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Abstract 

Electrocatalytic reduction of CO2 (CO2RR) is an excellent strategy for addressing both the issue of ever-

increasing anthropogenic CO2 emissions as well as the rapid diminishing of non-renewable fossil reserves. 

Recently, significant attention has focussed on the development of size-selected subnanometre 

nanocatalysts because of the unique electronic, geometric and catalytic properties of these clusters, which 

often exhibit enhanced catalytic activities and selectivities compared to bulk metal catalysts and larger 

nanoparticles. In this paper, we investigate in detail the electrocatalytic activity of size-selected Cun clusters 

(n=3-6) employing the Computational Hydrogen Electrode (CHE) model. We have found a striking similarity 

between CO2RR activity of Cu3 and Cu5 and between Cu4 and Cu6 nanoclusters. The reaction proceeds 

through * + CO2 → COOH* → CO* + H2O → CHO* → CH2O* → CH3O* → O* + CH4 → OH* → * + H2O as in 

the case of copper surface on all the Cu clusters. The rate-limiting potential on Cu4 and Cu6 clusters is the 

proton-electron (H+ + e-) transfer to CO* to form the CHO* adsorbed species, which is also the rate-limiting 

step on Cu surfaces, whilst on Cu3 and Cu5 clusters it is the removal of the adsorbed OH* from the cluster 

surface (OH* → * + H2O). Most importantly, we have identified a general trend in the exergonicity and 

endergonicity of each step with the spin-state of the nanocluster. In general, electrochemical steps 

corresponding to an odd total number of (H+ + e-) pair transfers, leading to the formation of the doublet 

adsorbed species on Cu4 and Cu6 clusters, are highly endergonic uphill processes relative to the same steps 

on Cu3 and Cu5 clusters. However, steps corresponding to an even total number of proton-electron pair 

transfers, leading to the formation of the singlet adsorbed species on Cu4 and Cu6 clusters, are highly 

exergonic downhill process relative to the same steps on Cu3 and Cu5. We have also found that the competing 

hydrogen evolution reaction (HER) is more hindered on Cu3 and Cu5 compared to Cu4 and Cu6 clusters. There 

is also a general qualitative relationship between the exer/endergonicity of an electrochemical step and the 

HOMO-LUMO gap of the various cluster-adsorbate complexes. We have found that an increase or decrease 

of a single valence electron can significantly alter the electrocatalytic activity and reactivity at the 

subnanometre level and this has great implications in the design and development of size-selected 

nanoclusters for CO2RR and similar reactions. 
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Introduction 

Anthropogenic CO2 emissions pose a serious threat to human-kind concerning global warming and climate 

change. Another serious concern is the rapid depletion of fossil fuel resources that may lead to a significant 

energy crisis in the future. In fact, large-scale combustion of fossil fuels is the major source of anthropogenic 

CO2 emissions. The average CO2 concentration in the atmosphere has already surpassed 400 ppm and is 120 

ppm higher than the pre-industrial historical level of 290 ppm.1 The adverse consequence of these ever-

increasing emissions on climate change is also evident. According to data from the NOAA National Centres 

for Environmental Information, all years in the 21st century (2001-2017) rank amongst the hottest years on 

record; and 2015, 2016, and 2017 stand in the top three positions.2 CO2 emissions and global warming are 

expected to increase further because of growing energy demand worldwide due to population and industrial 

growth. The development of low-cost, clean, efficient and sustainable alternative energy resources with 

minimal environmental impact is of paramount interest. In this context, recycling of CO2 emitted from 

sources such as industry into useful chemicals, especially fuels, is an ideal solution which addresses both the 

issues of ever-increasing CO2 emissions and diminishing non-renewal energy resources.   

Despite the fact that CO2 is an inexpensive, abundant and renewable C1 source for synthesising many useful 

chemicals, the activation and subsequent chemical transformation of CO2 is a formidable challenge due to its 

chemical inertness, as the carbon atoms are in their highest oxidation state.  Of the many possible reduction 

products, CO and methane (CH4) find applications as gaseous fuels and formic acid (HCOOH) and methanol 

(CH3OH) find applications as liquid fuels.3,4 There have been a number of heterogeneous catalysts with 

different supports and promoters reported for the direct hydrogenation of CO2 with H2.5–7 However, these 

heterogeneous catalysts exhibit some serious drawbacks, such as high operating temperatures and pressures 

(typically above 200oC and 50-100 atm. pressures), lack of catalyst tuning and formation of undesirable by-

products. Electrochemical reduction of CO2 (CO2RR) is an alternative way of achieving CO2 reduction and has 

the distinct advantage that it operates at room temperature and atmospheric pressure. Moreover, the 

electrocatalytic activity and selectivity can be easily controlled by adjustment of the electrode potentials. 

There are numerous excellent reviews in the literature on different types of electrode materials (pure metals, 

alloys, oxides, organic, clusters etc.), their stability, activity and product selectivity etc.8–16 In recent decades, 

most of the research effort has been devoted to the development of metal electrodes for the electrocatalytic 

reduction of CO2. These metal catalysts are divided into different distinct groups: namely CO-selective metals 

(e.g.; Au, Ag, Zn and Pd), formate-selective metals (e.g., Pb, Hg, In, Sn, Bi and Cd) and hydrogen-selective 

metals (e.g. Fe, Ni, Pt and Ti), based on their tendency to bind various intermediates and reduction 

products.8–16 Although many different materials have been proposed, electrodes primarily based on noble 

metals (e.g. Pd, Pt, Cu, Ag and Au) are commonly used in CO2RR reactions.  However, none of these metals 

have proved successful in large-scale conversion, in terms of efficiency and selectivity.  

Copper is the only metal that has been experimentally shown to catalyse reduction beyond the two-electron 

reduction stage and to produce higher reduction products such as alcohols and hydrocarbons, in particular 

CH4, from CO2RR.17–24 None of the metals studied so far have shown the ability to reduce CO2 to methanol in 

significant yield.11 As the CO2RR reaction is usually carried out in aqueous media, the CO2RR has to compete 

with the hydrogen evolution reaction (HER), which is also a cathodic side reaction and has much lower 

overpotential on most metallic surfaces.25,26 Hori et al. reported from their experimental studies that 

hydrocarbons (CH4 and C2H4) are the dominant reduction products at sufficiently large negative potentials, 

whereas at lower potentials, H2, CO and HCOOH are dominant18,22. Nørskov and co-workers provided the first 

theoretical insight into copper’s unique ability to reduce CO2 into hydrocarbons, employing the 

Computational Hydrogen Electrode (CHE) model for the Cu(211) surface.27 They found that the transfer of a 

proton-electron pair to the adsorbed CO species (CO*) to form adsorbed CHO (CHO*) is the key-limiting step 

in the production of the hydrocarbons and the lowest energy route to methane is * + CO2 → COOH* → CO* 

+ H2O → CHO* → CH2O* → CH3O* → O* + CH4 → OH* → * + H2O [where * indicates an adsorption site on 

the surface of the catalyst]. Consistent with experimental observations, their theoretical work also found that 
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hydrocarbon formation takes place only at a higher applied potential (-0.74 V).  Based on theoretical studies, 

Asthragiri and co-workers proposed an alternative path: * + CO2 → COOH* → CO* + H2O → COH → C* → 

CH* → CH2* → CH3* → * + CH4, in which the reaction proceeds via a hydroxymethylidyne (COH) 

intermediate.28,29 A recent experimental study by Kuhl et al. identified a total of 16 different CO2 reduction 

products, including a wide range of C1-C3 species (with five detected for the first time) and proposed a 

reaction scheme involving enol-like intermediates for the production of multicarbon products.30 Recently, 

Garza et al. have proposed a mechanism for the electroreduction of CO2 to C2 products on Cu surface, based 

on DFT calculations.31 A number of theoretical studies have been carried out to explain the formation of 

mono- and multicarbon products from CO2 reduction, as reported by various research groups.32–37  

Recently, catalysis by metal nanoparticles (“nanocatalysis”) has gained significant attention owing to the high 

activity and selectivity as well as low metal cost of nanoparticles (NPs) compared to the traditional bulk metal 

catalysts.38,39 The cluster size (subnanometre or NPs), shape and high surface-to-volume ratio (compared to 

bulk metals) of nanoclusters impart unique electronic effects, surface chemistry and catalytic properties to 

nanocatalysts.40 The increased density of exposed low-coordinated unsaturated sites presents a larger 

number of catalytically active sites for the reactant species. Subnanometre clusters (size-selected 

nanoclusters of few atoms) show particular promise in the field of nanocatalysis, as the addition or removal 

of a single atom can induce substantial changes in the electronic, geometric and catalytic properties of the 

subnanometre cluster, which are entirely different from larger nanoclusters or bulk materials.41–48  The 

particle size effect on CO2RR has been investigated for metal NPs of Au, Ag, Bi,  Pd, , Ni, and Sn and it was 

found in general that NPs with different sizes exhibit different CO2RR activity and selevtivity.49–57 Tang et al. 

reported that Cu NP-covered electrodes exhibit better selectivity towards hydrocarbon production from CO2 

electroreduction, compared with electropolished and argon-sputtered Cu electrodes.58 Strasser et al. 

investigated the particle size effect of Cu NPs on CO2RR and found that as the particle size decreases, in 

particular below 5 nm, the activity and selectivity for H2 and CO increases dramatically.59 Vajda et al. have 

investigated the electrochemical behaviour of Cu5 and Cu20 nanoclusters in the presence of N2 and CO2 and 

found different redox behaviour for Cu5 and Cu20 nanoclusters.60 Cu NPs supported on glassy carbon have 

been shown to achieve four times larger methanation current densities compared to high-purity Cu foil 

electrodes and exhibit a Faradaic efficiency of 80%. Similarly, the Au25 cluster exhibits a significant 

enhancement of the CO2 → CO reaction over large Au NPs and the bulk Au surface.51 Mistry et al reported 

that the current density for CO2 → CO increases drastically with decreasing Au nanoparticle size.49 Studies on 

Ag nanoparticle catalysts show that the CO2 → CO conversion rate is approximately 10 times higher on 5 nm 

