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Abstract

CO2, a well-known greenhouse gas, is a potential raw material used to produce

various chemicals. Dissociation of CO2 to CO or hydrogenation to formate (HCOO) or

carboxyl (COOH) intermediate is crucial in determining the reaction pathway for CO2

conversion. In this work, we demonstrate that alloys of Mg-Cu exhibit greater activity

toward activation and hydrogenation of CO2 than transition metal alloys reported so

far. Two different compositions of Mg-Cu, namely Mg2Cu and MgCu2, have been

studied using periodic Density Functional Theory (DFT). Our investigations reveal

that CO2 chemisorbs on both bimetallic alloys. Coadsorption of CO2 with H2O leads

to the spontaneous formation of COOH∗ over Mg2Cu(224), whereas a negligible barrier

(0.04 eV) is observed for MgCu2 (311). HCOO∗ formation has a barrier of 0.34 eV and

0.42 eV on Mg2Cu(224) and MgCu2(311), respectively. Dissociation of CO2 to CO is

kinetically unfavorable on both compositions of Mg-Cu. We provide a rationale for

the observed activity by analyzing the electronic structure. Notably, the spontaneous
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hydrogenation of CO2 makes earth-abundant metals suitable candidates for alloying

that await experimental verification.

Introduction

CO2 is an unavoidable output of all the anthropogenic activities post-industrial revolu-

tion. However, it is gaining attention as a chemical feed stock in a world with carbon-

based energy. It could be converted to value-added chemicals like methanol, formic acid,

methane, and higher alcohols/hydrocarbons.1–5 The foremost step of CO2 conversion is acti-

vating/breaking the C-O bond. CO2 activation has been widely studied on various transition

metal surfaces,6–8 metal alloys,9–12 and metal oxides.13–16 These investigations reveal that

chemisorption is favorable over early-transition metals, whereas CO2 physisorbs over post-

transition metals Surface inhomogeneity of bimetallic alloys and metal oxides activates the

CO bond more than that of flat facets of pure metals.

Two possible pathways have been proposed for the hydrogenation of CO2. The first one

is the direct hydrogenation of CO2 to formate (HCOO∗) or carboxyl (COOH∗) intermedi-

ate. Alternatively, CO2 can be dissociated to CO + O followed by hydrogenation of CO.17

Bimetallic alloys have been explored as a potential candidate for selective hydrogenation

of CO2 to various chemicals.18–24 The First step of CO2 hydrogenation, i.e. formation of

COOH∗/HCOO∗ intermediate is crucial in determining the reaction pathway. In Tab.1,

Table 1: Reported bimetallic catalysts which are investigated through DFT, favorable path, activation barrier (eV) and final
product.

Catalysts Favorable path Activation barrier (eV) Product

PdCu(111) HCOO 0.62 CH3OH25

PdCu3(111) HCOO 1.29 CH3OH25

CuFe(100) HCOO 0.39 C2H4
26

PdZn(111) HCOO 0.58 CH3OH27

Ga3Ni5(221) COOH 0.47 CH3OH28

PdIn(110)/(211) HCOO 0.05/-0.08 CH3OH29

we report bimetallic alloys investigated so far for CO2 conversion to C1 and C2 products.
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To summarize Tab.1, the synergy of mixing two metals helps not only to activate CO2 but

also to stabilize the intermediates. The charge redistribution upon alloying metals alters

the electronic structure, which helps achieve the desired activity. In general, it is observed

that a specific composition of the bimetallic alloy exhibits higher reactivity compared to

others. For example, PdCu is reported to be more reactive than PdCu3 as the barrier for

hydrogenation of CO2 is less for PdCu (refer Tab.1). HCOO/COOH are two major interme-

diates for methanol formation and have a significant role in determining selectivity. Bagchi

et al. reported that the absorption intensity and normalized absorbance of HCOO/COOH

are relatively less in the case of Cu9Ga4 than CuGa2, indicating a lower yield of methanol

on Cu9Ga4.30

The literature shows that Cu is mainly alloyed with transition metals to produce C1/C2

hydrocarbons.25,26,31–33 In contrast, no report on alloying Cu with non-transition metal,

like Mg, for CO2 conversion has been reported. A recent study observed that Mg nano-

particles could convert captured CO2 to methane, methanol, and formic acid under ambient

conditions.34 Further, our group has investigated single-atom catalysts (SACs) of Cu(211),

and Mg/Cu(211) is found to exhibit enhanced activity compared to transition metal SACs.35

In the present work, we considered alloys of MgCu, which have not been studied so far to

the best of our knowledge. We employed DFT to study the activation and hydrogenation

of CO2 on Mg2Cu(224) and MgCu2(311) facets. CO2 chemisorbs on both the bimetallic

alloys. For the hydrogenation of CO2, the coadsorption of CO2 with H2O is examined.

