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Abstract - The CO2 electrochemical reduction to CO on dual 

precious metal atoms M2 (M2 = Pt2, Pd2, and Pt1Pd1) decorated 

graphene (M2/G) is investigated by using density functional 

theory with van der Waals corrections. The electronic structure 

analyses show that the dual precious metal atoms anchored 

graphene are able to activate CO2 thanks to the charge transfer 

from metal atoms to the antibonding π* orbital of CO2. The 

activations of CO2 on the dual precious metal atoms result in the 

bendings of adsorbed CO2 compared to free CO2. The calculated 

free energy changes demonstrate that the desorption of CO from 

the catalyst surfaces is the most thermodynamically unfavorable 

step in the electrochemical reduction of CO2. 

 Tóm tắt - Sự khử CO2 điện hóa thành CO trên các lưỡng nguyên 

tử kim loại quý M2 (M2 = Pt2, Pd2 và Pt1Pd1) gắn trên graphene 

(M2/G) được khảo sát bằng phương pháp lý thuyết phiếm hàm 

mật độ. Phân tích cấu trúc điện tử cho thấy, các lưỡng nguyên 

tử kim loại gắn trên graphene có khả năng hoạt hóa CO2 nhờ 

vào sự chuyển điện tử từ các nguyên tử kim loại sang orbital 

phản liên kết π* của CO2. Quá trình hoạt hoá trên bề mặt chất 

xúc tác làm cho phân tử CO2 bị bẻ cong so với dạng cấu trúc 

thẳng của phân tử CO2 tự do. Kết quả tính toán biến thiên năng 

lượng tự do cho thấy sự giải hấp của CO là quá trình không 

thuận lợi nhất về mặt năng lượng trong cơ chế khử điện hoá của 

CO2 thành CO. 

Key words - CO2 reduction; graphene; dual precious metal atom; 

DFT. 

 Từ khóa - Sự khử CO2; graphene; hai nguyên tử kim loại quý; 

DFT. 

1. Introduction 

The increasing consumption of fossil fuels (coal, oil, 

and natural gas) in various sectors including 

transportation, industrial and human activities causes 

serious problems to the environment, and CO2 is main 

agent giving rise to climate change and the greenhouse 

effect [1], [2]. Thus, the conversion of CO2 into useful 

compounds or feedstock materials for fuels (methanol, 

polycarbonate, methane) is one of the urgent tasks to 

reduce CO2 concentration in the atmosphere [3]. Various 

methods have been investigated to minimize global 

carbon dioxide including carbon sequestration, 

biochemical, photocatalytic, thermochemical conversion 

and electrochemical reduction approaches [4]. Among 

these strategies, CO2 electrochemical reduction is a 

promising approach to converting CO2 into different 

value-added compounds such as CO, H2, HCOOH, CH4 

[5]. However, CO2 is a linear structure (O=C=O), an 

extremely stable compound [6], and importantly, the 

reduction of CO2 to CO is very slow and difficult to take 

place without the catalysts. Therefore, finding a new 

catalyst with a highly active center is needed for speeding 

up the reduction reaction of CO2. Various catalysts have 

been exploited, in which precious metals deposited on 

different supporting materials, such as metal oxides, 

metal-organic frameworks, zeolite, and graphene have 

been experimentally and theoretically investigated and 

exhibited as efficient materials for CO2 electrochemical 

reduction [4]. However, the main drawback of using these 

precious metals is the high cost and not using completely 

these active metal sites. In recent years, single-atom 

catalysts have attracted huge attention in catalysts due to 

their maximum atomic utilization and high selectivity. 

Among the supporting materials, graphene is the most 

applied because of its unique properties such as large 

surface area, and high electron mobility [7]. Furthermore, 

it has been demonstrated that the deposition of metals on 

graphene surface is facile. It has been also demonstrated 

that the decoration of transition metals on graphene 

significantly enhances the adsorption and activation of 

CO2 [6], [8]. The precious single atom metals such as Pt, 

Pd decorated graphene have been successfully 

synthesized and applied as catalysts for the hydrogenation 

of acetylene to ethylene, CO oxidation, methanol 

oxidation, and CO2 transformation [9] – [14]. Especially, 

the CO2 conversion was found to be more efficiency on 

dual metal atom catalysts than on single-atom catalysts 

due to the synergistic effect of the two active sites [7]. 