Ag nanoparticles than on bulk silver.53 Similarly, Kim et al. have reported significant decrease of overpotential 

and a 4-fold increase in the CO Faradaic efficient with the optimal Ag NP size of 5nm compared to 

polycrystalline Ag foil.52 Gao et. al. investigated the size-depended electrocatalytic selectivity for CO 

formation on Pd NPs with different sizes and reported that the Faradaic efficiency for CO production shows 

significant enhancement (5.8% over 10.3 nm NPs to 91.2% over 3.7 nm NPs), along with an 18.4-fold increase 

in current density.54 Similarly, nanostructured Sn catalysts have been shown to produce formate at 

overpotentials as low as 340 mV.57 Downsizing the NPs to a single atom, the ultimate size limit for 

subnanometre clusters, has opened a novel area in catalysis termed “single-atom catalysis” (SAC).61,62 In a 

recent study, Zhao et al. showed that Ni SAC can reduce CO2 to CO with excellent Faradaic efficiency and 

current density.56 The use of single-atomic Cu on ceria (with multiple oxygen vacancies) was recently reported 

for electrocatalytic reduction of CO2 to methane.63 Jia M et al. have provided a review that highlights the 

recent progress in the development of single-atom catalysts for the electroreduction of CO2.64 Back S. et al. 

employing computational approach have provided deep theoretical insights into the single transition metal 

atoms anchored on defective graphene with single and double vacancies for CO2 electroreduction.65 Duff et 

al. have investigated the surface coverage of the oxygen species, a surface-structure and potential dependent 

factor on product selectivity of CO2 electroreduction to alcohols and carbonyls on Cu electrodes.66 Besides 

electrocatalytic CO2 reduction, direct hydrogenation of CO2 to methanol (thermal catalysis) on small size-

selected Cun clusters (n=3, 4, 20) supported on Al2O3 thin films has been reported by Vajda and co-
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workers.67,68 They found that catalytic activity for methanol synthesis varies with cluster size in the order Cu4 

> Cu20 > Cu3 and Cu4 is the most active low-pressure catalyst for CO2 hydrogenation to CH3OH. The removal 

of one atom from Cu4 to Cu3 cluster reduces the activity of CH3OH production drastically, by more than 50%. 

They also reported charge states (prior to reduction) of 1.8, 1.7 and 1.6 at 25 oC for Cu3, Cu4 and Cu20 clusters, 

respectively, and identified that the reduction temperature decreases with increasing cluster size. 

Despite recent advances in computational methodologies, there have been relatively few theoretical studies 

reported for electrocatalytic reduction of CO2 on nanoclusters.  Several DFT studies have been reported for 

the electroreduction of CO2 on larger clusters, such as Au38 and Au55,49 Pd38 and Pd55,54 ligand-protected 

Au25(SCH3)18
q (charge q = -1, 0, +1) clusters,50,51 Cu85,69 and Cu79.

70 Computational studies on the CO2RR activity 

of subnanometre transition metal clusters are also limited. Liu et al. investigated the electroreduction of CO2 

to CO, HCOOH, and CH4 on a number of tetra-atomic metal clusters and found that the overpotentials for 

forming CH4 are in the order Co4 < Fe4 < Ni4 < Cu4 < Pt4.
71

 In a very recent computational study of 

subnanometre Cu clusters, Shanmugam et al. reported that Cu atoms at two-coordination sites are more 

selective for reduction of CO2 to CO at a lower applied voltage compared to higher coordination sites.72 Apart 

from this limited number of studies, no systematic evaluation has been made of the effect of cluster size and 

electronic state of the Cu clusters on their CO2RR activity and selectivity towards the higher reduction 

products such as CH4 vs CH3OH.  

In this study, we investigate in detail the catalytic ability of subnanometre Cun (n = 3-6) clusters to reduce 

CO2 electrochemically and their relative activity and selectivity towards various reduction products, in 

particular for higher reduction products. We have chosen these four clusters as they represent two pairs of 

subnanometre clusters with quite different electronic states: odd numbers of electrons (Cu3 and Cu5); and 

even numbers of electrons (Cu4 and Cu6). As the size of the clusters are significantly smaller, we expect that 

quantum size effects will come into play and even a difference of a single electron can impart significant 

changes in the electrocatalytic activity. We use the computational hydrogen electron model (CHE) of 

Nørskov27,73, at the DFT level, to investigate the electrocatalytic pathways for these Cu clusters via CHO* and 

COH*adsorbed species: the two lowest-energy routes proposed for the CO2RR on the Cu surface, as well as 

evaluating the theoretical overpotential for the CO2RR on these clusters. This study will shed light into the 

electronic and geometrical factors that govern the course of the CO2RR on subnanometre clusters, as well 

as providing a theoretical platform for the further development of novel robust subnanometre cluster-based 

catalysts for the electroreduction of CO2 to fuels.  

Computational Details: 

(i) Structural optimisation of Cun (n=3-6) clusters  

An extensive search for global minimum energy geometries was performed for Cun (n=3-6), employing the 

Birmingham Parallel Genetic Algorithm (BPGA) at the DFT level.74,75 BPGA employs a pool methodology to 

evaluate the geometries in parallel. In each run, multiple BPGA instances are implemented and, in each 

instance, the GA operations and local energy minimisations are performed across multiple cores. Initially, a 

number of random geometries are generated (10 in this study) and DFT minimisations are performed on 

these geometries to form the initial pool population.  Subsequently, GA crossover and mutation operations 

are performed on pairs (crossover) or individual (mutation) members of the population. The crossover 

operation involves selecting a pair of clusters from the pool using the tournament selection method, based 

on the fitness criterion: the fittest isomers (clusters with the lowest energies) are more likely to be selected 

for crossover. Offspring structures are then generated using the cut-and-splice method of Deaven and Ho.76 

A single cluster chosen at random for the mutation operation, achieved by displacing some of the atoms 

randomly or introducing a new, randomly generated cluster). After crossover and mutation operations, these 

new structures are then locally minimised at the DFT level and their energies are compared with the existing 

structures in the pool. New, low-energy structures replace higher energy pool members. The BPGA program 

is run until convergence is achieved. In each run, 400 structures are minimized and if the energy of the lowest 
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energy structures in two successive runs are within 104 eV, we assume that convergence is attained. In this 

study, these lowest energy structures in the two successive runs are essentially the same. 

All the local energy minimisations in the GA were performed using Gamma-point spin-polarized DFT 

calculations employing a plane wave basis set within the Vienna ab initio Simulation Package (VASP).77–80 

Spin-states were optimized within VASP independently for each structure from BPGA during global 

optimization, using projected-augmented wave (PAW)81 pseudopotentials and the Perdew-Burke-Ernzerhof 

(PBE)82 GGA exchange-correlation functional. A plane-wave cut-off energy of 400 eV was used and 

Methfessel-Paxton83 smearing with a sigma value of 0.01 eV to improve convergence. 

(ii) CO2RR electro catalytic reduction studies 

The global minima determined from the BPGA for Cun (n=3-6) nanoclusters, as well as various adsorbed 

species on the Cu clusters (CO2*, COOH*, CO*, CHO*, CH2O*, CH3O*, C(OH)2*, COH*, CHOH*, CH2OH*, C*, 

CH*, CH2*, CH3*, OOCH*, O*, OH*, H*), and  free molecules  (CO2, H2, H2O, CO, HCOOH, CH3OH and CH4)  

were geometry optimised using orbital-based DFT within the Gaussian09 program.84 These geometry 

optimization calculations were performed using the long-range corrected hybrid density functional with 

empirical atom-atom dispersion correction   ωB97XD85 and the def2SVPP basis set. 86,87 These were followed 

by a single-point energy calculation using the larger def2-TZVPP basis set.86,87 Stability analysis of the 

wavefunctions of the optimized geometries have been carried out to make sure that the wavefunctions are 

stable and there are no spin crossovers and no tendency for open-shell singlets. For each of the free clusters 

and cluster-adsorbates, in addition to the lowest electronic state (singlet or doublet depending on the 

number of unpaired electrons), we searched the minima on two higher-spin electronic surfaces (triplet and 

quintet or quartet and sextet). We have validated the performance of the ωB97XD functional with respect to 

high-level CCSD(T) calculations for the CO2RR studies and we have also investigated the basis set dependence 

of the cluster geometries and energies (See supplementary information for more details).  

Free energy changes (ΔG) for various electrochemical steps were then calculated using the Computational 

Hydrogen Electrode Model (CHE) developed by Nørskov and co-workers.27,73 Thermal corrections (using 

harmonic vibrational frequencies) were computed at the ωB97XD/def2SVPP level and solvent (water) effects 

were included using the implicit universal solvation model (SMD) for the lowest-energy geometries of each 

of the adsorbed species.88 Free energy values without solvent correction were also computed for a direct 

comparison with gas phase results. For CO2 adsorption studies, we have found that the free energy of 

adsorption is not always larger (most negative) for the lowest energy gas-phase geometries. Considering this 

fact, we have included the preferred lowest energy geometry for CO2 adsorbed species separately in the gas-

phase and in water. For some of the cluster-adsorbed species, we have found geometry changes in water 

compared to the gas phase.  Charges on cluster atoms were calculated using the Natural Bond Orbital (NBO) 

analysis.89 

According to the CHE model, the free energy change for an electrochemical step can be calculated as:  

ΔG[A*+ (H+ + e) → AH*] = µ(AH*)  µ(A*)  [µ(H+) + µ(e)]                         [1] 

In the CHE model, the chemical potential of the (H+/e-) pair is equal to half the chemical potential of the 

gas-phase H2 molecule. The total chemical potential of the proton-electron pair as a function of applied 

potential U, at all temperatures, can be calculated as: 

µ(H+) + µ(e) = 0.5 µ(H2(g))  eU           [2] 

At zero applied potential (U = 0 V), ΔG becomes UL/e, where UL is the limiting potential.  The CHE model 

ignores the kinetic barriers for (H+/e) pair transfers to adsorbate species as the barriers for proton transfer 

to adsorbed species are assumed to be small enough to be surmountable at room temperatures. This 

assumption is supported by previous studies on the proton transfer barriers for the reduction reactions of O2 

to OOH and OH to H2O on Pt which show that these barriers lie in the range 0.15-0.25 eV for zero applied 
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potential and decrease with increasing applied voltage.90,91. CHE model studies of CO2RR assume that the 

extent to which the CO2RR reaction is favoured on different surfaces can be simply predicted by calculating 

the thermodynamic changes of the individual electrochemical steps. In other words, the reaction free energy 

changes for various electrochemical steps can be used as a catalytic descriptor for the favourability of the 

CO2RR on various surfaces. Further details about the computational details can be found in the 

Supplementary Information.  

