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ABSTRACT

Goldene, a one-atom-thick gold sheet, is an emerging graphene-like flat 2-dimensional material.
In this study, the geometrical and electronic properties, as well as CO, adsorption characteristics,
of the pristine, vacancy-containing, and X-doped (X=Al, B, S, P, and N) goldene sheets have been
investigated by employing first-principles calculations based on the density functional theory. The
distribution of energy levels and interaction between the CO, molecule and goldene (pristine,
partially vacant, and doped) is discussed through the projected density of states (PDOS), electronic
band structure (EBS), and Bader charge analysis. We found that CO, adsorbs physically on pristine
goldene (PG) with an adsorption energy of -24.6 kJ/mol, while the creation of a mono-vacancy
(MG), di-vacancy (DG) or tri-vacancy (TG) results in only marginal increases in the binding
strength of CO, with the goldene, and the nature of the interaction remains physisorption. The
calculated adsorption energies of CO, at a MG, DG and TG are -25.60, -25.10, and -30.90 kJ/mol
respectively. Among a range of dopants considered in this work, doping by boron and nitrogen
atoms causes goldene to absorb CO, chemically, with relatively large adsorption energies of -138.9
and -163.7 kJ/mol and Bader charge transfers of -1.22 e and 0.66 e respectively. Our findings
provide an in-depth understanding of the electronic properties of pure, vacancy-containing, and

doped goldene, which can aid their potential application in CO, activation and conversion.
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1. Introduction

Goldene is a new member of the 2-dimensional family of materials, which was first predicted
computationally by Yang ef al. in 2015 as a robust and highly stable single-atom-thick freestanding
hexagonal close-packed metallic 2D flat monolayer of gold (Au) atoms '. They computationally
designed four different configurations (hexagonal close-packed, honeycomb, square, and tetrally
coordinated) of 2D Au-nanosheets, but they found that the hexagonal close-packed atomic
arrangement is the most stable configuration in 2D space !. Subsequently, in 2019, Wang et al.
successfully synthesized this single-atom-thick freestanding Au membrane experimentally, using
in situ de-alloying to a thickness of 0.6 nm framed in bulk crystal®. In 2022, Sharma et al. reported
a technique to synthesize one-atom-thick freestanding gold crystals and a 2D periodic arrangement
of Au atoms on a sapphire substrate using the thermal evaporation method and they named this
nanosheet goldene. HRTEM and AFM imaging techniques confirmed its 1-2 A thickness and
herringbone-honeycomb crystal lattice®. In 2023, Kashiwaya et al. prepared goldene by wet
chemical etching of Ti3C, from Ti3AuC,, as a nano-laminated ceramic of the MAX phase obtained
by substituting Au with Si in Ti;SiC,* Molecular dynamics simulation-based theoretical studies
suggest that Au surfaces can be promising adsorbent materials for CO, adsorption’, whereas Au-
based catalysts are now recognized to contribute to various chemical reactions, including in
catalysis and selective oxidation®. Au nanoclusters have shown superior catalytic activity in CO
oxidations® at low temperatures, whereas adsorption of H,O, O,, thiols, di-sulfide, and CO on the

Au surface has been reported earlier in the literature” 9,

Since the exfoliation of graphene, extensive research has been conducted on 2D nanostructures,
resulting in the design and synthesis of various ultrathin nanomaterials -2, Hexagonal boron
nitride (h-BN), metal-organic frameworks (MOFs), transition metal dichalcogenides (TMDCs),
and MXenes are some additional candidates within the 2D materials family that exhibit intriguing
characteristics that sometimes outperform those of graphene!3:!4. These materials provide atomic-
level engineering, allow the creation of defined pore shapes and sizes, easy functionalization, and
reversible adsorption-desorption phenomena for optimal adsorption of gas molecules 517
Generally, pristine nanosheets show weak physisorption towards molecules and nanoscale
engineering of these materials therefore becomes crucial in the development of cost-effective
adsorbent materials '32°, Some key engineering techniques employed in designing and developing

