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Abstract

Electrocatalytic reduction of CO2 molecule has attracted attention of researchers

as this technique offers alternative promising scheme for CO2 utilization. The choice

of appropriate materials for catalyst to accomplish the reduction reaction plays a cru-

cial role. In this paper we employ ab-initio density functional theory based method

to access the efficacy of subnanometer gold based Au19Pt cluster towards the electro-

catalytic reduction of CO2 molecule. We find, first, that Au19Pt gets spontaneously

negatively charged in water even at zero bias, and, second, importantly, that the water

environment selectively promotes the adsorption and activation of CO2 on the Au19Pt

anion. On the negatively charged Au19Pt the activation of CO2 occurs through charge

transfer from the cluster to the molecule via hybridization between the p-orbital of the
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O-atoms of CO2 and the partially filled d-orbitals of Pt-atom of the cluster. These

results suggest Au19Pt as a promising subnanometer electrocatalyt for the reduction

of CO2.

Introduction

Currently, the whole world is facing an acute environmental threat of global warming due to

the increasing level of CO2 concentration in the atmosphere.1 The present concentration of

CO2 in the atmosphere is above 400 ppm and, this is 100 ppm higher than the one reported

in the year 1950. The increase in the level of CO2 leads to the rise of the average temperature

of the atmosphere.1 The recycling of CO2 gas present in the environment to useful chemical

would be a practical way to tackle this problem.2 In this direction extensive research work is

being carried out by various groups throughout the world.3–8 The hydrogenation of CO2 to-

wards the chemicals like ethanol, methanol, DME, which can be mixed with gasoline to fuel

motor vehicles, is found to be a successful route to recycle CO2. However, the conversion of

the highly stable CO2 molecule into these chemicals through hydrogenation is very challeng-

ing. In the last few decades researchers have extensively investigated the hydrogenation of

CO2 towards methanol which has the potential to dominate the source of future energy.9–11

It is well-known that Cu/ZnO/Al2O3 act as a catalyst for industrial production of methanol

from gas mixture of CO2, CO and H2.
5,12–14 Recently, it is reported that the Ce2O3/Cu sys-

tems exhibit better catalytic activity than ZnO/Cu systems for the hydrogenation of CO2

to fuel.15 These thermo-catalysts require very high temperature (400-500 K) and pressure

(40-100 bar) for the conversion of CO2 to fuel. Moreover, the reactor setup for the thermo-

catalysis reaction for CO2 to fuel is complicated and also expensive. On the other hand,

the electrocatalytic reactor setup is relatively simpler as well as cheaper. Due to the simple

implementation the electrocatalytic conversion of CO2 into fuel is drawing attention of the

researchers. Recently, it has been reported16 that the electrocatalytic conversion of CO2 to

Formic acid is more favorable than to methanol on Pd-Polyaniline complex, which is in line
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with the experimental observation.17 Moreover, it is reported that copper is a very important

heterogeneous catalyst which exhibits promising catalytic activity to produce valuable hy-

drocarbons and alcohol like ethylene and ethanol from electrochemical reduction of CO2.
18,19

However, CO2 to fuel conversion efficiency of the existing catalysts are very low. Therefore,

researchers are looking for more efficient catalyst for the conversion of CO2 to fuel. Recently,

the adsorption and activation of CO2 on gold based clusters and nano-particles have been

extensively reported in the literature.20–24 It is observed that the gold clusters doped with

different transition metals like Cu, Pd, Sn, Pd, Ru, Ag etc. exhibit enhanced catalytic activ-

ity towards the conversion of CO2 to fuel.20–24 However, to the best of our knowledge there

is no report on the catalytic activity of the gold-platinum bimetallic clusters towards the

adsorption and activation of CO2. Note that in the family of transition metals, Pt emerges

as a unique element for its application as a catalyst for various industrially and environmen-

tally important reactions including the hydrogenation of CO2 to fuel.25–27 Therefore, it will

be interesting to investigate the catalytic activity of the gold-platinum bimetallic clusters

for the adsorption and activation of CO2 molecule.