Results and Discussions 

Structure Characterization of Cun (n=3-6) clusters 

As the size and shape of the nanoclusters are critical in the CO2RR activity, the first step was to identify the 

most stable geometrical arrangement of these clusters. We have made an extensive search for the most 

stable geometrical configuration for these nanoclusters employing BPGA. The Cu3 cluster adopts an isosceles 

triangle geometry with C2v symmetry, Cu4 has a rhombus configuration with D2h symmetry. The other two Cu 

clusters Cu5 and Cu6 also adopts planar configurations, with C2v and D3h symmetries, respectively. All of these 

structures are fragments of a 2D close packed network and the 3-5 atom clusters can be formed from the 

triangular Cu6 structure by the removal of one or more atoms. The geometry of the nanoclusters, with the 

symmetry-equivalent atoms indicated, are shown in Figure 1, along with the unique Cu-Cu bond lengths and 

NBO atomic charges. These Cu cluster structures are all in agreement with previously reported geometries 

for these sizes.92  

Following the BPGA optimisation and subsequent reoptimisation at ωB97XD level, all the bare Cu clusters 

(Cu3–Cu6) were found to adopt the lowest possible spin-state, with Cu clusters containing an even number of 

electrons (Cu4 and Cu6) in the singlet-state and those with an odd number of electrons (Cu3 and Cu5) in the 

doublet state. Although, we are not expecting a cross-over to higher spins on binding organic adsorbates, we 

have performed extensive searches for the minimum energy structures for the adsorbates on higher spin-

states. For cluster-adsorbates with odd numbers of electrons such as CO2* on Cu3 and Cu5 clusters and CH* 

on Cu4 and Cu6, we performed geometry searches on doublet, quartet and sextet electronic states. Similarly, 

for cluster-adsorbates with even numbers of electrons such as CH* on Cu3 and Cu5 clusters and CO2* on Cu4 

and Cu6, geometric searchers were performed on singlet, triplet and quintet electronic states. Many different 

initial starting positions for the adsorbed molecules and molecular fragments were chosen for geometry 

optimisation, corresponding to the various symmetry-inequivalent atomic and edge sites of the cluster, in 

order to locate the most stable adsorbate geometries. For example, for Cu5 we optimised the different 

adsorbed species on atoms Cu(a), Cu(b) and Cu(c) and on the edges Cu(a)-Cu(b), Cu(b)-Cu(c), Cu(a)-Cu(c) and 

Cu(c)-Cu(c) (See Figure 1). Similarly, for Cu4 and Cu6, which have higher symmetry, we optimised the 

adsorbates on Cu atoms a and b and edges Cu(a)-Cu(b) and Cu(b)-Cu(b) (See Figure 1).  In all cases, the 

optimization converged to a number of distinct minimum energy structures for the same adsorbed species 

and we have chosen only the lowest-energy structure for further CO2RR studies. As we expected, we have 

found that cluster-adsorbate complexes in the higher spin states are thermodynamically highly unstable 

compared to the lowest spin-states (singlets or doublets). We have chosen the adsorbed species involved in 

the lowest energy reaction pathways via the CHO* and COH* species proposed by Nørskov et al. and Asthagiri 

et al. on the metallic copper surface.27–29 Moreover, the computational studies by Liu et al. showed that the 

lowest energy CO2RR pathways on the tetra-atomic clusters Fe4, Co4, Ni4, Cu4 and Pt4 also proceed via the 

CHO* pathway,62 in agreement with Nørskov’s results for the Cu(211) surface.28  
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Figure 1:  Lowest energy geometrical configurations for the Cu3 (C2v), Cu4 (D2h), Cu5 (C2v) and Cu6 (D3h) clusters 

optimized at the ωB97XD/def2-SVPP level. In the top row, the different symmetry-equivalent atomic 

positions are labelled (a), (b), and (c) and unique Cu-Cu bond lengths (Å) are marked. In the bottom row, the 

NBO atomic charges are given for the solvated clusters and (in parentheses) for the clusters in the gas phase.  

 

Table 1: Adsorption free energies (ΔGads / eV) and geometries of the CO2* (CO2-adsorbed complexes) for 

different Cun (n=3-6) clusters in the gas-phase and water. The net NBO charge on the adsorbed CO2 

molecule (qCO2) are also listed. 

Cluster            Gas-Phase             Water  

Geometry  ΔGads qCO2 Geometry  ΔGads qCO2 

Cu3 

 

0.072 -0.703 

 

-0.940 -0.882 

Cu4 

 

0.072 +0.071 

 

-0.483 -0.844 

Cu5 

 

0.093 -0.520 

 

-0.680 -0.875 

Cu6 

 

0.175 +0.033 

 

-0.077 +0.010 
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CO2 adsorption on Cu clusters: 

CO2 can form a number of distinct cluster-bound complexes by interacting in different binding modes on the 

various symmetry-inequivalent atoms (atop or terminal binding sites) and Cu-Cu edges (bridging sites) on the 

clusters. An extensive search has been made to locate the lowest energy minima for the CO2-Cu clusters 

complexes and the lowest energy geometry was selected for further investigation. The free energies of 

adsorption (Gads) for the lowest energy geometries of the CO2-cluster complexes are given in Table 1, both 

in the gas phase and in (implicit) water.  

(i) Gas-phase clusters: The adsorption free energies of CO2 on all the Cu clusters are positive in the gas-phase, 

which means that gas-phase adsorption of CO2 is thermodynamically unfavourable.  For Cu4, CO2 is 

physisorbed via one of the oxygen atoms to Cu(b), which has a positive NBO charge of +0.140.  For Cu6, again 

CO2 is physisorbed via a single O-Cu interaction (analogous to that in Cu4CO2) to Cu(a), which has a positive 

NBO charge of +0.084. Physisorption via the relatively negative O atom, therefore, is seen to be preferred on 

the most positively charged metal sites. In both cases, the CO2 molecule remains approximately linear (  

178o) and there is little change in the C-O bond lengths. However, it should be noted that the C-O bond which 

is directly bonded to Cu in Cu4CO2 is slightly elongated (1.17 Å) whereas the other C-O bond is slightly 

shortened (1.15 Å). On the other hand, in Cu6CO2, both the C-O bond distances in the CO2 moiety remains at 

1.16 Å. The O-Cu interaction results in net positive charges (qCO2) of +0.071 and +0.033 on the CO2 molecules 

in the Cu4CO2 and Cu6CO2 complexes, respectively. The reason for the physisorption of CO2 on Cu4 and Cu6 is 

probably because both of these clusters have an even number of valence electrons and are closed shell 

species, with increased stability relative to their odd-electron neighbours, according to the electronic shell 

model of Knight, Clemenger and co-workers.93 There is likely to be an appreciable energy barrier to 

chemisorption in these cases in the gas-phase due to this closed shell arrangement 

Unlike the situation on Cu4 and Cu6, CO2 is chemisorbed on the odd-electron (less stable and, therefore, more 

reactive) Cu3 and Cu5 clusters., CO2 adopts a bent arrangement with two Cu-O bonds. On binding CO2, the 

Cu3 adopts an approximate equilateral arrangement in which the Cu-Cu edge that binds CO2 is slightly 

elongated (2.38 Å) compared to other two edges (2.36 Å). CO2 also exhibits a bent geometry on Cu5, bridging 

the longer Cu(c)-Cu(c) edge. However, in this case the carbon atom lies closer to the Cu atoms binds, along 

with both oxygen atoms, to the two Cu(c) atoms. In contrast to physisorption, chemisorption involves charge 

transfer from the metal complex to the * molecular orbitals (MOs) of the CO2 molecule.  This is supported 

by the elongation of the C-O bond (1.24 Å on Cu3 and 1.23 Å on Cu5) and the bent CO2 geometry on Cu3 and 

Cu5. The calculated net NBO charges on the CO2 moiety (qCO2) are large and negative on Cu3 (0.703) and Cu5 

(0.520) in the gas-phase. It should be noted that, in a combined photoelectron spectroscopy and 

computational study, Bowen et al. have reported the formation of a gas-phase complex between CO2 and a 

single Cu anion, which results in electron transfer and the formation of Cu(CO2
), where the CO2

 moiety is 

bent and bonded to Cu via the carbon atom, with the negative charge delocalised over the * framework of 

the coordinated CO2, corresponding to a formate-like complex .94 Interestingly, Cu only forms the 

chemisorbed complex with CO2, while Ag forms only a C-bound physisorbed complex (with quasi-linear CO2) 

and Au forms both chemisorbed and physisorbed adducts. 

(ii) Clusters in water: In contrast to the gas-phase results, the CO2 adsorption free energies are negative in 

the presence of water. The most stable geometries of the cluster-CO2 complexes also differ between the gas-

phase and water.   For Cu4, the preferred geometry in water has bent CO2 bridging a Cu(a)-Cu(b) edge, 

interacting through all of its atoms, as for the gas phase structure of Cu5CO2.  CO2 also bridges a different 

edge of Cu5, Cu(a)-Cu(b), in water, this time bridging through the carbon and only one of the oxygen atoms. 

This bridging mode is also observed for Cu3CO2 in water. For Cu3-Cu5, there is a more negative net charge on 

CO2 in water than in the gas-phase, as solvation by a polar solvent (water) stabilises a greater degree of 

charge separation. Unusually, CO2 does not show any significant interaction with the Cu6 cluster in water, 

remaining linear and lying parallel to the plane of the Cu6 cluster, at around 3.2 Å, corresponding to 
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physisorbed CO2 – which is consistent with the significantly smaller adsorption energy (0.077 eV).  The fact 

that CO2 is only physisorbed on Cu6 perhaps illustrates the fact that this cluster, which has six Cu 3s electrons, 

has a particularly stable “magic number” electron count (6e), corresponding to a closed shell for the solution 

of the Schrödinger equation for an electron constrained to a circular disk. In water, chemisorption (on Cu3, 

Cu4 and Cu5) involves CO2 bending and cluster-to-CO2 charge transfer, which is considerably higher in 

magnitude (qCO2 > 0.8) than in the gas-phase, closer to the formate-like structure observed on Cu in the 

gas-phase.94 As in the gas-phase, the linear physisorbed CO2 molecule on Cu6 has a small positive charge (qCO2 

= +0.01). 