adsorbent materials are defect engineering, doping, surface functionalization and strain
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engineering?!-?2. Defects in these 2D materials can enhance their molecule adsorption capacity by
generating additional adsorption sites, improving adsorption kinetics, and altering electronic
properties?>**. The literature demonstrates various 2D materials whose adsorption capacity is
enhanced through the introduction of defects?>?°. The density functional theory (DFT) study of
Wang et al. revealed that the CO, molecule adsorbs on pristine graphene with an adsorption energy
of only -0.23 eV (-22.19 kJ/mol). Yet, upon creating a mono-atomic vacancy defect, the adsorption
energy increased to -0.39 eV (-37.63 kJ/mol), shifting from weak to strong physisorption 2.
Hussain et al. studied the adsorption behavior of different gas molecules on pure and defective
silicene?®. Their study found that the CO, molecule adsorbs weakly onto silicene with an
adsorption energy of just -0.09 eV (-8.68 kJ/mol), but when a mono-vacancy is created in the
silicene nanosheet, the binding energy of CO, increases by 17 times to -1.64 eV (-158.24 kJ/mol)*8.
The presence of the mono-vacancy not only increased the adsorption energy of CO, on the silicene
nanosheet, but also enhanced the adsorption energies of H,S and SO, gas molecules from -0.19
eV (-18.3 kJ/mol) and -0.80 eV (-77.19 kJ/mol) to -0.98 eV (-94.56 kJ/mol) and -2.87 eV (-276.9
kJ/mol)), respectively, along with structural deformation of the molecules due to the strong Van

der Waals interaction2.

Another important method to tailor the activity and interaction between adsorbate molecules and
the adsorbent material is the introduction of foreign atoms, i.e. by doping or substitution?’-2°,
Doping can change the electronic behavior of materials by modifying the distribution of energy

levels in the electronic band structure (EBS) by changing the electron density around the dopant
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atom, leading to an expansion in the material applications 3*3!. Depending on the type of doping
(n-type or p-type) and nature of the dopant, numerous research articles are available on 2D
materials for different purposes, including in energy storage, gas sensing and catalysis3>33. Boron
(B) and aluminum (Al) are the two most widely explored p-type elements of group 13 of the
Periodic Table in doping processes 3+*3. Rad et al. found that the weak physisorption of CO,, H,O
and CO molecules on a pure graphene sheet could be significantly increased from the region of
physisorption (-3.7, -5.8 and -1.6 kJ/mol, respectively) to the region of chemisorption (-102.6, -
120.5 and -53.8 kJ/mol respectively) by doping with Al atoms3®. The theoretical study of Monshi
et al. suggests that the adsorption energy of the H,S gas molecule can be increased from 0.58 eV
(-55.96 kJ/mol) to -1.02 eV (-98.41 kJ/mol) through doping by Al atoms in intrinsic germanene,

owing to a strong charge transfer of -0.373 e between the doped germanene and the H,S

3
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molecule’’. Zheng et al. explored the adsorption behavior of CO, molecules on intrinsic and doped
graphene, and their investigation revealed that B-doped graphene can be a promising adsorbent
material for CO, capture with an adsorption energy of -0.86 eV(-82.98 kJ/mol)*8. For n-type
doping, nitrogen (N) and phosphorous (P) have gained considerable attention3%4°, Monshi et al.
employed DFT calculations to investigate the gas sensing performance of pristine and doped
germanene. Their study indicated weak adsorption of CO, and H,S on pure germanene with
adsorption energies of -0.42 eV (-40.52 kJ/mol) and -0.58 eV (-55.96 kJ/mol), whereas doping by
N and B atoms enhanced the interaction between these molecules and the germanene sheet to -
0.96 eV(-92.63 kJ/mol) and -0.50 eV (-48.24 kJ/mol) for CO, and -0.66 eV (-63.68 kJ/mol) and -
0.61 eV (-58.86 kJ/mol) for the H,S molecule 37. Doping of B and Al atoms in graphene has been
found to increase the sensitivity of graphene sheets towards the detection of toxic gases (NO, and
NO) by enhancing the interaction of graphene with gas molecules?!. N- and P-doped graphene has
been proposed as a promising candidate for different energy conversion reactions, including CO,
reduction reactions (CO,RR) and oxygen reduction reactions (ORR)*!42, Seema et al. have studied
the gas adsorption capacity (for N,, CO,, H, and CHy) of S-doped microporous carbon materials*,
which revealed that these S-doped materials exhibit a large adsorption capacity (4.5 mmol g-') and
high selectivity for CO, molecules over H,, N, and CH4*. Doping with B and N atoms has been
found to increase the strength of interaction between CO, and graphene-like BCN materials*+43.

In addition, some hydrophobic surfaces have also been found suitable for CO, capture?®.

Here, we report our investigation of the adsorption and activation of CO, on pristine (PG),
vacancy-containing (VG), and X-doped (X=B, Al, N, P, S) goldene sheets. We have explored the
formation of mono-, di-, and tri-vacancies, denoted by MG, DG, and TG, respectively. The
adsorbent characteristics are characterized through adsorption energy calculations, partial density
of states (PDOS) analysis, changes in the electronic band structure (EBS), and charge density plots.
The results of our investigation will provide insight into surface-adsorbate interaction phenomena,

which improve the reactivity of goldene-based substrates.