However, the nature of CO2 activation on dual precious 

metal atoms decorated graphene have not been fully 

understood at the atomic scale. It was demonstrated that 

the high stability of the single metal atoms or dual metal 

atoms on graphene is due to the strong interactions with 

the defect sites or with decorated functional groups [13], 

[15]. The adsorptions of single metal atoms on pristine 

graphene have also been theoretically studied for the 

oxidation of CO and NO [16], [17]. Thus, in this study we 

applied the dual metal atoms decorated graphene as 
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catalyst models for the CO2 activation and 

electrochemical reduction of CO2 to CO. 

To be specific, we investigated CO2 electrochemical 

reduction to CO on dual precious metal atoms including 

homoatomic dual atoms (Pt2, Pd2) and heteroatomic dual 

atoms (Pt1Pd1) anchored on graphene by means of the spin 

polarized density functional theory with van der Waals 

corrections. The electronic properties of graphene 

supported dual metal atoms and CO2 electrochemical 

reduction pathways are characterized and analized to shed 

some light on the effect of different dual metal atoms on 

CO2 reduction. 

2. Method and models 

All spin-polarized DFT calculations were performed by  

Vienna Ab initio Simulation Package (VASP) [18]. The 

exchange-correlation of electrons was described by the 

generalized gradient approximation within Perdew-Burke-

Ernzerhof (PBE) functional [19]. The nuclei and core 

electrons interaction were described with projector 

augmented wave (PAW) [20], while the valence electrons 

explicitly included are C(2s2 2p2), Pd(4d9 5s1), Pt(5d9 6s1), 

and O (2s2 2p4). DFT-D3 method [21] was applied to 

describe the long-range interactions. The plane wave basis 

set with a cut off energy of 400 eV was used. A k-point 

mesh of 221 was applied for the geometrical 

optimization and a denser k-points mesh of 441 was 

used for the density of state (DOS) calculations [8]. The 

optimized structures were reached with the ionic force 

threshold of 0.01 eV/Å. 

771 supercell of graphene containing 98 atoms [8] 

has been adopted to model the electronic properties of dual 

precious metal atoms anchored on graphene and the CO2 

electrochemical reduction. The binding energy (Eb in eV) 

of dual precious metal atoms on graphene (G) was 

determined by the following equation: 

Eb = E(M2/G) – E(G) – E(M2) 

where E(M2/G), E(G), and E(M2) is the total energy of dual 

precious metal atoms M2 (Pd2, Pd1Pt1, Pt2) on graphene, of 

bare graphene and of dual metal atoms in gas phase, 

respectively. 

The CO2 adsorption energy (Eads in eV) on graphene or 

dual precious metal atoms anchored graphene was 

computed as: 

Eads = E(CO2@S) – E(S) – E(CO2) 

where E(CO2@S), E(S), and E(CO2) is the total energy of 

CO2 bound to M2/G or G; of M2/G or G; of the isolated CO2 

molecule, respectively. 

The charge density difference (CDD) [22] was 

calculated by the following equation: 

CDD = (CO2@M2/G) – (M2/G) – (CO2) 

where (CO2@M2/G), (M2/G), and (CO2) is charge 

density of CO2 bound to M2/G, of M2/G, and of CO2 

molecule obtained from adsorption complex geometry, 

respectively. 

The effective charge of atoms was determined by using 

the Bader method [23], [24]. 

The change of free energy, G was calculated by the 

following equation [25]: 

G = E + G298K 

where, E and G298K is the change of total energy and 

free energy correction at 298K, respectively. The free 

energy correction includes the zero-point energies and 

entropy [26]. 

Particularly, at the given step E = Etot(later-

complexes) – Etot(previous-complexes) and G298K = 

G298K(later-complexes) – G298K(previous-complexes) = 

ZPE + 0-298KH – TS. 

3. Results and Discussion 

3.1. Electronic characteristics of dual precious metal 

atoms on graphene 

Firstly, we considered all the possible sites of dual 

precious metal atoms on graphene including hollow, C-top, 

and C-C bridge sites. We found that the dual metal atoms 

prefer to reside at C-C bridge sites, and our results are in 

good agreement with the previous DFT study [27]. The 

electronic structure and structural parameters of these 

structures are presented in Table 1 and Figure 2. It can be 

seen from Table 1 that the binding energy of homoatomic 

dual atoms Pd2 (-1.83 eV) is 0.76 eV stronger than its 

counterpart Pt2 (-1.07 eV) on graphene. This indicates that 

the Pd2 is more stable than Pt2 when homoatomic dual 

atoms are deposited on graphene due to stronger metal-

support interaction. The stronger binding of Pd2 with 

graphene compared to Pt2 is also evidenced by a shorter 

distance between metal and graphene (2.337 Å vs. 2.453 

Å) and the amount of charge transfer to graphene. 