Electrocatalytic CO2RR studies 

Next, we investigated the electrochemical pathways for the reduction of CO2 to various reduction products 

such as CH4, CH3OH and HCOOH.  Under electrochemical conditions, electrochemical adsorption of CO2 onto 

the cluster can compete with the CO2 adsorption step described in the previous section and it can be 

considered as the first step in the CO2RR.  Electrochemical adsorption of CO2 involves a proton-electron pair 

transfer (H+ + e) to CO2, leading to the formation of the carboxyl species COOH which is adsorbed on the 

cluster (COOH*).   Subsequent electrochemical steps, each of which involves a proton-electron pair transfer, 

will result in the formation of various electroreduction products such as CO, HCOOH, CH3OH and CH4.  As in 

the case of the CO2* adsorbed cluster complexes, we have found significant stabilization of all the 

intermediates in water compared to the gas-phase. However, except for a very small number of adsorbed 

species, the lowest energy geometries for the adsorbed species are the same both in the gas-phase and in 

water. As the calculations in the gas-phase and in water do not show any significant deviations in CO2RR 

electroactivity and selectivity as well as in the free energy change patterns and do not provide any additional 

information, we limit our discussions to the calculations in water only. Moreover, as the electrocatalytic 

reduction is usually carried out in an aqueous environment, the calculations in the presence of implicit water 

mimic the experimental conditions more realistically. The results for the gas-phase calculations are given in 

the supplementary information. 

(i) Electrochemical CO2RR steps on Cu3 and Cu4 clusters  

First, we will focus on the electrochemical CO2RR steps on Cu3 and Cu4 clusters. Figures 2 and 3 show the 

calculated free energy pathways for the formation of H2, CO, HCOOH, CH3OH and CH4 at zero applied voltage 

(0 V vs RHE) using the CHE model on Cu3 and Cu4, respectively.  It can be seen from these free energy profiles 

that the electrochemical proton-electron reduction pathway * + CO2 → COOH* → CO* + H2O → CHO* → 

CH2O* → CH3O* → O* + CH4 → OH* → * + H2O (Path I) is the lowest energy path for the reduction of CO2 to 

CH4 on both Cu3 and Cu4 clusters.  CO2 loses its linearity on electrochemical adsorption to form the carboxyl 

(COOH*) species on the Cu clusters. The formation of the COOH* species is exergonic on both Cu3 and Cu4 

clusters, but it is much more favourable on Cu3 (ΔG = -0.864 eV) than on Cu4 (ΔG = -0.093 eV). It should be 

noted that the exergonicity/endergonicty of the formation of the COOH* species shows significant 

differences on Cu3 and Cu4 clusters. Cu3 has an unpaired electron in its ground electronic state (doublet) and 

Cu4 has all of its electrons paired (singlet).  

Addition of a second proton-electron pair (H+ + e) results in the formation of the CO* species after the 

elimination of a water molecule. This step is highly exergonic on Cu4, with a free energy change of -0.697 eV.  

However, the free energy change for the same step only exhibits low exergonicity on Cu3 (ΔG = -0.001 eV) 

compared to Cu4. The third proton-electron pair transfer hydrogenates the carbon atom of the CO* species, 

leading to the formation of the CHO* species, which is a strongly endergonic step on Cu4 with a free energy 

change of 0.805 eV. This step is the rate-determining free energy step (RDS) on Cu4. On Cu3, the 

hydrogenation of CO* to form CHO* is a weaker endergonic step compared to that on Cu4 cluster, with a free 

energy change of 0.102 eV.  
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Figure 2: Free energy changes (ΔG; solvent-corrected, eV) calculated for the electrochemical pathways for 

the reduction of CO2 on the Cu3 cluster, employing the CHE model. The lowest energy geometries for the 

various adsorbed species are shown in the lower panel.  

The next (H+ + e) pair transfer hydrogenates CHO* to formaldehyde (CH2O*). On Cu3, this is an mildly 

exergonic step (∆G = -0.252 eV). In contrast, on Cu4, the formation of CH2O* from CHO* is highly exergonic 

with a free energy change of -0.639 eV. The fifth proton-electron pair transfer leads to the hydrogenation of 

CH2O* to the adsorbed methoxy species (CH3O*). Even though this step is exergonic for both the Cu3 and Cu4 

clusters, the exergonicity of the reaction is larger on Cu3 (ΔG = -1.251 eV) compared to Cu4 (ΔG = -0.398 eV).     

The sixth (H+ + e) pair transfer adds another hydrogen to the carbon atom, followed by the elimination of 

CH4 leaving an adsorbed O* species. Whereas this reaction step is a thermodynamically unfavourable 

endergonic process on Cu3 (∆G = 0.370 eV), it is a thermodynamically highly favourable exergonic process on 

Cu4 (∆G = -1.316 eV). The seventh (H+ + e) pair transfer leads to the formation of an OH* species. This is a 

highly exergonic step on Cu3, with a free energy change of -1.107 eV. The eighth proton-electron transfer 

hydrogenates the oxygen centre of the OH* species and regenerates the free Cu3 cluster following the release 
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of a water molecule. However, the last-step is highly endergonic, with a free energy difference of 0.655 eV, 

and is the RDS on Cu3.  This step will, most likely, not occur experimentally under a zero applied potential. 

For Cu4, the formation of the OH* by the seventh (H+ +e) transfer is mildly exergonic (ΔG = -0.011 eV). In 

contrast to the Cu3 cluster, where the final step is the RDS, on Cu4, the elimination of H2O and the 

regeneration of the free Cu4 cluster surface occurs with almost zero energetic cost. Instead, the RDS on the 

Cu4 cluster is the formation of CHO* from CO*, which requires a free energy change of 0.805 eV. To overcome 

the most endergonic RDS step on Cu3 (removing OH* as water), to make it exergonic, requires the application 

of a limiting potential (UL) of 0.655 V. On Cu4, the limiting potential is 0.805 V to make the RDS (CO*→CHO*) 

exergonic. 

We have also investigated the alternative pathway (Path II): * + CO2 → COOH* → C(OH)2* → COH* + H2O→ 

C* + H2O→ CH* → CH2* → CH3* → CH4 + * for the 8-electron reduction of CO2 to methane. This alternative 

pathway starts with the formation of C(OH)2* from COOH*. Figure 2 shows that the electrochemical step 

COOH*→ C(OH)2* is a thermodynamically uphill process on Cu3 and Cu4. However, the endergonicity is quite 

large on Cu3 (1.836 eV) compared to that on Cu4 (0.941 eV).  The next (H+ + e) pair transfer to C(OH)2* forms 

the COH* species by eliminating a water molecule with an exergonic free energy of -0.304 eV on Cu3. On Cu4, 

the same step exhibits high endergonicity (0.674 eV). It is also possible that the third (H+ + e-) pair transfer 

can form COH* by direct hydrogenation of CO*. However, this is one of the most highly endergonic reaction 

steps, with free energy changes of Cu3 (1.533 eV) and Cu4 (2.312 eV) and is, therefore, not feasible. Further 

proton-electron transfers lead to the formation of C*, CH*, CH2*, CH3* and finally the release of CH4 from the 

Cu3 cluster. We have found in general that there is a reversal of exergonicity or endergonicity of these 

reaction steps on Cu3 and Cu4. Overall, it is quite unlikely that the reaction proceeds through this alternative 

pathway, as the formation of the intermediate C(OH)2* has to compete with the thermodynamically favoured 

exergonic step COOH* → CO* + H2O.  

Other alternative pathways (Path III): * + CO2 → COOH* → CO* + H2O→ CHO* → CHOH* → CH*+ H2O → 

CH2* → CH3* → CH4 + * and Path (IV): * + CO2 → COOH* → CO* + H2O→ CHO* → CH2O* → CH2OH* → CH2* 

+ H2O → CH3* → CH4 + * were also investigated for CH4 formation. Even though, the fourth (H+ + e) pair can 

either form CH2O* or CHOH* species by hydrogenating the carbon or oxygen centres of the CHO group, 

respectively, the formation of CH2O* is thermodynamically favourable on both clusters. While the formation 

of CHOH* is an endergonic process on the Cu3 and Cu4 clusters, the endergonicity of this step is larger on Cu3 

than on Cu4. In a similar way, though the fifth proton-electron transfer can form CH3O* or CH2OH* by 

hydrogenating the carbon or oxygen centres of the CH2O* species, thermodynamically the formation of 

CH3O* is favoured on both the Cu3 and Cu4 clusters. From a thermodynamic point of view, reaction pathways 

III and IV are less favoured than pathway I as the electrochemical step CHO* → CH2O* is preferred over CHO* 

→ CHOH* and CH2O*→ CH3O* step is preferred over CH2O* → CH2OH*. 

Next, we discuss the formation of the 6-electron reduction product methanol (another desired CO2 reduction 

product) on Cu3 and Cu4 clusters.  The three lowest energy reaction pathways to methanol formation are: (i) 

* + CO2 → COOH* → CO* + H2O → CHO* → CH2O* → CH3O* → CH3OH + * (Path V); (ii) * + CO2 → COOH* → 

CO* + H2O  → CHO* → CHOH* → CH2OH* → CH3OH + * (Path VI); and  (iii) * + CO2 → COOH* → CO* + H2O 

→ CHO* → CH2O* → CH2OH* → CH3OH + * (Path VII). Methanol formation on Cu clusters should compete 

with the formation of methane. The sixth (H+ + e) pair transfer to CH3O* can lead to release of CH3OH from 

the clusters (path V). However, the formation of CH3OH is in competition with the formation of CH4 from the 

CH3O* intermediate via Path I. Methanol formation from CH3O* is a highly endergonic step and is the RDS on 

Cu3 clusters, with a free energy change of 1.256 eV corresponding to a limiting potential of 1.256 V. From 

Figure 2, it is clear that the formation of CH4 is thermodynamically more favourable on Cu3 than the formation 

of CH3OH, even though both CH4 and CH3OH formation are endergonic processes on the Cu3 cluster. In a 

similar way, the formation of CH4 is thermodynamically highly favourable on Cu4 than the formation of 

CH3OH. The electrochemical step CH3O* → O* + CH4  is significantly preferred over CH3O* → CH3OH by 0.886 



12 
 

eV and 1.328 eV on Cu3 and Cu4, respectively. Again, it is interesting to note the switch between exergonicity 

and endergonicity of the CH3O* → O*+ CH4 and CH3O* → CH3OH* reactions when comparing the Cu3 and 

Cu4 clusters.  