2. Computational Methodology

The calculations in this work are based on the density functional theory (DFT) as implemented in

the Quantum Espresso simulation package 7. Our calculations employ the generalized gradient
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approximation (GGA)*® as proposed by Perdew, Burke and Ernzerhof (PBE),* to describe the
electronic structure of the considered systems*’. For an accurate representation of the dispersion
interactions, Van der Waals (vdW) interactions were implemented via the Grimme-D3 method>'.
The projector-augmented wave (PAW) method was used for the precise modelling of both valence
(outer) and core (inner) electrons?. A well-converged energy cutoff of 42 Ry along with a 9x9x1
k-points mesh to sample the Brillouin zone were utilized in the geometry optimization and post-
relaxation calculations. The atomic positions were relaxed until all forces came to within 0.01 eV
on each atom and the total energy change was minimal (within 10-7). To eliminate the interactions
between neighbouring slabs, a vacuum of 12 A was introduced in the Z direction, i.e. perpendicular
to the monolayer. A 5x5x1 supercell, consisting of 25 Au atoms, was considered when studying
the CO, activation calculations. The vacancy defect formation energy (Ey), binding energy (Ex 1)
of different dopants (X= Al, B, N, P, and S), and adsorption energy of CO, on various goldene
sheets are determined by equations (1), (2) and (3) respectively.

(N—mn)

Ef = Eqefect — TEsheet (1)
EX_b = Eau+x — (Esheet + EX) (2)
Ead = Esheet+C02 - (Esheet + ECOZ) (3)

Where in equation 1, N represents the total number of Au toms in the goldene sheet and n denotes

number of Au atoms removed from the goldene sheet. Egerec¢ 1s the energy of the goldene sheet
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with vacancy defect(s).

Eauixs Esheetrco2, Esneets Ecoz and Ex are the total energies of X-doped goldene, goldene with

adsorbed CO,, pristine goldene, the CO, molecule, and a single X atom, respectively.

3. Results and Discussion
In this section, we present our results on the structural details of pristine goldene, followed by the
results and discussion on the effects of vacancies (mono, di, and tri) and doping (B, Al, N, P and
S) on the electronic and geometrical properties of the goldene sheets. Subsequently, we discuss

the CO, adsorption results on the pristine, vacancy-containing, and doped goldene sheets.

3.1 Structural Details and Electronic Properties of Pristine Goldene (PG)
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The 2D goldene monolayer is a hexagonal closed-packed (HCP) nanosheet of Au atoms that
belongs to the P6/mmm space group (#191)!. The unit cell of goldene consists of only one Au
atom, shown in Figure 1(a) ¢!, The cell parameter of goldene is 2.75 A, which is smaller than
that of silicene (3.86 A) but larger than that of graphene (2.46 A)3*. Unlike silicene, germanene,
and plumbene, the goldene monolayer is a flat 2D nanosheet similar to graphene. Our calculated
cell parameter, Au-Au bond length, and bond angle of PG are 2.74 A 2.73 A, and 60.0°,
respectively, which are in good agreement with earlier reported experimental' and computational®
works (Table 1). To gain a deeper understanding of the electronic properties of goldene, projected
density of states (PDOS) and electronic band structure (EBS) have been computed and are plotted
in Figure 1b, which shows a finite number of electronic states around the Fermi level, indicating
its metallic character. A similar distribution of electronic energy levels was reported earlier by
Yang et al. '. The electron of the outermost s-orbital of the Au atom (6s') is attached to the core
with a weak electrostatic interaction. It can move freely throughout the material, i.e. in the
conduction band (above the Fermi level) at room temperature. This phenomenon can be seen easily
from the EBS, where one of the energy levels of the valence band crosses the Fermi level between
two high symmetry K-points I and K. Thus, the d-electrons which occupy the outer shell of the Au
atom and are involved in chemical bonding, jump into an energy state where they behave like free
electrons. PDOS analysis shows that for a PG nanosheet, the significant contribution to the valence
band arises from the d-orbitals of the Au atom.

Table 1 Calculated values of the lattice cell parameters a and b (A), bond angle 6 (°), and bond

length 1 (A) of pristine goldene (PG) and comparison with earlier experimental* and
computational! works

a b 0 1
Present Work 2.74 2.74 60° 2.73
Yang et al.’ 2.75 2.75 --- 2.75
Kashiwaya et al.? 2.75 2.75 --- 2.62
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Figure 1 (a) Relaxed supercell of pristine goldene (PG) with highlighted unit cell consisting of
one Au atom (b) Projected density of states (PDOS) (left) and electronic band structure (EBS) of
pristine goldene sheet (right), where dotted black lines in these plots represent the Fermi level (E¢
=0). We have marked the investigated CO, adsorption sites on goldene as A, B, and C in Figure