We observe that coadsorption leads to spontaneous hydrogenation of CO2 to COOH over

Mg2Cu(224), whereas it has a negligible barrier over MgCu2(311). Further, we investigate

projected density of states (pDOS ) and Mulliken charge to understand the observed catalytic

activity.
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Computational Details

All the calculations are carried out within the Kohn-Sham formalism of DFT. Projector

Augmented Wave potential36,37 is used, with Perdew Burke Ernzerhof (PBE) approximation

for the exchange-correlation and generalized gradient approximation,38,39 as implemented in

planewave, pseudopotentials based code, Vienna Ab initio Simulation Package (VASP).40–42

Van der Waals interactions are applied to account for the dispersion effect as implemented

in the Grimme approach (DFT-D2).43 Cifs for bulk Mg2Cu and MgCu2 are taken from the

materials project.44 The lattice constants are calculated and verified with the experimentally

measured ones. For bulk Mg2Cu, the calculated lattice parameters are a= 9.117 Å, b= 18.147

Å, and c= 5.220 Å which agree well with experimental values i.e. a= 9.102 Å, b= 18.198 Å,

and c= 5.278 Å.45 The calculated and experimental values of lattice constants for bulk MgCu2

are a= b= c= 7.002 Å and 7.051 Å, respectively.45 To model the surface, we considered

the most dominant facets in the XRD;45 accordingly, Mg2Cu(224) and MgCu2(311) are

modeled. A slab of 2x1 with four layers is cleaved in (224) direction for Mg2Cu and along

(311) direction for MgCu2 using VNL46 with the bottom two layers fixed to mimic the bulk.

K-point convergence is carried out by varying the k-mesh (MxNx1). Monkhorst-Pack grid of

5x3x1 for Mg2Cu and 4x3x1 for MgCu2 yields less than 0.001 eV variation in energy/atom

and is used to sample the surface. This choice of Monkhorst-Pack grid resulted in 6 k-points

in the IBZ for both alloys. A vacuum of 24.0 Å is sufficient to avoid interaction between

adjacent images along the z-direction. Geometry optimization is carried out with a force

cutoff of 0.01 eV/Å on the unfixed ions, and the total energies are converged below 10−4

eV for each SCF cycle. The activation barrier (Ea) is determined using the Climbing Image-

Nudged Elastic Band (CI-NEB) method with three images and a force cutoff of 0.1 eV/Å.47

The site-specific pDOS is calculated with denser k-mesh using LOBSTER.48–51 Mulliken

charges are computed to quantify the charge transfer between the surface and the adsorbate.

Eads is calculated using the formula: Eads = Esystem − [Esurface + Eadsorbate] where Esystem is

the energy of the surface plus the adsorbate, Esurface is the energy of the bare surface, and
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Eadsorbate is the energy of the adsorbate.

Figure 1: Schematic representation of bare facets; (a) Mg2Cu(224) and (b) MgCu2(311). Numbers represent unique sites for
adsorption.

Results and discussion

Mg-Cu bimetallic alloys exist in two primary compositions, namely Mg2Cu and MgCu2.

Mg2Cu has an orthorhombic crystal structure, while MgCu2 is cubic.45 (224) and (311) are

prominent peaks in XRD for Mg2Cu and MgCu2, respectively. Therefore, we modeled the

Mg2Cu(224) and MgCu2(311) surfaces to explore their catalytic reactivity. A schematic

Table 2: We report the shortest M-C, Mg-O1, and Mg-O2 bond distances (M=Mg/Cu), C-O1/O2 bond elongation, 6 OCO,
adsorption energy (Eads), Eeff is effective adsorption energy obtained after removing the surface reconstruction contribution,
calculated as Eads - (Erec - Eclean). Erec is the energy of reconstructed surface and Eclean is the energy of bare surface. C
and P are abbreviations used for chemisorbed and physisorbed geometry.