 

 

Figure 3: Free energy changes (ΔG; solvent-corrected, eV) calculated for the electrochemical pathways for 

the reduction of CO2 on the Cu4 cluster, employing the CHE model. The lowest energy geometries for the 

various adsorbed species are shown in the lower panel. 

The methanol formation pathways VI and VII depend on the favourability of the formation of CHOH* and 

CH2OH* adsorbates on Cu clusters and also on the thermodynamic preference for CH4 formation via paths III 

and IV. As mentioned earlier, the formation of CHOH* from CHO* and CH2OH* from CH2O* should compete 

with the formation of the thermodynamically more favourable CH2O* and CH3O* species in the fourth and 

fifth electrochemical steps. Moreover, CHOH* → CH*+ H2O (Path III) is preferred over CHOH* → CH2OH* 

(path VI) and CH2OH* → CH2* + H2O (path IV) is preferred over CH2OH* → CH3OH + * (path VII) on both Cu3 
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and Cu4 clusters and leads to the exclusive formation of CH4. The unfavorability in the formation of CHOH*, 

CH2OH* and CH3OH from CHO*, CH2O* and CH3O*, respectively and the thermodynamic preference for the 

methane formation pathways CHOH* → CH*+ H2O  and CH2OH* → CH2* + H2O  over methanol formation 

pathways CHOH* → CH2OH* and CH2OH* → CH3OH + * indicates the exclusive formation of CH4 as the major 

product and is in line with the absence of CH3OH production on experimental electrocatalytic studies on the 

Cu surface.  

Considering all the different CH3OH formation pathways (Paths V-VII), the formation of CH3OH if any, 

proceeds via the pathway V. The limiting potential for the opening of the CH3OH formation pathway on the 

Cu3 cluster is 1.256 V. On Cu4, the limiting potential to be applied for the formation of CH3OH is 0.805 V. 

These values are identical to those for CH4 formation since the RDS is CO* → CHO for both pathways on Cu4.  

The formation of CH4 and CH3OH on Cu clusters has to compete with other side reactions, mainly the 2-

electron reduction pathways to form HCOOH, CO and H2. Formic acid can be formed either via (i) * + CO2 → 

COOH* → HCOOH + * (Path VIII) or (ii) * + CO2 → OOCH* → HCOOH + * (Path IX). Even though the formation 

of the formate species (OOCH*) species in the first (H+ + e-) pair transfer is a highly favourable downhill step 

on both Cu3 and Cu4 clusters, the release of HCOOH from the cluster surface by the transfer of the second 

(H+ + e) pair is a highly unfavourable uphill process, so it is unlikely that HCOOH formation proceeds via the 

OOCH* pathway.  The formation of COOH* is highly exergonic on Cu3, whilst the next electrochemical proton-

electron transfer step (leading to the release of HCOOH) is endergonic with a free energy change of 0.774 eV 

and is the RDS for the opening of the HCOOH formation pathway on Cu3. The exergonicity and endergonicity 

of these steps are again reversed on the Cu4 cluster. The formation of COOH* has an exergonic free energy 

change of 0.093 eV and the release of free HCOOH in the second (H+ + e-) transfer step just requires 0.003 

eV. This shows that the formation of HCOOH is a spontaneous step in water and, therefore, can proceed 

without an applied voltage.   

The carboxyl species COOH* can also form CO by eliminating a water molecule after the second (H+ + e-) 

transfer step and this can compete with the formation of HCOOH. The elimination of water leads to adsorbed 

CO* species which then releases the free CO, in a two-step process COOH* → CO* + H2O → CO + * (Path X). 

Desorption of CO from the cluster to form free CO (CO* → CO + *) is a non-electrochemical step as it does 

not involve any (H+ + e) pair transfer and is highly endergonic on both Cu3 and Cu4. On the Cu3 cluster, the 

formation of the adsorbed CO* species from the carboxyl species COOH* does not involve any significant 

free energy change. However, desorption of the adsorbed CO* is highly endergonic on Cu3, with a free energy 

change of 0.784 eV and is the RDS for the formation of CO. On Cu3, the formation of HCOOH and CO are 

almost equally probable, with a free energy difference of only 0.010 eV.  

In contrast to Cu3, the free energy profile for the Cu4 cluster (Figure 3) shows that the formation of CO* from 

COOH* is thermodynamically highly preferred over the formation of HCOOH. The electrochemical step 

COOH* → CO* + H2O is associated with the exergonic free energy change of -0.697 eV whereas the COOH* 

→ HCOOH + * electrochemical step is weakly endergonic (0.003 eV). However, the desorption of CO* is a 

highly endergonic step, with a free energy change of 0.709 eV, which is comparable to the CO desorption 

free energies of 0.784 eV on Cu3. This shows that the free energies for the CO desorption step (which does 

not involve proton-electron pair transfer) on Cu3 and Cu4 are not significantly different. Another important 

aspect we should consider is that the formation of CH4 and CH3OH is only feasible if the adsorbed CO* species 

remains on the surface for further reduction. The viability of these higher reduction products depends on 

whether the adsorbed species prefer to form CHO* in the next electrochemical transfer step or to desorb 

from the cluster. On the Cu3 cluster, the formation of CHO* (CO* → CHO*) is preferred over the desorption 

step by 0.682 eV. In contrast, on Cu4 the desorption of adsorbed CO* is favoured over further 

electroreduction to CHO* by 0.096 eV. In other words, the feasibility and selectivity of forming the higher 

reduction products methane and methanol are more favoured on the Cu3 cluster than on the Cu4 cluster as 

the formation of CHO* from CO* is more favourable on Cu3 compared to desorption of CO from the cluster. 
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We have also investigated selectivity for the hydrogen evolution reaction (HER), which is a competing side 

reaction to CO2RR. The (H+ + e) pair can adsorb on the cluster surface as H*, which is a highly favourable 

exergonic step on Cu3, with a reaction free energy change of -0.881 eV. Although this step is also exergonic 

on the Cu4 cluster, in line with our previous observations, the exergonicity is considerably smaller on Cu4 

(0.278 eV). The second (H+ + e) pair transfer to the adsorbed H* species triggers the release of the H2 

molecule from the cluster. This step is endergonic by 0.881 eV on Cu3 and is the RDS on Cu3. Conversely, the 

release of H2 from Cu4 is a less endergonic by 0.278 eV.  One of the major challenges in CO2 electroreduction 

is to supress the competing HER reaction. Our findings show that hydrogen evolution is more hindered on 

the Cu3 cluster because there is a higher limiting potential for H2 release on Cu3 than on Cu4.  

(ii) Comparison of exergonicity/endergonicity of CO2RR steps on Cu3 and Cu4 clusters  

We have identified a general trend in the exergonicity and/or endergonicity of each step with the spin state 

of the cluster-adsorbate intermediate complex. We have plotted the free energy changes for various 

electrochemical steps on Cu3 and Cu4 that involve an odd number of (H+ + e) pair transfers (steps a-k) and 

an even number of (H+ + e) pair transfers (steps l-aa) separately in Figure 4. See Table 2 for a description of 

all the steps and the spin state of the adsorbate on clusters with odd numbers of electrons (Cu3 and Cu5) and 

even numbers of electrons (Cu4 and Cu6).   

Table 2: The total number of (H+ + e) pair transfer steps to CO2 for the formation of cluster-adsorbate 

intermediates and the spin state (S = singlet; D = doublet) of the intermediate for electrochemical steps (a-

aa), comparing odd-electron clusters (Cu3 and Cu5) and even-electron (Cu4 and Cu6) clusters. 

Electrochemical  
Step 

 Total number of (H+ + e) pair 
 transfer  steps to CO2 

Spin state of the adsorbate on 
Cu3, Cu5 Cu4, Cu6 

Odd number of (H+ + e-) pair transfer steps 

a * + CO2 → COOH* 1 S D 
b CO* → CHO 3 S D 
c CH2O* → CH3O* 5 S D 
d O* → OH* 7 S D 
e C(OH)2* → COH*+H2O 3 S D 
f C* → CH* 5 S D 
g CH2* → CH3* 7 S D 
h CHOH* → CH2OH* 5 S D 
i CH2O* → CH2OH* 5 S D 
j *  + CO2 → OOCH* 1 S D 
k *→ H* 1 S D 

Even number of (H+ + e-) pair transfer steps 

l COOH* → CO* + H2O 2 D S 
m CHO* → CH2O* 4 D S 
n CH3O* → O* + CH4 6 D S 
o OH* → * + H2O 8 D S 
p COOH* → C(OH)2* 2 D S 
q COH* → C* 4 D S 
r CH* → CH2* 6 D S 
s CH3* → * +CH4 8 D S 
t CH3O* → * + CH3OH 6 D S 
u CHO* → CHOH* 4 D S 
v CH2OH* → * + CH3OH* 6 D S 
w COOH* → * + HCOOH 2 D S 
x OOCH* → * + HCOOH 2 D S 
y COOH*→ * + CO +H2O 2 D S 
z H* → * + H2 2 D S 

aa COH* → CHOH* 4 D S 
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Figure 4 clearly shows that the exergonicity/endergonicity of each electrochemical step in the formation of 

CH4 shows a significant difference for the Cu3 and Cu4 clusters. On Cu3, the reaction steps * + CO2 → COOH* 

(step a in Figure 4), CH2O* → CH3O* (c) and O* → OH* (d) are exergonic, with reaction free energies of 0.864 

eV,  1.251 eV and 1.106 eV. These same reaction steps are mildly exergonic on the Cu4 cluster, with free 

energies of 0.093 eV, 0.398 eV and 0.011 eV.  Although the electrochemical step CO* → CHO* (b) is 

endergonic on both Cu3 and Cu4, the degree of endergonicity is much larger on Cu4 (0.805 eV) compared to 

Cu3 (0.102 eV) and is the RDS on the Cu4 cluster for the eight-electron reduction to CH4, but not on the Cu3 

cluster. It should be noted that the intermediates COOH*, CHO*, CH3O*, and OH* are formed on the first, 

third, fifth and seventh electrochemical (H+ + e) pair transfers (i.e. an odd total number of electrons 

transferred) and (because of the odd number of electrons of the Cu3 cluster) give rise to singlet spin ground 

states for the Cu3-adsorbate complex. In contrast, on the (even-electron) Cu4 cluster, these intermediate 

complexes have doublet ground spin states.  