Very recently, the electrocatalytic activity of gold and platinum clusters and nano-

particles for different reactions namely, hydrogen evolution reaction, oxygen reduction re-

action, CO2 reduction and catalytic oxidation reactions have been extensively reported in

the literature.21–23,28,29 Moreover, it is observed that the mixture of the gold and platinum

exhibits more efficient thermo- and electro-catlytic activity as compared to their individual

systems.29 Furthermore, in a recent experiment it is reported that the electrocatalytic ac-

tivity of Au25 cluster for the formic acid oxidation gets enhanced due to the doping with a

single Pt atom.29 These encouraging results motivate us to investigate the effect of a single

Pt doping on CO2 adsorption and activation behaviour of a gold cluster.

In the family of gold clusters Au20 possesses a very special position due to its highly

symmetric tetrahedral (Td) structure which is very stable in nature. Due to this stability

Au20 generally does not take part in the catalytic reactions. However, it is reported that with
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the help of suitable doping elements we can enhance the catalytic activity this cluster.30,31

In particular, it is found that Pt is a suitable doping element due to its comparable size with

Au atom and also it is capable of activating Au20 for various reactions namely, CO oxidation,

H2O2 oxidation etc. In the quest of catalytic behaviour of Au20 cluster for the adsorption

and activation of CO2, in the present work we investigate the interaction of CO2 molecule

with Au19Pt clusters. Moreover, to understand the electrocatalytic activity of these clusters

towards adsorption and activation of CO2 we carry out the investigation in the presence of

water environment. Interestingly, we find that Au19Pt clusters are negatively charged even

at zero potential when we use water as electrolyte and Pt-cathode as a reference electrode.

Therefore, we carry out the investigation on the adsorption and activation of CO2 on the

anion of Au19Pt cluster in water environment. Moreover, to identify the effect of water

environment, we compare these results of the activation and adsorption of CO2 with the

corresponding gas phase results.

In the next section we discuss the computational methods used for the present work. The

results are discussed in the section 3 and the work is summarised in the last section.

Computational Details

All the calculations in the present paper have been carried out by employing Amsterdam

Density Functional (ADF2018) program package.32,33 In order to account for the relativistic

effect which is quite significant for Au atom, we perform the calculations using the scalar

relativistic method based on zeroth-order regular approximation (ZORA).34 All the doped

structures are optimized at the GGA level with Perdew-Burke-Ernzerhof (PBE) exchange-

correlation (XC) functional.35 Note that this functional gives quite accurate results for struc-

tural and electronic properties of gold clusters and hence it is widely used to investigate pure

as well as doped gold clusters.36–39 We use triple-ζ Slater type orbital (STO) added with two

polarization functions (TZ2P in ADF basis library) for the valence electrons. The frozen
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cores considered for various atoms are 1s-4f for Au and Pt atoms and 1s for C and O atoms.

The geometries are optimized using quasi-Newton method and the Hessian is updated in the

optimization process by employing Broyden-Fletcher-Goldfarb-Shanno (BFGS)40–43 method

until the convergence criteria of 10−4 a.u. for cartesian gradient and 10−6 a.u. for energy are

met. The stability of the clusters is checked with the vibrational frequency data. Absence

of imaginary value of vibrational frequency indicates a stable structure. All the geometric

structures presented in the current work are generated by using the VESTA44 software. For

calculations of CO2 adsorption on the clusters we use RPBE35,45 XC functional with van-der

Waals (vdW). It is reported that this blend method can obtain more accurate adsorption

energies.46 To incorporate van-der Waals interaction we use Grimme’s dispersion correction

of 2010 as implemented in ADF.47 Note that RPBE with Grimme’s dispersion correction of

2010 (DFT-D3) is found to provide accurate structure of liquid water.48 For completeness

the CO2 adsorption data calculated using PBE + vdW are given in the supplementary.

To understand the electrocatalytic behavior of the negative ions of Au19Pt cluster we

investigate the interaction of CO2 with Au19Pt clusters in water environment. The effect

of water environment on the adsorption and activation of CO2 has been captured using

COSMO implicit solvent model as implemented in ADF. In this model we use the values of

the dielectric constant and the radius of the (rigid sphere) solvent molecule as 78.39 and 1.39

Å, respectively. Using Pt as electrode in water we find that Au19Pt clusters are negatively

charged even at zero bias. Details of the charging process has been discussed in the next

section.