Particularly, the charge transfer from Pd to graphene is 

0.14 |e| while that for the case of Pt is only 0.03 |e|. In 

addition, a better overlap of the valence band and 

conduction band of graphene with Pd2 in DOS profile 

(Figure 2) further confirms the stronger binding of Pd2 with 

graphene. 

 

Figure 1. Top view of the optimized structure of graphene.  

The various adsorption sites on graphene are illustrated: (1) 

hollow, (2) C-top, and (3) C-C bridge 

Regarding the heteroatomic dual atom anchored on 

graphene, the binding energy of Pd1Pt1 with graphene was 

calculated to be -1.40 eV which is smaller than for Pd2  
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(-1.83 eV) but larger than for Pt2 (-1.07 eV). For this 

structure, Pd and Pt are bound to graphene with a bond 

distance of 2.448 and 2.415 Å, respectively. The binding 

of Pd1Pt1 with graphene results in a charge transfer from 

Pd to graphene (Pd Bader charge of 0.18 |e|) and the mostly 

neutral charge on Pt (Pt Bader charge of -0.01 |e|). 

Table 1. Characteristics of dual precious metal atoms M2  

(M2= Pd2, Pt2, Pd1Pt1) deposited on graphene. Binding energy, 

Eb, magnetic moment, Mag., Bader charge, Q(M), and the 

distance of precious atoms and graphene, d(Pd-G), d(Pt-G) 

System 
Eb 

(eV) 

Mag. 

(B) 

Q(Pd) 

(|e|) 

Q(Pt) 

(|e|) 

d(Pd-G) 

(Å) 

d(Pt-G) 

(Å) 

Pd2/G -1.83 0.00 0.14 - 2.377 - 

Pt2/G -1.07 0.00 - 0.03 - 2.453 

Pd1Pt1/G -1.40 0.00 0.18 -0.01 2.448  2.415  

 

Figure 2. Side view (left), top view (middle) and DOS (right) of 

a) Pd2/G, b) Pt2/G and c) Pd1Pt1/G. C, Pd, and Pt are brown, 

grey, white, and red spheres, respectively 

3.2. CO2 adsorption on dual precious metal atoms 

anchored on graphene 

CO2 activation is the key step in the electrochemical 

reduction of CO2 to CO. Therefore, we firstly consider the 

CO2 activation on graphene-supported dual metal atoms. 

For a comparison, the adsorption of CO2 on pristine 

graphene was also calculated. The DFT results indicate that 

CO2 is physisorbed on pristine graphene with an adsorption 

energy of -0.14 eV (Table 2 and Figure 3a). The stability 

of CO2 on pristine graphene is mainly dictated by van der 

Waals interactions. The weak adsorption of CO2 on pristine 

graphene is also demonstrated by the geometrical structure 

of adsorbed CO2 which remains unchanged compared to 

the gas-phase CO2. The weak binding of CO2 with pristine 

graphene is also indicated by the degenerate of  bonding 

and * antibonding molecule orbitals as illustrated in the 

DOS profile (Figure 3a). 

The adsorption of CO2 on dual metal atoms deposited 

on graphene is much stronger than on pristine graphene. It 

is noted  that the  adsorption energy of CO2 on homoatomic 

dual atom Pt2/G (-1.58 eV) is stronger than on Pd2/G (-1.11 

eV), while the value (-1.44 eV) for heteroatomic dual 

atoms Pd1Pt1/G is in the middle among the three. The 

relative binding strength of CO2 with the surfaces is good 

agreement with the amount of charge transfer from the 

graphene supported metal atoms to CO2, and the higher 

charge transfer, the stronger adsorption energy. In 

particular, the amount of charge transfer from Pd2/G, Pt2/G, 

and Pd1Pt1/G to CO2 is -0.41 |e|, -0.49 |e| and -0.44 |e|, 

respectively. This results in the elongation of the C=O bond 

length of about 0.1 Å and the bending of O-C-O angle from 

180o (free CO2) to 141o (on Pd2/G), 131o (on Pt2/G) and 

135o (on Pd1Pt1/G) (Table 2). In addition, the charge 

transfer from dual metal atoms to CO2 was also illustrated 

by the amount of charge accumulation on adsorbed CO2 

and by the large overlap of the DOS of metal atoms and 

CO2 (Figure 3). 

Table 2. Characteristics of CO2 adsorption on pristine and dual 

precious atoms M2 anchored on Graphene. Adsorption energy, 

Eads, magnetic moment, Mag., Bader charge of Pd, Q(Pd),  

of Pt, Q(Pt) of adsorbed dual atoms, Bader charge of adsorbed 

CO2, Q(CO2), bond angle of CO2, (OCO) and C-O bond 

lengths of CO2, r(CO;CO) 

Syste

m 

Eads 

(eV) 

Mag. 