I
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la. The unit cell of goldene consists of only one Au atom (Figure 1a) and PDOS as well as EBS
plots (Figure 1b shows the metallic character of goldene)

3.2 Vacancies in Goldene

In this section, we investigate the formation of mono-, di-, and tri-atom vacancies in the goldene
sheet, where we have first considered the effect of supercell size, i.e. how the vacancy
concentration affects the defect formation energies. We first calculated the defect formation energy
(E¢) for a mono vacancy from equation (1) to be -1.59, -1.56, and -1.54 eVs for a 4x4x1 (6.25 %
coverage), 5x5x1 (4.00 % coverage) and 6x6x1 (2.78 % coverage) supercell, respectively [Figure
2 (a)]. In the case of di-vacancies [Figure 2 (b)], the defect formation energies for 4x4x1 (12.5 %),
5x5x1 (8.00 %), and 6x6x1 (5.56 %) supercells were calculated to be -3.00 eV, -2.93 eV and -
2.80 eV, respectively. For the formation of tri-vacancies, we have considered three different
configurations, namely an angle, line and triangle, as shown in Figure 2(c). The E¢ values for the
triangle, line, and angle defects were calculated at -3.65 eV, -4.16 eV and -4.25 eV, respectively
(in a 5x5x1 supercell with a 12.00% defect concentration), indicating that the angle-type is
the most stable tri-vacancy in the goldene sheets. The magnitude of these Er energies are greater
than in silicene with mono- (-3.62 eV), di- (-4.32 eV), and tri-vacancies (-5.79 eV)*, indicating
the larger requirement of energy to form vacancies in goldene compared to silicene with goldene
therefore being more resistant against the formation of vacancies in its structure. In all three cases,
i.e. mono-, di-, and tri-vacancy structures, Au-Au bond lengths near the vacancies contract from
2.74 A to 2.68 A, while the bond angle increases up to 61.15° from its initial value of 60°. This
change in bond lengths and bond angles of surrounding atoms is a common consequence of defect
formation due to the redistribution of interatomic forces to achieve lower energy states. Creating
mono-, di-, and tri-vacancies yields six, eight, and nine dangling bonds, respectively. Table 2
summarizes the calculated E¢ along with structural parameters of various vacancy-containing
systems of the goldene monolayer. The relaxed structures of MG, DG and TG for the 5x5x1
supercells are shown in Figure 2, while the structures of the 4x4x1 and 6x6x1 supercells are shown
in Figure S1 of the supplementary information (SI). We have plotted the PDOS (and EBS) of
mono, di-and angle tri-vacancy (angle) goldene sheets in Figure 3 (and Figure S2), where we note
zero band gap in all three cases. We observed that the goldene sheet preserves its metallic nature

and flat geometrical structure without buckling even after vacancy formation.
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(d) (e) ®
Figure 2. Relaxed structures of (a) mono-vacancy goldene (MG) and (b) di-vacancy goldene (DG)
sheets, (c) three possible cases of a tri-vacancy in goldene (TG) sheet, with relaxed structures of
(d) line tri-vacancy, (e) triangle tri-vacancy, and (f) angle tri-vacancy.

Table 2 Defect formation energy E¢ (eV), Au-Au bond length 1 (A), Au-Au bond angle 0 (°) of
MG, DG and TG systems

System Supercell/Defect Concentration E; 1 0
4x4x1 (6.25%) -1.59 2.69 58.32°
MG 5x5%1 (4.00%) -1.56 2.76 61.15°
6x6x1 (2.78%) -1.54 2.74 60.12°
4x4x1 (12.5%) -3.00 2.70 59.99°
DG 5x5%1 (8.00%) -2.93 2.80 61.32°
6x6x%1 (5.56%) -2.80 2.70 58.44°
4x4x1 (18.75%) -3.68 2.71 60.11°
TG 5%5%1 (12.00%) -3.65 2.76 61.01°
6x6x1 (8.34%) -3.62 2.75 60.84°
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Figure 3 PDOS of (a)PG, (b) MG, (¢) DG, (d) TG, (e) Al@PG (f) B@PG (g) S@PG (h) P@PG
and (1) N@PG systems. The Fermi level (Ey) is set to zero and is represented by a dotted line. In
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all considered systems, the major contribution in the PDOS comes from the d-orbital of the Au
atoms.