Class M-C Mg-O1 Mg-O2 C-O1 C-O2 6 OCO Eads Eeff No.

(Å) (Å) (Å) (Å) (Å) (0) (eV) (eV) of cases

C-1 2.29-Mg 2.07 1.98 1.34 1.28 116.5 -3.61 -2.30 1

C-2 2.24-Mg 2.09 2.11 1.32 1.32 116.4 -3.32 -2.05 1

C-3 2.03-Cu 2.03 2.06 1.34 1.31 113.2 -3.32 -2.57 2

1.97-Cu 2.09 2.06 1.34 1.29 116.9 -3.20 -2.32

C-4 2.03-Cu 1.96 1.97 1.29 1.29 120.0 -3.02 -2.16 3

2.01-Cu 1.95 1.97 1.29 1.29 120.0 -2.78 -2.15

C-5 2.13-Cu 1.98 – 1.23 1.31 129.4 -0.74 – 2

P >3.0 2.56 – 1.18 1.17 178.0 -0.39 – 13

to 2.89 to 179.9 to -0.32 –
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Figure 2: Adsorption geometries for CO2 on Mg2Cu(224). (a) Chemisorbed: energetically most favorable and (b) physisorbed.
Color code: Mg= Green, Cu= brown, C= black, and O= red.

view of Mg2Cu(224) and MgCu2(311), along with unique sites, is shown in Fig. 1-(a and

b). For Mg2Cu(224), 22 optimizations are performed, whereas there are 17 unique positions

scanned on the MgCu2(311) facet. The optimized configurations are broadly classified into

two classes: physisorbed and chemisorbed. In the case of MgCu2(311), the chemisorbed

structures could be further classified as weak and strong, depending upon adsorption energies

and observed bond-angle. On both facets, chemisorption is energetically favored, and the

bending of 6 OCO characterizes it. Details of various adsorption geometries for Mg2Cu(224)

are tabulated in Tab. 2. C and P are abbreviations used for chemisorbed and physisorbed

geometry. Representative chemisorbed and physisorbed CO2 geometries are reported in Fig.

2. Strong chemisorption (as reflected in adsorption energies and bond-length activation) of

CO2 is observed near Mg because of the strong Mg-O interaction. Depending on how CO2

adsorbs on the surface, there could be further sub-classification within chemisorption. For

C-1 to C-4, we observe that CO2 is adsorbed parallel to the surface plane; as a result, the

surface is distorted. Further, the observed variation in Eads for the same degree of activation

in subclass C-4 is due to the difference in surface reconstruction (refer to Fig. SI-1). In C-5,

CO2 is adsorbed perpendicular to the surface plane with no surface reconstruction. On the

other hand, in physisorption, the C-O bond-length is equivalent to that in molecular CO2

(i.e., 1.18 Å) with a slight change in bond angle.
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Figure 3: Adsorption geometries of CO2 on MgCu2(311). (a): Energetically most favorable adsorption and (b): physisorption.
Color code: Mg= Green, Cu= brown, C= black, and O= red.

Table 3: We report the shortest M-C, M-O1, and M-O2 bond distances (M=Mg/Cu), C-O1/O2 bond elongation, 6 OCO,
adsorption energy (Eads), and no. of cases for a specific subclass. C, WC, and P are abbreviations for chemisorbed, weakly
chemisorbed, and physisorbed geometries.

Class M-C Mg-O1 Mg-O2 C-O1 C-O2 6 OCO Eads No.

(Å) (Å) (Å) (Å) (Å) (0) (eV) of cases

C-1 1.96-Cu 2.01 2.09 1.32 1.28 118.9 -1.70 1

C-2 2.08-Cu 2.05 2.03 1.30 1.35 114.5 -1.56 2

C-3 2.15-Cu 2.01 2.05-Cu 1.28 1.28 124.7 -0.91 2

WC ∼3.0 ∼2.4 – 1.17 1.19 178.7 ∼ -0.48 8

to 176.4

P >3.0 >3.0 – 1.18 1.18 178.5 -0.38 4

to 179.2 to -0.31

A representative case of chemisorption and physisorption for MgCu2(311) is shown in Fig.