The reaction steps COOH* → CO* + H2O (l), CHO* → CH2O* (m), CH3O* → * + CH4 (n) and OH* → * + H2O (o) 

are predominantly endergonic or mildly exergonic on the Cu3 cluster, with reaction free energies of 0.001 

eV, 0.252 eV, +0.370 eV and +0.655 eV. These same steps are more favoured, being more strongly exergonic 

or mildly endergonic on Cu4, with respective reaction free energies of 0.697 eV,  0.656 eV, 1.316 eV and 

+0.002 eV. Again, it should be noted that these reaction steps involve the second, fourth, sixth and eighth 

(H+ + e) pair transfers (i.e. even numbers of electrons transferred) and the cluster-adsorbate intermediate 

complexes have doublet spin ground states on the (odd-electron) Cu3 cluster and singlet states on the (even-

electron) Cu4. 

We have also noticed that there is a significant difference in reaction step endergonicities on the Cu3 and Cu4 

clusters for the alternative CH4 pathways. For example, on Cu3 the free energy change for the reaction step 

COOH* → C(OH)2* (p) is more endergonic (+1.836 eV) than on Cu4 (+0.941 eV).  The reverse is found for the 

reaction C(OH)2* → COH* + H2O (e), which is more endergonic on Cu4 (+0.674 eV) than on Cu3 where it is 

exergonic (0.303 eV). It should be noted that the species C(OH)2* and COH* are formed in the second and 

third electrochemical proton-electron transfer steps, respectively, and correspond to doublet and singlet 

cluster-adsorbate complexes on Cu3, while they are singlet and doublet complexes on Cu4.  

We have also found similar alterations in the exergonicity/endergonicity for other species. On the Cu3 

cluster, the reaction steps COH* → C* + H2O (q), CH* → CH2 (r) and CH3 → * + CH4 (s), which involve the 

fourth, sixth and eighth (H+ + e) pair transfers, are either exergonic or endergonic, with reaction free 

energy changes of 0.649 eV, +0.261 eV and +0.747 eV. The same reaction steps are more highly exergonic 

on the Cu4 cluster, with reaction free energies of 1.963 eV, 1.249 eV and 0.560 eV. Furthermore, on Cu3 

the fifth and seventh reaction steps C* → CH* (f) and CH2* → CH3* (g) are highly exergonic, with free 

energy differences of 1.396 eV and 1.979 eV. Conversely, on Cu4 these steps are less thermodynamically 

favoured, being only mildly exergonic or endergonic (+0.144 eV and 0.241 eV). Similar changes on the 

extent of exergonicity and endergonicity are clearly visible for other electrochemical steps that lead to 

CH3OH and two-electron reduction products.  
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Figure 4: Free energy changes (eV) for the various electrochemical steps that involve odd (a-k) (top) or even 

total number (l-aa) (bottom) of (H+ + e) pair transfers on Cu3 and Cu4 clusters. This graph shows the 

ender/exergonicity of each electrochemical step on Cu3 and Cu4. See Table 2 for a description of each step 

and the spin states of the various cluster-adsorbate intermediates on the Cu3 and Cu4 clusters. 

To make it more clear regarding the direct relationship between the spin state of the cluster-adsorbate 

species and the free energy changes for each electrochemical step, we have plotted the exergonicity or 

endergonicity of each electrochemical (H+ + e) transfer step on the Cu4 cluster with respect to that on Cu3 

i.e. the difference of the free energy changes in each electrochemical proton-electron pair transfer step (ΔΔG 

= ΔG(Cu4)  ΔG(Cu3)) in Figure 5.  This clearly shows that the endergonicities of the first, third, fifth and 

seventh electrochemical (H+ + e) steps for the production of CH4 (* + CO2 → COOH* (a), CO* → CHO* (b), 

CH2O* → CH3O* (c) and O* →OH* (d))  are considerably larger on Cu4, whereas the second, fourth sixth and 

eighth electrochemical steps (COOH* → CO* + H2O (l), CHO* → CH2O* (m), CH3O* → CH4 + * (n), OH* → H2O 

+ *(o)) are more highly exergonic on Cu4 compared with the same steps on Cu3. The steps in the alternative 

CH4 pathway via C(OH)2* also exhibit the same trend. The endergonicity of the steps C(OH)2* → COH* +H2O 

(e),  C* → CH* (f), and CH2* → CH3* (g) and the exergonicity of the steps COOH* → C(OH)2* (p) , COH* → C* 

(q),  CH* → CH2* (r) and  CH3* → * + CH4 (s) are significantly larger on Cu4 than on Cu3. Similarly, the 

electrochemical steps for CH3OH production that involve the fifth proton-electron pair transfer (CHOH* → 

CH2OH* (h) and CH2O* → CH2OH* (i)) are significantly more endergonic on Cu4 than Cu3. Conversely, the 
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steps that involve an odd number of (H+ + e) pair transfers (CH3O* → * + CH3OH (t), CHO*→ CHOH* (u), 

CH2OH* → * + CH3OH (v) and COH* → CHOH* (aa)) are more exergonic on Cu4. The HCOOH, CO and H2 

formation pathways (steps a, j, k, l, w, x, y and z) show similar changes in their exergonicity and endergonicity 

on Cu3 and Cu4 clusters. 

 

Figure 5: Ender-/exergonicity for the various electrochemical steps that involve odd (top) or even total 

number (bottom) of (H+ + e) pair transfers on the Cu4 cluster relative to the ender/exergonicity on the Cu3 

cluster; i.e. the difference between the free energy change on the Cu4 and Cu3 clusters for each 

electrochemical step in water (ΔΔG=ΔG(Cu4)-ΔG(Cu3)) 

In general, we have found a striking relationship between exer/endergonicity of the electrochemical proton-

electron transfer step and the spin state. Electrochemical (H+ + e) transfer to a doublet spin state cluster-

adsorbate complex (having a single unpaired electron) leads to the formation of a singlet intermediate 

species (having no unpaired electrons): this step is a thermodynamically favourable exergonic process. 

However, electrochemical (H+ + e) transfer to a singlet spin state cluster-adsorbate complex results in the 

formation of a doublet intermediate species: this step is a thermodynamically unfavourable endergonic 

process.  
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(iii) CO2RR on Cu5 and Cu6 clusters 

The free energy profiles for the electrochemical pathways for the reduction of CO2 to CH4 on Cu5 and Cu6 

clusters are shown in Figures 6 and 7, respectively. We have found striking similarity between the free energy 

pathways for the Cu3 and Cu5 clusters, which both possess doublet spin ground states (with one unpaired 

electron) and between the Cu4 and Cu6 clusters, which possess singlet spin ground states (with no unpaired 

electrons). 

The formation of CH4 follows the same lowest energy route * + CO2 → COOH* → CO* + H2O → CHO* → 

CH2O* → CH3O* → O* + CH4 → OH* → * + H2O (Path I) on both Cu5 and Cu6 clusters as in the case of the Cu3 

and Cu4 clusters. As for Cu3 and Cu4, the alternative pathway via C(OH)2* is unfavoured. The free energy 

changes for various proton-electron transfer steps on Cu5 are quite similar to those on Cu3. As observed for 

Cu3, the formation of the singlet cluster-adsorbate intermediates COOH*, CH3O* and OH* on the first, fifth 

and seventh electrochemical (H+ + e) pair transfer steps from the preceding doublet species are the most 

exergonic electrochemical steps on Cu5.  Similarly, the second, sixth and eighth electrochemical steps COOH 

→ CO*, CH3O* → O* + CH4 and OH* → * + H2O (involving a change from singlet to doublet spin states) are 

endergonic. Unlike the formation of the aforementioned singlet species with large exergonic free energy 

changes, the third electrochemical step CO* → CHO* is only mildly exergonic (-0.156 eV). This can be 

attributed to the energetic requirement for the reorganization of the 3D trigonal bipyramidal Cu5 core of the 

CO* species back to the planar “W-shaped” geometry of the CHO* species. This results in the high free energy 

of the CHO* species in the potential energy surface and is also the reason for the mildly exergonic free energy 

change of -0.057 eV for the fourth CHO* → CH2O* electrochemical step, even though this is a singlet-to-

doublet step.  As in the case of the Cu3 cluster, the RDS on Cu5 is the removal of the adsorbed O* species from 

the cluster as H2O in the eighth electrochemical step, which has an endergonic free energy change of 1.062 

eV.   

Similarly, the various electrochemical pathways and the free energy changes for the formation of methanol 

on Cu5 are very similar to those on Cu3.  As for Cu3 and Cu4, the lowest energy pathway for CH3OH production 

is * + CO2 → COOH* → CO* + H2O → CHO* → CH2O* → CH3O* → * + CH3OH (Path V). The electrochemical 

step CH3O* → CH3OH + * is found to be the rate-limiting electrochemical step on Cu5, with a high endergonic 

free energy requirement of 1.075 eV. These rate-limiting free energies are comparable to the high endergonic 

limiting free energy 1.256 eV on Cu3.   It should be noted that, as on the Cu3 and Cu4 clusters, the formation 

of CH3OH via the CHO* → CHOH and CH2O* → CH2OH* steps are not feasible, as the competing steps CHO* 

→ CH2O* and CH2O* → CH3O* are more thermodynamically favoured. As for Cu3 and Cu4, the preference for 

the formation of CH4 over CH3OH in the sixth (H+ + e) pair transfer step is evident from the free energy 

profiles.  Although the lowest energy pathways to CH3OH are similar on the Cu3, Cu4 and Cu5 clusters, we 

have found that the endergonicity and exergonicity of the various steps show greater similarity between Cu3 

and Cu5.  

The two-electron reduction steps for the generation of HCOOH, CO and H2 again show the greatest similarity 

between Cu3 and Cu5. On Cu5, the formation of the carboxyl species COOH* is a thermodynamically favoured 

downhill process. The limiting free energy change for the release of HCOOH is 1.015 eV on Cu5. The formation 

of CO proceeds through the two-step process COOH* → CO* + H2O → CO + * on the Cu5 cluster. The RDS is 

the non-electrochemical desorption step (CO* → CO + *) with a free energy change of 0.737 eV. However, 

the adsorbed CO* preferentially undergoes further reduction to CHO*, as this is thermodynamically favoured 

downhill step over the desorption step.  Hydrogen evolution on Cu5 has a very high rate-limiting free energy 

of 1.251 eV to release the adsorbed H* species as H2. As the free energy requirement for the release of H2 is 

quite large, it is expected that HER does not compete significantly with the formation of higher reduction 

products methane and methanol as in the case of Cu3. 
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Figure 6: Free energy changes (ΔG; solvent-corrected, eV) calculated for the electrochemical pathways for 

the reduction of CO2 on the Cu5 cluster, employing the CHE model. The lowest energy geometries for the 

various adsorbed species are shown in the lower panel. 

