration run. Thus, the charge is already transferred from the 
cluster even before the production run. The net charge of 
the carbon and both oxygen atoms is −0.2 e and varies only 
slightly during the whole run. The same divergence of the 
charge on the O atoms has been observed. In both cases, we 
have also observed the slight increase in the charge on the 
carbon atom. Interestingly, the net charge transferred to  CO2 
molecule is independent on the charge of the cluster. This is 
different than for the smaller clusters, where the additional 
electron influenced the overall charge transferred.

4  Conclusions

From the comparison of all graphs, it is clear that the des-
orption of  CO2 from the neutral clusters, which is thermo-
dynamically unfavorable, is responsible for the destabili-
zation of all these systems. The situation changes for all 
negatively charged clusters. Additional electron stabilizes 
the active complex and explains why neutral copper cluster 
is not active in  CO2 reduction. The support is needed for the 
charge transfer, adsorption and activation of  CO2 molecule.

There are three observed transition-state structures—with 
the active complex formed by 2, 3 or 4 atoms. Depending 
on the cluster size, these sites become more stable—such as 
square site in case of  Cu13 cluster, that leads to the lowest 
activation barrier. The opposite has been observed for the 
two atomic edge sites, where the activation barrier for the 
C–O bond dissociation was the highest.

In almost all cases, the product of the reaction is of the 
same stability as reactant or a little less stable ~0.3 eV. In 
case of the neutral  Cu6 cluster, the  CO2 dissociation reaction 
is exothermic by approximately 0.5 eV.

The charge is transferred mostly to the cluster-bound oxy-
gen atom, which gains the most negative charge already in 
the initial phase of the run. The carbon atom does not sig-
nificantly change the charge during the MD runs.
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