Results and discussion

Before going to study the structural and CO2 adsorption behaviour of Au19Pt− clusters we

first discuss the process in which Au19Pt clusters become negatively charged. Through out

this paper we denote the doped tetrahedral Au19Pt− clusters by Td-X, where Td stands

5



for tetrahedral geometry and X (X = S (surface), E (edge), and V (vertex) ) refers to the

location of the dopant atom Pt.

Charging Process of Au19Pt Clusters

In this subsection we discuss a charging process for Au19Pt clusters. For this purpose we

calculate the electron affinity (EA) of the clusters. In the gas phase EA of Td-E, Td-S and

Td-V clusters are 5.37, 5.27 and 5.72 eV respectively. Solvation energies (Es) of the charged

species in water can be estimated via an implicit-solvent polarizable continuum model using

the Born formula as,.49

Es = −1

2

q2

R
(1)

where q is the charge and R is the radius of the cluster. In our case, R is approximately

15.28 a.u for all the three clusters and q = 1. Therefore, Es is calculated as 0.89 eV for our

clusters. As a results EA for Td-E, Td-S and Td-V clusters in water are 6.26, 6.16 and 6.61

eV, respectively.

Now, to estimate the charge transfer from the electrode to the clusters we need to calculate

the energy of an electron. We consider Pt as electrode and water as electrolyte. The work

function (WF) of Pt electrode at zero charge is 6.167 eV which changes in water environment

to 5.167 eV.50,51 The energy require to charge a cluster in the presence of Pt electrode can

be estimated using the following equation:

Ep = WFPt(bias=0.0V ) − EA (2)

where, WFPt(bias=0.0V ) is the WF of Pt at zero bias. The values of Ep for Td-E, Td-S

and Td-V are calculated as -1.09, -1.00 and -1.44 eV, respectively. These results show that

the clusters are spontaneously negatively charged even at zero potential. Here, we wish to

note that the work function of the commonly used carbon electrode52 is around 3.4 eV (for
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graphite) which is less than that of the Pt electrode. This indicates that Au19Pt clusters

will also be negatively charged when we use graphitic carbon as electrode. In the following

subsections we discuss the interaction of CO2 with these negatively charged clusters.

Interaction of CO2 with Au19Pt− in the Gas Phase

Before discussing the results for the adsorption CO2 molecule on Au19Pt− clusters, we briefly

describe the structural properties of the Au19Pt− clusters. The detailed analysis on the

structural properties of the neutral Au19Pt clusters can be found in our earlier work.30 In

the present work all the anionic structures of the Au19Pt cluster are optimized using density

functional theory at GGA level with PBE exchange-correlation functional as implemented in

ADF. The optimized structures of Au19Pt− clusters generated from the tetrahedral structure

of Au20 are shown in Figure 1. In this figure the relative energies of the corresponding

Au19Pt− clusters are given in the parenthesis. We find that the structures of Au19Pt−

clusters remain pyramidal as observed for the neutral clusters which are already discussed

in our earlier work.30 For the anions of Au19Pt cluster, it is observed that Td-E is the most

stable structure whereas, Td-S and Td-V are slightly (∼0.1 eV) less stable than Td-E. Such

a very small energy differences among the isomers of Au19Pt− cluster indicate that all the

isomers can co-exist in the experiment. These results of the anions of Au19Pt are in contrast

to the corresponding neutral systems, where Td-S was found to be the most stable one and

Td-V was the least stable isomer of Au19Pt.30 This indicates that the charging of Au19Pt

clusters alters the stability of these clusters.

Now, to investigate the interaction of CO2 with Au19Pt− clusters we place CO2 at different

non-equivalent positions of the clusters. The structures of all the Au19Pt-CO2 complexes are

then optimized using RPBE XC functional along with van-der Waals correction taken into

account of Grimme’s D3 dispersion scheme. Following the notations adopted for the parent

structures, we denote the various tetrahedral isomers of cluster-CO2 complex by the symbol

Td-X-Y, where Y refers to the site of CO2 adsorption like S, E and V in the tetrahedral
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 Td-E
(0.00)

 Td-V
(0.11)

 Td-S
(0.11)

Figure 1: Most stable geometries of Au19Pt− cluster. The values within the parenthesis
indicate the relative energies of the corresponding structure w.r.t the most stable isomer
Td-E.

geometry. The optimized geometries of the Td-V-V, Td-S-S and Td-E-E are shown in Figure

2. Interestingly, it is observed that the Td-V isomer becomes the most stable after adsorbing

a CO2 molecule.