The pattern of free energy changes for various electrochemical pathways on the Cu6 cluster are very similar 

to those on the Cu4 cluster. The lowest energy pathways for the production of CH4 and CH3OH are the same 

as for Cu3, Cu4 and Cu5. The free energy changes for odd and even (H+ + e) pair transfer steps on Cu6 exhibit 

similar exergonicity/endergonicity behaviour as for Cu4. The RDS for CH4 production is the formation of CHO* 

from CO*, with an endergonic free energy change of 0.709 eV, close to the value for Cu4: 0.805 eV. The 

formation of CH3OH proceeds through the same lowest energy route (Path V) found for the Cu3, Cu4 and Cu5 

clusters. The rate-limiting step is the formation of CHO* from CO* species as in the case of the CH4 formation, 

however, the formation of the methanol is controlled by the more thermodynamically favoured methane 

formation (CH3O* → CH4 + *) step. On Cu6, COOH* formation is mildly exergonic (-0.122 eV) and is 

comparable to the free energy change of -0.093 eV on Cu4. The release of HCOOH in the second proton-

electron transfer is the RDS which is mildly endergonic (0.032 eV) on Cu6 and has a comparable RDS free 

energy change of 0.003 eV on Cu4 cluster surface. However, the formation of HCOOH should compete with 

the formation of CO* from COOH* which is the thermodynamically highly favoured reaction step, with a 
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larger exergonic free energy release of -0.601 eV. The further reduction of adsorbed CO* to CHO* is 

thermodynamically slightly disfavoured with respect to the liberation of CO. The CO* desorption step and 

the CO* → CHO* step require free energies of 0.642 eV and 0.709 eV, respectively on Cu6 which are 

comparable RDS free energy changes on Cu4 (0.709 eV and 0.805 eV) for the same steps. The two-electron 

reduction pathways on Cu6 also show a strong resemblance to those on Cu4, analogous to the close 

resemblance of the reaction pathways on Cu5 and Cu3 clusters. As the formation of the higher reduction 

products is dependent on the feasibility of the adsorbed CO* species to form CHO*, we expect that 

production of methane and methanol is adversely affected by the more favourable CO release step on Cu4 

and Cu6. In contrast, the formation of CHO* preferred over release of CO on Cu3 and Cu5. 

 

 

Figure 7: Free energy changes (ΔG; solvent-corrected, eV) calculated for the electrochemical pathways for 

the reduction of CO2 on the Cu6 cluster, employing the CHE model. The lowest energy geometries for the 

various adsorbed species are shown in the lower panel.  
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Figure 8: Free energy changes for different electrochemical steps that involve an odd (top) or an even number 

(bottom) of (H+ + e) pair transfers on the Cu3, Cu4, Cu5 and Cu6 clusters. See Table 2 for a description of each 

step and the spin states of the various cluster-adsorbate intermediates on the clusters. 

As noted above, the extent to which a reaction step is uphill (endergonic) or downhill (exergonic) on a cluster 

is determined by the spin state of the intermediate cluster-adsorbate complex. A close inspection of Figure 

8 reveals that the exergonicity and endergonicity of the steps shows a striking resemblance between Cu3 and 

Cu5 and between Cu4 and Cu6. In order to make this clearer, we have plotted the free energy change of each 

step for clusters possessing an even number of electrons (Cu4 and Cu6) with respect to clusters with an odd 

number of electrons (Cu3 and Cu5) in Figure 9. In general, those electrochemical steps (a-k) that involve an 

odd total number of (H+ + e) pair transfers, leading to the formation of doublet intermediates on Cu4 and 

Cu6 (Table 2) are endergonic (G > 0), whereas those steps (l-aa) that involve an even total number of (H+ + 

e) pair transfers, leading to the formation of singlet intermediates on Cu4 and Cu6 are exergonic (G < 0). 

Although, we have found an exception for step aa (COH* → CHOH*), the discrepancy can be attributed to 

the high free energy of CHOH* on Cu6 compared to Cu5, possibly due to rearrangement of the cluster core 

and/or due to the differences in the solvation effects, does not affect the overall trend in the 

exergonicity/endergonicity. Overall, however, the results for Cu6 are in agreement with the conclusion that 

electrochemical proton-electron transfer steps going from doublet to singlet intermediates, are 

thermodynamically favourable. Conversely, proton-electron transfer steps going from singlet to doublet 
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intermediates, are thermodynamically unfavourable. It is also evident from our study that the energetic cost 

for the geometry rearrangement and solvation effects will also be reflected in the free energy changes for 

the various electrochemical steps and can affect the exergonicity/endergonicity of the electrochemical step.  

 

Figure 9: Ender/exergonicity for the various electrochemical steps that involve odd (top) or even total 

number (bottom) of (H+ + e) pair transfers on the Cu4 and Cu6 clusters relative to the ender/exergonicity on 

the Cu3 and Cu5 clusters. 

(iv) Correlation of exergonicity/endergonicity of CO2RR steps with HOMO-LUMO gaps for Cu3-Cu6 

clusters  

We have found a general relationship between the exergonicity and endergonicity of the various 

electrochemical steps and the HOMO-LUMO gap (HL) of the cluster-adsorbate intermediate species. The 

intermediates COOH*, CHO*, CH3O*, OH*, COH*, CH*, CH3*, CH2OH*, OOCH* and H*, which have singlet 

ground spin states on the Cu3 and Cu5 clusters, have larger HL values in the range 0.23-0.28 eV. The same 

species adsorbed on Cu4 and Cu6 (which have doublet spin states) show relatively smaller HOMO-LUMO gaps, 

in the range 0.16-0.19 eV. The transfer of a proton-electron pair to these intermediates adsorbed on Cu3 and 

Cu5 are relatively difficult due to the large HOMO-LUMO gap and it is relatively easier to reduce adsorbates 

on Cu4 and Cu6, which have smaller HL.  Hence, proton-electron pair transfer to these species on Cu3 and Cu5 

clusters are in general more highly endergonic or have smaller exergonic free energy changes compared to 



23 
 

those on the Cu4 and Cu6 clusters. Although, there are some exceptions due to the energetic cost of cluster 

geometrical rearrangements, the trend in the endergonicity and exergonicity of the electrochemical steps 

that involve these species on Cu3/Cu5 or Cu4/Cu6 clusters support this argument.  

Table 3: HOMO-LUMO gaps (HL / eV; solvent-corrected) of Cu clusters and the spin states for various 

adsorbed species.   

 Cu3 Cu5 Cu4 Cu6 

 Doublet Spin Singlet Spin 

* 0.166 0.162 0.206 0.243 

CO* 0.178 0.160 0.219 0.211 

CH₂O* 0.223 0.218 0.217 0.222 

O* 0.185 0.180 0.247 0.240 

C(OH)₂* 0.206 0.220 0.226 0.210 

C* 0.234 0.174 0.243 0.217 

CH₂* 0.178 0.194 0.244 0.233 

CHOH* 0.218 0.221 0.215 0.220 

 Singlet Spin Doublet Spin 

COOH* 0.262 0.252 0.172 0.156 

CHO* 0.256 0.251 0.171 0.155 

CH₃O* 0.282 0.243 0.174 0.156 

OH* 0.250 0.243 0.176 0.157 

COH* 0.229 0.227 0.191 0.193 

CH* 0.257 0.227 0.158 0.163 

CH₃* 0.268 0.243 0.171 0.157 

CH₂OH* 0.250 0.249 0.172 0.156 

OOCH* 0.275 0.249 0.172 0.156 

H* 0.238 0.246 0.170 0.157 

 

The doublet intermediates CO*, CH2O*, O*, C(OH)2*, C*, CH2* and CHOH* on Cu3 and Cu5 have HOMO-LUMO 

gaps in the range 0.16-0.23 eV, whilst, HL lies in the range 0.21-0.25 eV on Cu4 and Cu6 (where these 

intermediates are singlets). While there is more overlap between the HOMO-LUMO gaps for the singlet and 

doublet states in these cases than for those mentioned above, again there is a correlation between higher 

HL values and more positive G values for these reduction steps (with lower HL correlating with more 

negative G). There are some exceptions, such as CH2O* and CHOH*, which have similar HOMO-LUMO gaps 

for all four clusters. The electrochemical steps CH2O* → CH3O* and CHOH* → CH2OH* are exergonic on all 

four clusters, though the exergonicity of the CH2O* → CH3O* step is significantly higher on Cu3 and Cu5 

compared to Cu4 and Cu6, so it still follows the general trend. However, the exergonicity for the 

CHOH*→CH2OH* step on different Cu cluster surfaces do not follow this general trend. Despite having similar 

HOMO-LUMO gaps for the CHOH* species on different Cu clusters (Cu3 0.218 eV; Cu4 0.221 eV; Cu5 0.215 eV; 

Cu6 0.220 eV), we do not see similar exergonicities for the CHOH* → CH2OH* step.  For instance, CHOH* → 

CH2OH* step is accompanied with an exergonic free energy changes of -1.156 eV, -0.416 eV, -0.898 eV and -

0.820 eV, respectively on Cu3, Cu4, Cu5 and Cu6 cluster surfaces. The C* adsorbate on Cu3, which is a doublet 

species, has a relatively large HOMO-LUMO gap of 0.234 eV, similar to the gaps for the singlet C* species on 

Cu4 (0.243 eV) and Cu6 (0.217 eV). However, the electrochemical step C* → CH* on Cu3 has a large exergonic 

free energy change (-1.396 eV), similar to the Cu5 cluster (-0.973 eV), where there is a smaller HL gap ( 0.174 

eV). These discrepancies can be attributed to the high free energy state of the adsorbates, primarily due to 

the energetic cost of the cluster core rearrangement and/or due to solvation effects. These results emphasise 

that, in addition to the HOMO-LUMO gap of the adsorbed species, other factors, such as the relative stability 

of the intermediate species as well as the free energy cost of the geometric rearrangement of the cluster 
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core on ligand binding and solvation effects, contribute to the exergonicity or endergonicity of specific 

reaction steps.  