3, and the details like Metal-C/O bonds, adsorption energies, C-O bond lengths, and OCO

bond angle for all optimized configurations are reported in Tab. 3. Although the overall

trends of interaction between CO2 and both these facets are similar, there are a few subtle

differences. Unlike Mg2Cu(224), surface reconstruction is not observed for MgCu2(311) upon

chemisorption. Chemisorption is accompanied by carbon binding to the surface Cu and not

Mg in MgCu2(311), as opposed to carbon and oxygen atoms connecting to surface Mg atoms

for Mg2Cu(224). Weak chemisorption (WC) is differentiated from physisorption based on

the distance between CO2 and the surface. The shortest distance between the surface and

CO2 is ∼2.4 Å in the case of WC, and the 6 OCO is bent by ≥ 20 (refer to Tab. 3). Whereas,
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when physisorbed, CO2 is at a distance >3.0 Å from the surface.

Table 4: Mulliken charges (e−) on C, O1, and O2 atoms of molecular CO2 are compared with the ones after adsorption over
Mg2Cu(224) and MgCu2(311). A negative value denotes a gain in charge.

Class C O1 O2 Class C O1 O2

CO2 0.95 -0.47 -0.48 CO2 0.95 -0.47 -0.48

Mg2Cu(224) MgCu2(311)

C-1 0.25 -0.66 -0.64 C-1 0.28 -0.61 -0.58

C-2 0.21 -0.64 -0.63 C-2 0.26 -0.58 -0.66

C-3 0.26 -0.68 -0.64 C-3 0.30 -0.51 -0.51

C-4 0.30 -0.62 -0.61 – – – –

C-5 0.29 -0.58 -0.45 WC 0.91 -0.40 -0.48

P 0.91 -0.43 -0.47 P 0.91 -0.45 -0.47

In Tab. 4, Mulliken charges on C, O1, and O2 when adsorbed on the Mg2Cu(224)

and MgCu2(311) are reported. Variation in the effective charge on various atoms clearly

distinguishes between chemisorbed and physisorbed CO2. Also, the decreased positive charge

on C indicates a gain in charge by carbon and oxygens. In the case of physisorption, the

redistribution of charge is due to Van der Waals interaction with the surface. Overall we

observe that CO2 is strongly chemisorbed at Mg-rich sites on both surfaces because of the

higher affinity of Mg toward oxygen than Cu.

Conversion of CO2 to any of the value added products will have one of the following

initial step. CO2 will either dissociate to CO and O or partially hydrogenate to COOH∗

or HCOO∗. We have investigated all the three possibilities on both alloys. First, we study

the dissociation of CO2 to CO and O on both bimetallic alloys. Dissociation of CO2 over

Mg2Cu(224) is an exothermic reaction with a barrier of 0.37 eV (refer to Fig. SI-2). On

the other hand, at MgCu2(311) energy barrier to cleave the C-O bond is 0.75 eV, twice that

at Mg2Cu(224) (refer Fig. SI-3). Moreover, the dissociation of CO2 on the MgCu2(311) is

highly endothermic.

For the hydrogenation of CO2 to COOH∗/HCOO∗, CO2 and H2O are coadsorbed, where

H2O serves as a source of hydrogen. We considered a 3x1 and a 3x2, 3-layered supercell for

Mg2Cu(224) and for MgCu2(311), respectively. Thus, our supercell has 108 atoms, and the
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bottom layer is fixed to mimic the bulk. Fig. 4 is a schematic representation of the reac-

tion profile of CO2 hydrogenation to COOH∗/HCOO∗. Interestingly, coadsorption leads to

spontaneous formation of COOH∗ over Mg2Cu(224) as shown in Fig. 4-(a). On MgCu2(311),

COOH∗ formation has a negligible barrier (0.04 eV). On the other hand, formation of HCOO∗

is kinetically unfavorable over both facets with comparatively higher barriers, i.e., 0.34 eV

and 0.42 eV over Mg2Cu(224) and MgCu2(311), respectively.