(B) 

Q(Pd) 

(|e|) 

Q(Pt) 

(|e|) 

Q(CO2) 

(|e|) 

(OCO) 

(o) 

r(CO;CO) 

(Å) 

G -0.14 - -  0.00 180 1.177;1.177 

Pd2/G -1.11 0.00 0.28  -0.41 141 1.231;1.257 

Pt2/G -1.58 0.00 - 0.24 -0.49 131 1.225;1.320 

Pd1Pt1/G -1.44 0.00 0.26 0.24 -0.44 135 1.222;1.290 

 

Figure 3. Side view (left) with charge density difference and 

DOS (right) of CO2 adsorbed on a) G, b) Pd2/G, c) Pt2/G, and d) 

Pd1Pt1/G. Transparent yellow and blue with an isosurface level 

of 0.003 |e|.bohr-3 are charge accumulation and charge 

depletion, respectively. C, Pd, Pt, and O are brown, grey, white, 

and red spheres, respectively 

To sum up, the amount of charge transfer from metal 

atoms to CO2 is an important factor that governs the 

activation of CO2 and this is the main criteria we should 

consider when designing new materials for CO2 activation. 
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3.3. Free energy diagram for the pathway of the 

electrochemical reduction of CO2 to CO 

To gain insights into the catalytic activity of graphene 

supported dual metal atoms toward CO2 conversion, the 

free energy profile of the electrochemical reduction of 

CO2 to CO was also calculated [25]. It is widely known 

that the CO2 electrochemical reduction is a competing 

reaction with the hydrogen evolution reaction (HER). 

However, HER can be suppressed by increasing CO2 

pressure or enhancing the adsorption of CO2 on the 

catalyst surfaces, or using alloy catalysts [28], [29]. 

Therefore, for the sake of simplicity, we assumed that the 

CO2 reduction is preferentially occurred on these 

catalysts. As shown in Figure 4, the reaction pathways 

take place through four elementary steps. The first one is 

the adsorption of CO2 (CO2 + supported dual metal atom 

(denoted as *) → *COO) in which CO2 is bound to the 

dual metal atom via C and O. The second step is a proton-

coupled electron transfer of activated COO forming 

*COOH (*COO + H+ + e- → *COOH). The third step is 

a proton-coupled electron transfer of *COOH releasing 

H2O molecule and *CO (*COOH + H+ + e- → *CO 

+H2O). The preference of two proton-coupled electron 

transfers to hydrogen atom transfer were considered as 

they have been demonstrated in the previous study [30]. 

The fourth step is the desorption of CO from the catalyst 

surface (*CO → CO + *). Figure 4 shows that the reaction 

energy of the first proton-coupled electron transfer is 

0.07, 0.54, and 0.62 eV for Pt2/G, Pd1Pt1/G, and Pd2/G 

respectively which is consistent with the capability to 

activate CO2 of these catalysts. It is also worth noting that 

the first proton-coupled electron transfer is endergonic 

while the second proton-coupled electron transfer is 

exergonic on M2/G. Among the four steps, the desorption 

of CO is the most unfavorable reaction with a large 

reaction energy of 1.46, 2.04 and 2.59 eV for Pt1Pd1/G, 

Pd2/G and Pt2/G respectively. 

 

Figure 4. Free energy profile of electrochemical CO2 reduction 

on Pd2/G, Pt1Pd1/G, and Pt2/G 

4. Conclusions 

The electronic and structural properties of dual precious 

metal atoms including homoatomic dual atoms (Pd2 and 

Pt2) and heteroatomic dual atoms (Pd1Pt1) anchored on 

graphene have been studied by DFT calculations with van 

der Waals corrections. The activation of CO2 and the free 

energy of the pathway for CO2 electrochemical reduction 

on these graphene-supported dual metal atos were also 

investigated. The DFT results show that the binding 

strength of dual metal atoms with graphene follows the 

order: Pt2/G < Pd1Pt1/G < Pd2/G. Moreover, the adsorption 

energy of CO2 on the surfaces was found to be in reverse 

order: Pd2/G < Pd1Pt1/G < Pt2/G. The theoretical results 

also demonstrate that desorption of CO from the catalyst 

surface is the most thermodynamically unfavorable step in 

the electrochemical reduction of CO2. This study provides 

a background for designing nano catalysts for the 

electrochemical reduction of CO2. 
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