To summarise our findings: electrochemical proton-electron transfer to doublet species, which generally 

have smaller HOMO-LUMO gaps, are thermodynamically more favourable, usually with exergonic free energy 

changes. In contrast, (H+ + e) pair transfers to singlet species, which generally have larger HOMO-LUMO 

gaps, are thermodynamically less favourable, usually with endergonic free energy changes. We, therefore, 

conclude that the spin state of the cluster-adsorbate intermediates is the primary factor that decides the 

degree of exergonicity or endergonicity of the various electrochemical steps on subnano clusters.  In addition 

to this factor, the energetic cost for any geometrical rearrangement of the cluster core and solvation effects 

will also contribute to the overall endergonicity and exergonicity of each electrochemical step. 

(v) Limiting potentials for CO2RR on Cu3-Cu6 clusters 

The limiting potentials (UL), i.e. the potentials which must be applied to make the most endergonic step 

become exergonic, for the lowest energy pathways for the formation of CH4, CH3OH, HCOOH, CO and H2 on 

Cu3-Cu6 can be easily determined from Table 4, using the relationship ΔG = UL/e. The limiting potentials 

show the following orders: Cu3: CH4 < HCOOH < CO < H2 < CH3OH; Cu4: HCOOH < H2 < CO < CH3OH, CH4; Cu5: 

CO < HCOOH < CH4 < CH3OH < H2; Cu6: HCOOH < H2 < CO < CH3OH, CH4.  

Table 4: The RDS and overall free energies (eV; solvent-corrected) for the electrochemical formation of CH4, 

CH3OH, HCOOH, CO and H2 on the clusters Cu3-Cu6.  

 Cu3  Cu4  

 RDS Step ∆G RDS Step ∆G 

CH4 OH* + (H+ + e)  → H2O + * 0.655 CO* + (H+ + e)→ CHO* 0.805 

CH3OH CH3O* + (H+ + e)→ * + CH3OH 1.256 CO* + (H+ + e)→ CHO* 0.805 

HCOOH COOH* + (H+ + e)→ HCOOH + * 0.774 COOH* + (H+ + e)→ HCOOH + * 0.003 

CO CO* → * + CO (non-electrochemical) 0.784 CO* → * + CO (non-electrochemical) 0.709 
H2 H* + (H+ + e) → H2+ * 0.881 H* + (H+ + e) → H2+ * 0.278 

 Cu5  Cu6  

 RDS Step ∆G RDS Step ∆G 

CH4 OH* + (H+ + e)  → H2O + * 1.062 CO* + (H+ + e)→ CHO* 0.709 

CH3OH CH3O* + (H+ + e)→ * + CH3OH 1.075 CO* + (H+ + e)→ CHO* 0.709 

HCOOH COOH* + (H+ + e)→ HCOOH + * 1.015 COOH* + (H+ + e)→ HCOOH + * 0.032 

CO CO* → * + CO (non-electrochemical) 0.737 CO* → * + CO (non-electrochemical) 0.642 
H2 H* + (H+ + e) → H2+ * 1.251 H* + (H+ + e) → H2+ * 0.326 

A negative potential of -0.655 V should be applied to make the limiting free energy step, i.e. the removal of 

the adsorbed OH* from the surface, exergonic on Cu3. The opening of the CH4 pathway happens first, at 

0.655 V, followed by the HCOOH and CO pathways at -0.774 V and -0.783 V, respectively. It should be noted 

that methane selectivity is much higher on the Cu3 cluster as the methanol only forms at a much higher 

applied potential (-1.256 V). Most interestingly, H2 evolution, which is one of the unwanted side reactions 

that should be suppressed in the CO2RR, only starts at a higher negative potential (-0.881 V), which indicates 

that HER does not compete with the other pathways except for CH3OH formation in the aqueous 

environment.  On Cu4, the opening of the HCOOH pathway occurs first, at almost zero overpotential, followed 

by the H2 and CO pathways at -0.278 V and -0.709 V, respectively. The production of CH4 and CH3OH will be 

dominant only after attaining the higher limiting potential of 0.805 V. Though the limiting step is same for 

both CH4 and CH3OH, as discussed above, the formation of CH4 is thermodynamically more favourable 

compared to CH3OH.  The requirement of a high limiting potential for hydrogen evolution on Cu3 makes it a 

better catalyst than Cu4 as the competing HER is more hindered on Cu3 compared to Cu4. Moreover, the 

opening of the CH4 pathway begins at relatively low applied voltages on Cu3 compared to Cu4. A free energy 

profile at the applied voltage for Cu3 and Cu4 is shown in Figure 10.  Similar graphs can be constructed for 
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other reactions pathways at the applied potential by shifting the free energy of each electrochemical step by 

eUL. 

Although the limiting steps are identical for Cu5 and Cu3 clusters, the opening of HCOOH and CH4 pathways 

require much higher potentials on Cu5. The CO pathway is the first one to open at -0.737 V followed by 

HCOOH at -1.015 V, CH4 at -1.062, CH3OH at -1.075 V and finally H2 at -1.251 V. As the H2 pathway is the last 

to open on the Cu5 cluster, it can be predicted that HER does not compete with the other pathways. Yet, it 

should be remembered that the required potentials are much larger for the formation of CH4, CH3OH and 

HCOOH on the Cu5 cluster. The limiting steps are identical with similar range of limiting potential values on 

Cu4 and Cu6 clusters. Similarly on Cu4, the HCOOH pathway will open first, followed by the H2 and CO 

pathways on Cu6. The limiting step (CO* → CHO*) for the formation of CH4 and CH3OH on the Cu6 cluster 

requires an applied potential of -0.709 V which is comparable to the limiting potential of -0.805 V on Cu4.  We 

have found that the H2 pathway will open at relatively lower potentials on the Cu4 and Cu6 clusters compared 

to those on the Cu3 and Cu5 clusters. As the limiting potentials for the H2 pathway opens at much higher 

potentials, the HER side reaction will be suppressed on the Cu3 and Cu5 clusters.  

 

Figure 10: Free energy changes for the reaction pathways for the formation of CH4 on Cu3 and Cu4 clusters at 

zero applied voltage (U=0, Blue) and at the limiting applied potential (UL, Orange). The numbers 1 to 8 

corresponds to each (H+ + e) transfer steps for the lowest energy route (Path I) (* + CO2 → COOH* → CO* + 

H2O → CHO*→ CH2O* → CH3O* → CH4 + O* → OH* → *+ H2O). 
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Comparison of CO2RR on copper clusters and copper surfaces 

Nørskov et al. have reported that the key potential limiting step on the Cu(211) surface is the proton-electron 

pair transfer to the adsorbed species CO* to form CHO* and that the efficiency of the CO2RR can be enhanced 

if the stability of the CHO* species is higher than CO*, which reduces the overpotential.27 We have found 

from our studies that the CO2RR on the even-electron Cu4 and Cu6 clusters resembles the copper surface 

more closely than the odd-electron Cu3 and Cu5 clusters do. The rate-limiting step for the production of CH4 

on the Cu4 and Cu6 clusters is the same (CO* → CHO*) as for the copper surface. The limiting potentials for 

this key step on Cu4 and Cu6 clusters are -0.805 V and -0.709 V, respectively, which is comparable to the value 

(-0.74 V) reported for the Cu(211) surface by Nørskov.27 The HER is the first electrochemical pathway to open 

on the Cu(211) surface, at an applied voltage of -0.03 V (with no solvation correction) 27 which is close to the 

gas-phase limiting potential values we have calculated on the Cu4 (-0.050 V) and Cu6 (-0.067 V) clusters (See 

Supplementary information). As for the Cu(211) surface, at lower potentials the two-electron reduction 

products H2, HCOOH, CO are dominant on Cu4 and Cu6 clusters. 

Conclusions 

We have performed a detailed investigation of the electrocatalytic activity of size-selected Cun clusters (n=3-

6) for CO2 reduction, employing the Computational Hydrogen Electrode model. We have found a striking 

similarity between CO2RR activity of the odd-electron Cu3 and Cu5 clusters and between the even-electron 

Cu4 and Cu6 clusters. The reaction proceeds through the following steps: * + CO2 → COOH* → CO* + H2O → 

CHO* → CH2O* → CH3O → O* + CH4 → OH* → * + H2O on all the Cu clusters for the production of the eight-

electron reduction product methane, as has previously been found from computations on the Cu(211) 

surface. On the Cu4 and Cu6 clusters, the RDS is the proton-electron transfer to the adsorbed CO* species to 

form CHO*, whilst the removal of the adsorbed OH* from the cluster surface (OH* → * + H2O) is the RDS on 

the Cu3 and Cu5 clusters. Most importantly, we have identified a general trend in the exergonicity and 

endergonicity of each step with the spin-state of the nanocluster. In general, those electrochemical steps 

that involve an odd total number of (H+ + e) pair transfers, leading to the formation of doublet adsorbed 

species on Cu4 and Cu6 are more endergonic processes relative to the same steps on  the Cu3 and Cu5 clusters, 

i.e. G = G(Cu4,6)  G(Cu3,5) > 0. Conversely, those steps that involve an even total number of proton-

electron pair transfers, leading to the formation of singlet adsorbed species on Cu4 and Cu6, are more 

exergonic processes (G < 0) relative to the same steps on Cu3 and Cu5. We have also found that the 

competing hydrogen evolution reaction (HER) is more hindered on Cu3 and Cu5 compared to the Cu4 and Cu6 

clusters. We have found that CH4 vs. CH3OH selectivity depends on the competing steps CH3O* → O* + CH4 

and CH3O* → * + CH3OH and our computations reveal greater selectivity for CH4 on these sub-nanometre 

clusters, as in the case of copper surfaces.  

We have also investigated the relationship between the free energies of the various electrochemical steps 

and the HOMO-LUMO gaps of the cluster-adsorbate complex intermediates. The general finding is that 

cluster-adsorbate intermediates with singlet spin states (even total number of electrons = closed shell) 

typically have higher HOMO-LUMO gaps than doublet spin states (odd number of electrons = open shell). 

The larger HOMO-LUMO gaps are typically associated with higher stability (lower free energy of the 

intermediates). Hence, singletdoublet electron transfer steps tend to have G > 0 (or are more 

endergonic/less exergonic) and doubletsinglet steps tend to have G < 0 (or are more exergonic/less 

endergonic).  Finally, we note that, in addition to these effects based on the relative stabilities of singlet and 

doublet intermediates, the energetic cost of any geometrical rearrangements of the cluster core and 

solvation effects will also affect the magnitude of the exergonicity or endergonicity of each electrochemical 

step. 
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