The composition of the bimetallic alloys indeed plays a vital role in its activity. As we

have seen Mg2Cu(224) is more reactive than to MgCu2(311) owing to the spontaneous hydro-

genation to COOH∗. In what follows, we bring out the correlation between the underlying

electronic structure of these facets and their observed reactivity. In Fig. 5, we compare total

Density of States (tDOS ) of Mg2Cu(224) and MgCu2(311). We observe that more states

are available near Ef for Mg2Cu(224) which correlates well with its higher activity. To

gain further insights into the reactivity of Mg2Cu(224) and MgCu2(311), we examine pDOS

of the surface atoms. As expected, 3d states of Cu lie well below the Fermi and hence do

not contribute to reactivity (shown in Fig. SI-4). The presence of inequivalent Mg and
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Cu atoms on Mg2Cu(224) and MgCu2(311) facets is evident from the distinguishable pDOS

shown in Fig. 6. The distinct Cu and Mg atoms are shown in Fig. SI-5 for clarity. In case of

Mg2Cu, there are three ”types” of Mg and two ”types” of Cu as shown in Fig. 6-(a and b).
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For MgCu2, there are two ”types” of Mg and three ”types” of Cu atoms as shown in Fig. 6-(c

and d). We observe a higher peak intensity near Ef for the surface Mg1/Cu1 atoms. These

under-coordinated surface atoms are more reactive than well-coordinated lower-step atoms.

Interestingly, Mg1 at MgCu2(311) has higher peak intensity near Ef than at Mg2Cu(224).

However, the number of such Mg atoms is less in MgCu2(311) than Mg2Cu(224), which

makes latter more reactive. Further, 4s states for both Cu atoms in Mg2Cu(224) have col-

lectively high peak intensity at Ef compared to the ones at MgCu2(311). In short, Mg

and Cu sites are more reactive in Mg2Cu(224) over MgCu2(311). Additionally, more Mg

atoms at the Mg2Cu(224) surface adds to its reactivity. The Mulliken charges on these Mg

atoms is around 0.10 to 0.18 e−. On the other hand, MgCu2(311) has Mg coordinated to

more Cu atoms at the surface and subsurface. The Mulliken charges on them are noted

to be around 0.50 e−. Thus, Mg2Cu(224) has more electron density than MgCu2(311), as

observed from tDOS, pDOS, and Mulliken charges on Mg. It can easily donate its charge,

so coadsorption leads to the spontaneous formation of COOH.

CO2 hydrogenation to COOH∗/HCOO∗ is a key factor in determining the reaction path-

way for producing alcohols/hydrocarbons. As reported in Tab. 1, Cu-based alloys have a

barrier greater than 0.4 eV for CO2 hydrogenation to COOH/HCOO. Our investigations

reveal that the Mg-Cu bimetallic alloys studied in the present work exhibit better catalytic

activity towards CO2 hydrogenation to COOH∗/HCOO∗ than already reported ones. Fur-

ther, over PdIn alloys, the formation of HCOO is almost spontaneous,29 while our study

reports spontaneous hydrogenation to COOH over Mg-Cu alloys. Pd and In are precious

metals; hence, alloying them may increase the production cost, and thus cheaper alterna-

tives are desirable. We propose alloying two earth-abundant metals Cu and Mg, which gives

activity greater or comparable to the already reported ones as discussed above. Addition-

ally, using H2O as a hydrogen source is a green and economical way to produce value-added

products from CO2 and awaits experimental verification.
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Conclusion

Conversion of CO2 to value-added chemicals is one of the sought for approach to reduce

the carbon footprint. In the present work, we demonstrate that MgCu alloys have the least

barrier for hydrogenation of CO2 compared to the reported studies. Coadsorption of CO2

with water leads to the spontaneous formation of COOH* on Mg2Cu(244), whereas it has a

negligible barrier (0.04 eV) on MgCu2(311). Another hydrogenation path, i.e., formation of

HCOO*, has a barrier of 0.34 eV and 0.42 eV on these facets. Dissociation of CO2 to CO

has a barrier of 0.37 eV and 0.75 eV on Mg2Cu(224) and MgCu2(311), respectively. Thus,

hydrogenation of CO2 is favored over dissociation on MgCu alloys. Our studies also reveal the

underlying electronic structure as evident from pDOS and Mulliken charges which explains

the observed trends. Finally, We conclude that Mg-Cu bimetallic alloys, i.e., Mg2Cu(224)

and MgCu2(311), are potential candidates for CO2 activation and conversion and need to be

explored experimentally.
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