3.3 X (=AL B, S, N, P) doped goldene (X@PG)

The structural and electronic properties of doped goldene sheets are discussed in this section. In
Table 3, we have given the structural parameters and binding energies (Ex 1,) of doped X atoms in
a goldene 2D sheet, as calculated using equation (2). The binding energies of Al, B, S, N, and P
atoms with goldene are calculated to be -5.82, -4.65, -4.52, -3.88, and -5.23 eV, respectively.
Goldene retains its flat structure even after doping with the various elements [Figure 4]. A quick
comparison of the Al atom binding with similar 2D materials reveals that the magnitude of E4;
of Al@PG is higher than the binding energy of Al-doped silicene (-5.52eV)> and Al-doped
germanene (-5.00 eV)>¢ indicating that when the Al atom is doped into goldene, it makes stronger
chemical bonds with the crystal lattice of goldene compared to its bonding with germanene and
silicene 2D materials. The maximum elongation of 3.29% in the Au-Au bond length is obtained
through B doping followed by N atom doping (2.56%), where the Au-Au bond length has increased
to 2.82 and 2.80 A, respectively, in B and N atoms doped goldene sheets, making these structures
susceptible to any chemical/molecular activity. The variation in bond length between the Au atoms

(near and away from X atoms) is due to the dopant atoms' sizes and self-charge characteristics.

Next, we investigated the PDOS of different doped goldene sheets and observed finite

electronic states at the Fermi level, as shown in Figure 3, indicating their metallic character. EBSs
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of these doped goldene sheets are given in Figure S2. We have plotted the charge density
difference for different doped structures in Figure 5, and a closer look at charge transfer (Aqx) in
Table 3 indicates that when PG is doped with Al and B atoms, they act as electron donors. In
contrast, S, P and N atoms act as electron acceptors. N, the most electronegative element among
the various dopants, accommodates the most charge of -0.52¢. Figure 3 shows the relaxed

geometries of all X@PG systems in this work.

The strong binding of B or N to a 2D gold sheet is driven by significant charge transfer owing to
differences in electronegativity, orbital hybridization between gold and the dopant atoms, and
possible local structural changes that stabilize the system. B donates electrons to the goldene sheet,
while N attracts electrons from it, both of which strengthen the bonding in their respective ways.

The lack of significant charge transfer in Al-, S-, and P-doped goldene sheets is likely due to

11
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similar electronegativity values to Au (S, P) or larger atomic size and poor orbital overlap (Al).
The orbital interactions and hybridization for these elements do not facilitate significant charge
transfer, unlike when doping with B or N, which both have greater electronegativity differences

and better orbital compatibility with Au.

Table 3 Binding energy Ex 1, (eV), bond lengths 1 (A), Au-Au bond angle 0 (°), and charge transfer
Aqx of X@PG systems

Dopant (X) Ex : 0 Aqx
- Au-Au Au-X Au-Au Au-X

Al -5.82 2.76 2.68 61.99° 60.00° 2.93

B -4.65 2.82 2.64 61.70° 60.00° 0.18

S -4.52 2.76 2.72 61.46° 60.00° -0.38

P -5.23 2.78 2.69 60.88° 60.00° -0.04

N -3.88 2.80 2.66 61.24° 60.00° -0.52
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Figure 4 Top and side views of relaxed (a) B@PG, (b) Al@PG, (c) N@PG, (d) P@PG, and (e)
S@PG for 5x5x1 supercells of goldene. The yellow, green, gray, blue, violet, and red colors
represent Au, B, Al, N, P and S atoms, respectively. All structures retain their flat nature after
doping with the various elements.
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(d) (e)

Figure 5 Top and side view of charge density differences in (a) AI@PG, (b) B@PG, (¢) S@PG,
(d) P@PG, and (e) N@PG systems. Al and B atoms act as electron donors, while S, P and N atoms
act as electron acceptors. (Yellow indicates charge depletion, whereas blue indicates charge
accumulation)

3.4 CO, adsorption on pristine goldene (CO,@PG)

14
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To investigate the activation of CO, at goldene, we have explored different adsorption sites on the
goldene sheet, i.e. on top the Au atom (A-site), at a bridge (B-site), and in the centre of a triangular
Au ring (C-site), as shown in Figure 1(a). We have also tried different initial orientations (both
vertical and horizontal) of the CO, molecules over the goldene sheet. The most stable configuration
of CO, after adsorption is shown in Figure 6, while all other configurations are presented in
Figures S3 and S4 of the SI. We found that the most stable CO, configuration on the pristine
goldene sheet is the one where we initially placed the CO, molecule over the A site in a vertical
orientation, which led to physisorption of the CO, molecule with an adsorption energy of -24.0
kJ/mol energy on a 4x4x1 supercell. We repeated our calculations over 5x5x1 and 6x6x1
supercells and found E,4 to be -24.6 and -24.8 kJ/mol, i.e. showing negligible variation. Hence,
we have carried out all other calculations on a 5x5x1 supercell. Since the CO, molecule remains
almost linear upon adsorption, the interaction between PG and CO, molecules can be considered
physisorption due to strong Van der Waals interactions (Figure 6). After adsorption, the bond
length of the CO, molecule (C-O) was 1.18 A, and the CO, molecule acts as an electron acceptor,
gaining an electronic charge of -0.02 e~ (Table 4). Due to the weak interaction between PG and
CO; molecules, the distribution of energy states in PDOS (Figure 7) and EBS (Figure S5) remains

the same.
3.5 CO; adsorption on partially vacant goldene (CO,@MG, CO,@DG and CO,@TG)