Td-V-V Td-E-E Td-S-S

Figure 2: Most stable geometries of Au19Pt-CO−2 cluster.

To quantify the strength of interaction between the cluster and CO2 molecule we calculate

the adsorption energy (Eads) using the following equation,

Eads = E(cluster − CO2)− E(cluster)− E(CO2) (3)

where E(cluster−CO2), E(cluster), E(CO2) are the energies of the cluster-CO2 complex,

anionic cluster on which CO2 is adsorbed and a bare CO2 molecule, respectively. The

negative value of Eads indicates the energetically favourable adsorption of CO2 molecule

on the clusters. More negative value of Eads indicates stronger adsorption of CO2 on the

clusters. The results of Ea for all the isomers of Au19Pt− are compiled in Table 1. Note
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that we explore all the possible sites in Au19Pt− cluster for the adsorption of CO2, however,

except Pt-site all other sites exhibit non-adsorbing behaviour for CO2. We find that the

vertex-Pt site is more favorable for the adsorption of CO2 molecule. The corresponding CO2

adsorption energy is found to be -0.34 eV, whereas, CO2 adsorption energy for the case of

surface-Pt site is obtained as -0.15 eV which is almost half of that observe for the case of

vertex-Pt site. These values are small but significant as the capturing of highly stable CO2

molecule is very challenging task. Here, it is important to highlight that our study finds that

a CO2 molecule does not get adsorbed on the pure anionic Au20 cluster.

Table 1: Adsorption energies (Eads) of CO2, bond length, bond angle of CO2 and Bader
charge on CO2 on various sites of Au19Pt− cluster along with distances (Pt-C and Pt-O)
between CO2 and Pt-atom obtained with RPBE XC functional and Grimme’s D3 correction

Ea(eV) bond length (Å) bond angle (6 OCO) (◦) Bader charge
on CO2 (e)

system Pt-C Pt-O C-O
gas-phase CO2 1.18 180

Td-V-V -0.34 2.09 2.71 1.23 146 -0.42
Td-E-E -0.24 2.17 2.78 1.22 146 -0.41
Td-S-S -0.15 2.17 2.81 1.22 143 -0.43

For the hydrogenation reaction, the activation of CO2 plays an important role which has

been highlighted in our earlier work.3 To analyze the activation of CO2 on the Au19Pt− we

calculate the C-O bond lengths and O-C-O bond angle, which are listed in Table 1. From

this table it is observed that for the adsorption of CO2 on Pt-sites of Au19Pt−, both the

C-O bond lengths are elongated by 0.04-0.05 Å as compared to those of the gas-phase CO2

values. Moreover, the O-C-O bond angle is also changed from the gas-phase value of 180◦

to 143◦-146◦ for the CO2 adsorption on different Pt sites. These results indicate that the

electronic structure of CO2 gets disturbed when it is adsorbed on Pt-doped gold cluster.53,54

This in turn indicates that we can activate CO2 by adsorbing it on Pt site in Au19Pt−

cluster. The activation of CO2 on Au19Pt− cluster can be explained with the help of charge
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transfer from the cluster to the CO2 molecule. The charge distribution in the cluster has

been calculated using Bader’s charge analysis.55 From last column of Table 1 we can see that

for all the clusters the charge transfer takes place from cluster to CO2 molecule.

The correlation between the activation of CO2 and the charge on it, can also be observed

from the charging of CO2 molecule in the gas phase. In Table 2 we list different charging

states of CO2 molecule along with its bond lengths and bond angles. These results clearly

show that the presence of charge on CO2 even in the gas phase activates this molecule. It is

observed that the charge is transfer to the anti-bonding orbital of CO2, which leads to the

activation of this molecule.53,54

Table 2: Different charge state of CO2 in the gas phase and the corresponding bond length
and angle obtained with RPBE XC functional and Grimme’s D3 correction

Charge (e) C-O-bond length (Å) bond angle (6 OCO) (◦)
0.00 1.18 180
-1.00 1.26 133
-2.00 1.34 114

To get more insight into the mechanism of activation of CO2 molecule we compare the

projected DOS (PDOS) of CO2 adsorbed on Pt-sites in Td-V, Td-S and Td-E clusters with

that of the free CO2 molecule. The corresponding projected DOSs are shown in Figure 3.