Next, we investigated the interaction of CO, molecules over different vacancy-containing goldene

Published on 08 November 2024. Downloaded by Universitaetshibliothek Kassel on 11/8/2024 10:13:30 AM.

sheets, i.e. mono- (MG), di- (DG) and tri-vacancy (TG) goldene sheets, by placing CO, molecules
over the sheets in different initial configurations and orientations. These configurations include
one O atom of CO, facing Au and another lying above vacancies, a C atom of CO, lying above an
Au atom of goldene (near a vacancy), and an O atom placed near vacancy sites (Figure S6, S7
and S8). The calculated adsorption energies (E,q ¢er), adsorption height and bond lengths of all of

these considered configurations are listed in Table S2 of the SI.

The most stable configurations of CO, adsorbed on each partially vacant nanosheet are tabulated
in Table 4. CO, interacts with MG (configuration MG-1), DG (configuration DG-2), and TG
(configuration TG-3) with adsorption energies of -25.6 kJ/mol, -25.1 kJ/mol and -31.0 kJ/mol,
respectively. Note that the adsorption energies of CO, on PG, MG, and DG are almost the same,
and only on TG it increases slightly, by about ~6 kJ/mol. The adsorption heights of the adsorbate
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above the surface MG, DG, and TG are 2.94 A, 2.55 A, and 2.03 A, respectively. In all cases, the
CO; molecule remains almost linear; thus, similar to CO,@PG, the adsorption of CO, on vacancy-
containing goldenes can be categorized as physisorption. We have also investigated adsorption at
different tri-vacancy defects as discussed in the earlier section, i.e. angle, line and triangle. The
adsorption energy of CO, converges to the same value (-22.73 kJ/mol) for the line and angle tri-
vacancy structures, but at the triangle tri-vacancy it reaches -31.0 kJ/mol. The most stable
configurations of CO, on MG, DG, and TG are shown in Figure 6. All other configurations at
different adsorption sites, along with their adsorption energies and adsorption heights, are provided

in Figures S6, S7, and S8.

In all three cases, the weak physisorption of CO, can be explained through the PDOS, where no
contribution of O and C atoms of the CO, is found near the Fermi level (Figure 7). Also, the
overlapping energy levels of energy states do not disappear, so the systems remain metallic.
Additionally, we have also verified our choice of the 5x5x1 supercell for the CO, adsorption
calculations by repeating the calculations in a 6x6x1 supercell, where we noted only nominal
changes in the CO, molecule adsorption energies, i.e. -26.19 kJ/mol and -29.73 kJ/mol for the DG

and TG systems, respectively, in the 6x6x1 supercell.

We found that vacancies can promote CO, activation where tri-vacancy-containing structures lead
to a CO, adsorption energy, which is 25.6% higher than on the pristine goldene sheets. The
presence of vacancies promotes charge transfer between the CO, molecules and goldene sheets, as

vacancy sites act as electron donors facilitating a better interaction with molecules.
3.6 CO, adsorption on X-doped goldene (CO,+X@PG)

To explore the effect of adding X (= Al, B, S, N, P) dopants in PG on CO, adsorption, various
alignments of CO, molecules near the X atom were investigated (see Figures S9-S13), as
summarized in Table S3 of SI. The adsorption energy (E.q a1) of the CO, molecule on the Al@PG
system (see Al-2 configuration of Figure S9) is found to be -38.0 kJ/mol with an adsorption height
of 2.66 A, which is 1.54 times greater than its value on PG (Figure 6). As the CO, molecule
remains almost linear after adsorption on Al@PG, this can also be considered physisorption.
Before interaction with CO,, the net charge on the Al atom was 2.93e- which remained the same.

After interaction with this doped goldene sheet, the CO, molecule accumulates -0.02 e charge
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(Table S4). Thus, doping the goldene with Al does not contribute to charge transfer and improved

interaction between CO; and goldene nanosheet.