From this figure we observe that the p-orbitals of the O- and C-atoms are highly disturbed

and get broadened. This indicates that the C=O bond in CO2 gets activated when it is

adsorbed on Pt site of the doped cluster, which is reflected in the bond lengths and bond

angle data of CO2 in Table 1. Moreover, from the Figure 3 it can be seen that the activated

CO2 molecule is adsorbed through the interaction mainly between the p-orbital of O-atom

in CO2 molecule and the d-orbital of Pt-atom in the clusters.

Nest, we analyze the reason for CO2 molecule exhibiting different degree of adsorption

when adsorbed on different sites of Au19Pt− cluster. The adsorption energy depends on the

degree of interaction between the CO2 and the cluster. To understand the different degrees

of interaction between CO2 and the isomers of Au19Pt− cluster we plot the PDOS of d-
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CO2 (gas)

Td-V-V

Td-E-E

Td-S-S

Figure 3: Partial-DOS of free CO2 molecule (top pannel) and CO2 molecule adsorbed on
vertex-Pt of Td-V, edge-Pt of Td-E, and surface-Pt of Td-S cluster, respectively.

orbitals of vertex-, edge- and surface-Pt atoms in Figure 4. From this figure it can be seen

that the availability of partially filled d-orbital near HOMO is more for the case of vertex-Pt

atom as compared to that of the edge- and surface-Pt atoms. This is because of the low

coordination of the vertex-Pt as compared to the edge- and surface-Pt atoms. Consequently,

the cluster with vertex-Pt atom interacts with CO2 molecule more strongly as compared to

other isomers.
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Figure 4: Partial-DOS of d-orbital of Pt-atom in different clusters.

Interaction of CO2 with Au19Pt− in Water

In this section we discuss the effect of water environment on the adsorption and activation

of CO2 molecule interacting with Au19Pt− clusters. For this purpose we use implicit solvent

model COSMO,56 as implemented in ADF. In the water environment, the adsorption energy

of CO2 on the clusters has been calculated using the following equation:

Eenv
a = Eenv(cluster − CO2)− Eenv(cluster)− Eenv(CO2) (4)

where Eenv(cluster−CO2), E
env(cluster), Eenv(CO2) are the energies of the cluster-CO2

complex, anionic cluster, and a CO2 molecule submerged in aqueous medium, respectively.

In Table 3 we compile the data for the adsorption energy and C-O bond lengths of CO2
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Table 3: Adsorption energies (Eads and Eenv
ads ) of CO2 , C-O bond length (C-O), bond angle

of CO2 ( 6 OCO) and Bader charge on CO2 (qb) on various sites of Au19Pt− cluster with and
without environment obtained with RPBE XC functional and Grimme’s D3 correction

without water environment with water environment
properties Td-V-V Td-E-E Td-S-S Td-V-V Td-E-E Td-S-S

adsorption energy (eV) -0.34 -0.24 -0.15 -0.52 -0.45 -0.60
C-O (Å) 1.23 1.22 1.22 1.24 1.24 1.25
6 OCO (◦) 146 146 143 139 136 135

qb (e) -0.42 -0.41 -0.43 -0.62 -0.69 -0.68

when it gets adsorbed on Au19Pt− in the water environment. For comparison, in this table we

also tabulate the corresponding data for the case of without water. From Table 3 we observe

that for the adsorption of CO2 in aqueous medium, Td-S structure is slightly (0.06 eV) more

reactive than Td-V, which was found to be the most reactive site in gas-phase. Moreover,

Td-E is found to be slightly less reactive than both Td-S and Td-V. Now, in the following we

highlight the interesting data in Table 3. From this table it can be seen that in the aqueous

environment CO2 is 0.18-0.45 eV more strongly bonded with the negative ions of Au19Pt as

compared to that of the corresponding cases of without water. These results clearly indicate

that the negative ions of Au19Pt can capture CO2 more efficiently in aqueous medium. The

strong interaction between the CO2 molecule and the anions in water may be attributed to

the enhanced electrostatic interaction due to the presence of the dielectric aqueous medium.