In contrast, the adsorption energy of the CO, molecule is altered significantly by its adsorption on
the B@PG (Figure 6(f)) system (B-2 initial configuration of Figure S10). Here, we note molecular
deformation to a bond angle of 119.9° and an increment in C-O bond length up to 1.35 A, revealing
strong chemisorption and activation of CO, on the B@PG sheet. A comparison with the literature
shows that the adsorption energy of CO, on B@PG (E,q g =-138.9 kJ/mol) is more than that on B-
doped germanene, (-48.24 kJ/mol) %7, indicating that B@PG is a better candidate than B@Ge for
CO; activation. Doping by the B atom in goldene reduces the CO, molecule as the B atom donates
1.37¢" electrons, and the CO, molecule gains -1.22¢"in charge (Figure 8). This net negative charge
on the CO, molecule suggests the initiation of the reduction process in a potential chain of further

reduction reactions towards fuels and chemical products.

The adsorption of the CO, molecule on S@PG (Figure 6(g)) and P@PG (Figure 6(h)) leads to
lower adsorption energies with E,q §=-26.78 kJ/mol (S-1 initial configuration of Figure S11) and

Eaq p=-37.67 kJ/mol (P-1 initial configuration of Figure S12), respectively, due to the relative
inactivity of S@PG and P@PG.

In the case of the N-doped goldene sheet (N@PG), we observe strong chemisorption with a
calculated adsorption energy E.q n = -163.7 kJ/mol (N-1 initial configuration of Figure S13), as
shown in Figure 6(i). Here, we note considerable changes in the geometry of the CO, molecule,

which bends to 120.9 and the C-O bond elongates to 1.28 A. Also, the CO, molecule loses 0.66¢"
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of charge due to activation on N@PG Figure 6(i)). A comparison with an earlier computational
work on CO,; adsorption on the N-doped germanium 2D sheet reveals that the N@PG sheet is
better suited for CO, activation, as the calculated CO, adsorption energy on the germanium sheet
was only -92.6 kJ/mol>’. As such, we only observed strong chemisorption and activation of CO,

molecules onto the B- and N-doped goldene sheets.

We next studied the PDOS and EBS due to CO, interaction with various doped goldene sheets.
For PG, the sharpest peak arises near the -2 eV to -3eV energy range and it remains at almost the
same position even after vacancy formation, doping, and CO, activation. This consistency means
that despite many modifications in atomic arrangements, the electronic properties of goldene (such

as electrical conductivity and metallic nature) are preserved within the energy interval -2eV to -
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3eV. Although the changes generate novel small and sharp peaks (after doping with Al, B and P),
no separation is found between the energy bands. The closely packed energy levels in the EBS

(Figure S5) confirm this trend of electronic characteristics of goldene.

Table 4 Adsorption energy E,q (kJ/mol), adsorption height h (A), bond lengths 1 (A), bond angle
0 (°), buckling height & (A) and charge transfer Aq, of pristine, vacancy-containing and doped

goldene for the most stable configurations of CO, after adsorption

System E.qgs h : 0 0 AQcoz
Au-Au C-O0 Au-X

CO,@PG -24.6 3.15 2.74 1.18 -- 179.9° 0.07 -0.02
CO,@MG -25.6 2.94 2.76 1.17 - 179.8° 0.06 -0.04
CO,@DG -25.1 2.55 2.77 1.18 - 179.8° 0.10 -0.05
CO,@TG -30.9 2.03 2.76 1.18 - 179.7° 0.07 -0.05
CO,+Al@PG -38.0 2.66 2.76 1.19 2.69 178.6° 0.17 -0.09
CO,+B@PG -138.9 1.17 2.92 1.39 3.35 119.9° 0.82 -1.22
CO,+S@PG -26.8 3.40 2.75 1.17 2.99 179.0° 0.31 -0.03
CO,+P@PG -37.7 3.38 2.75 1.17 2.90 179.9° 0.66 -0.02
CO,+*N@PG -163.7 1.20 2.90 1.28 3.59 120.9° 0.84 0.66

In summary, neither n-type (N and P) nor p-type (B and Al) doping can generate a band gap in
goldene. The charge transfer between all considered systems of goldene and the CO, molecule is
shown in Figure 8. After interaction of the CO, molecule with the PG, DG and X@PG systems,
the contribution of the d-orbital of the Au atom remains almost the same, as well as dominating in
the VB. Thus, the d-orbital of the Au atom does not participate in hybridization with the atomic
orbitals of the CO, molecule and it is not involved in bonding with CO,. The interaction arises
through the s and p orbitals of Au and the p-orbital of the O atom of CO, as small peaks of O(p)
orbital appear near -4 eV, which indicates a selective orbital interaction between CO, and the

various goldene systems.

We have summarized the optimized parameters and adsorption characteristics of the most stable

configurations of CO, molecules after adsorption for all considered systems in Table 4. The gold
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5d and 6s orbitals interact with the 2p orbitals of B and N. The B 2p orbitals can overlap with the
Au d-orbitals, leading to some covalent character in the bond and a favorable bonding interaction.
The overlap is even stronger for N owing to its higher electronegativity, causing an enhanced

charge transfer. N can also form strong bonds by drawing electron density from Au.