To understand the activation of the adsorbed CO2 on Au19Pt− in the presence of water we

calculate the C-O bond-lengths and 6 OCO which are listed in Table 3. For comparison we

also list here the corresponding C-O bond-length and 6 OCO data for the cases of without

aqueous environment. From Table 3 we can see that in aqueous environment the adsorbed

CO2 molecule gets more elongated (0.01 - 0.03 Å) and the 6 OCO is more displaced (7-

12◦) from the linear value of 180◦ as compared to the values for the corresponding cases of

without water. These results indicate that the adsorbed CO2 molecule in aqueous medium

is more activated as compared to that of the gas phase cases. Such higher activation can

be attributed to more charge transfer (last row of Table 3) from the cluster to CO2 in the
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presence of water. From our study it is clear that water acts as a promoter for the adsorption

and activation of CO2 on Au19Pt− cluster.

Since the clusters are kept in the water environment the interaction of water molecules

with the cluster is important for the CO2 molecule to find open active sites within the

clusters during the adsorption process. Therefore, we also investigate the interaction of a

single water molecule with Au19Pt− clusters and compare it with that between CO2 and

Au19Pt− clusters. The corresponding data are compiled in Table 4.

Table 4: Adsorption of a single H2O molecule on Pt-atom of Au19Pt− cluster along with the
adsorption energy, Ea for the corresponding cases of CO2 with environment obtained with
RPBE XC functional and Grimme’s D3 correction

clusters H2O adsorption energy (eV) CO2 adsorption energy (eV)
Td-V -0.22 -0.52
Td-E -0.26 -0.45
Td-S -0.32 -0.60

From this table we find that in aqueous medium a single water molecule gets adsorbed

prefarably on the surface-Pt site of Td-S cluster and the corresponding adsorption energy

is found to be -0.32 eV which is almost half of that observed for the adsorption of CO2 on

Td-S (-0.60 eV). This clearly indicates that in aqueous medium CO2 molecule gets preferably

adsorbed on Td-S over the adsorption of water molecule on this cluster. Similarly, for the

cases of Td-V and Td-E the adsorption of CO2 is much stronger than that of the water

molecule. Therefore, it is clear that for all the anions of Au19Pt cluster the adsorption of

CO2 molecule will not be hindered by the water molecule in aqueous medium.

Conclusion

We investigate the adsorption and activation of CO2 molecule on the anions of Au19Pt cluster

using ab-initio density functional method. We show that the isomers of Au19Pt cluster are

negatively charged even at zero potential in the water environment with Pt-cathode. In the
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gas phase, it is observed that CO2 molecule gets preferably adsorbed on the vertex-Pt site

of the anions of Au19Pt clusters. We find that the adsorption of CO2 molecule on Pt-doped

gold clusters occurs through the hybridization between p-orbital of O-atom in CO2 and the

partially filled d-orbital of Pt atom of Au19Pt− clusters. The adsorbed CO2 gets activated

due to the charge transfer from the cluster to the anti-bonding state of this molecule. In

aqueous medium, both the surface- and vertex-Pt sites are found to be the most reactive for

the adsorption of a CO2 molecule. Moreover, the adsorption of CO2 on anions of Au19Pt

cluster dominates over that of water molecule in aqueous medium. Therefore, it is clear

that the water molecules cannot hinder the interaction between the CO2 and the cluster.

Instead, it is observed that the water can enhance the adsorption and the activation of the

adsorbed CO2 molecule. In contrast, we observe that CO2 molecule does not get adsorbed or

activated on the anion of pure 20-atoms Au20 gold cluster. Therefore, it is very interesting

to note that use of small amount of Pt atoms at suitable sites on gold cluster can lead

to a novel compound for capturing the activated CO2 molecule. Such compound may act

as potential catalyst for the electrocatalytic hydrogenation of this activated CO2 towards

various complexes like methanol, OME, DME etc. which has the potential to be the source

of energy in the future.
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(54) Cheng, D.; Negreiros, F. R.; Aprà, E.; Fortunelli, A. Computational Approaches to the

Chemical Conversion of Carbon Dioxide. ChemSusChem 2013, 6, 944–965.

(55) Richard. F. W., B. Atoms in Molecules: A Quantum Theory ; Oxford University Press:

Oxford University Press, New York, 1990.
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