Although Al shows strong binding to the goldene sheet, its large atomic size, low electronegativity,
and poor orbital overlap with CO, result in primarily physical interactions, leading to
physisorption with minimal charge transfer (-0.09 e). In contrast, B and N enable strong
chemisorption of CO, owing to better charge redistribution and orbital compatibility with both Au
and CO,. B, with its moderate electronegativity and smaller size, loses a small amount of charge
(+0.18) but facilitates significant charge transfer (-1.22 ) upon CO, adsorption, indicating strong
bonding. N, with its high electronegativity and ability to attract electrons (-0.52) from Au, exhibits
a strong interaction, with a charge transfer of 0.66 to CO,. In contrast, P (-3.88 eV) and S (-4.52
eV) demonstrate weaker binding energies to the goldene sheet, which correlates with their limited
charge transfer capabilities upon CO, adsorption. Both P and S have similar or slightly lower
electronegativities compared to Au, leading to poor charge redistribution and weak interactions
with CO,. Their larger atomic sizes and ineffective orbital overlap with CO, contribute to the lack
of significant charge transfer during adsorption, resulting in physisorption rather than
chemisorption. The introduction of Au vacancies in the goldene sheet caused a nominal increase

in CO, adsorption energies by providing more suitable interaction sites. Our findings provide

Published on 08 November 2024. Downloaded by Universitaetshibliothek Kassel on 11/8/2024 10:13:30 AM.

valuable insights into CO, activation mechanisms and underscore the potential of goldene for

electrochemical CO, conversion applications.

We would like to emphasize that the present work employs calculations based on the GGA and
PBE methods which are widely accepted approaches to describe the electronic properties and
catalytic characteristics of 2D materials. Moreover, although we understand that the choice of
functionals may affect the absolute values of the calculated adsorption energies, the observed

trends of interaction strength and the nature of adsorption will remain unchanged.
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Figure 6 Top and side view of most stable configurations of (a) CO,@PG (b) CO,@MG (c)
CO,@DG (d) CO,@TG (e)CO,+Al@PG (f) CO,+B@PG (g) CO,+S@PG (h) CO,+P@PG (i)
CO,+N@PG systems. CO, adsorbs chemically at B@PG and N@PG systems.
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Figure 7 PDOS of most stable configurations of CO, on (a)PG (b) MG (¢) DG (d) TG (e) Al@PG
(f) B@PG (g) S@PG (h) P@PG and (i) N@PG systems. The Fermi Level is set at zero and is
represented by a dotted line. After CO, adsorption, goldene remains metallic.
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Figure

8 Top

and side view of

charge density

difference after CO, adsorption on (a)PG (b) MG (c) DG (d) TG (e) Al@PG (f) B@PG (g) S@PG
(h) P@PG (i) N@PG systems. Maximum charge transfer at B and N doped occurs between CO,
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and B@PG system. (Yellow indicates charge depletion, whereas blue indicates charge
accumulation)

4 Conclusion

In this work we have employed DFT-based simulations to investigate CO, adsorption and
activation on pristine, partially vacant, and doped 2D goldene sheets. We first explored the
interaction of the CO, molecule with PG, which exhibited weak physisorption with an adsorption
energy of -24.6 kJ/mol. We next engineered defects in goldene sheets by introducing vacancies,
where we investigated single, double, and tri-vacancy systems. From our calculated values of the
defect formation energies, we can conclude that goldene is susceptible to vacancy formations. The
presence of vacancies slightly enhances the interaction of CO, with the goldene sheet, with
calculated adsorption energies of -25.6 kJ/mol, -25.1 kJ/mol, and -31.0 kJ/mol for MG, DG, and
TG, respectively. After the vacancy creation and interaction with the CO, molecule, goldene
remains metallic. We have further explored the effects of adding different dopants (Al, B, S, N, P)
on the CO, activation characteristics of goldene sheets and found that B and N doping activates
CO; on the goldene sheets. Our computational investigations of pristine, vacancy-containing, and
doped goldene sheets highlights the significant differences in CO, activation mechanisms that can

be obtained when the goldene sheets are adapted through vacancy formation or doping.
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Supplementary Information

We have provided all investigated configurations of CO, molecules on the pristine, vacancy-
containing and doped goldene nanosheets in the supplementary information (SI). Figure S1
represents mono-, di-, and tri-vacancies in the 4x4x1 and 6x6x1 supercells of goldene. The EBS
of defective and doped goldene is shown in Figure S2. Figures S3 and S4 show CO, adsorption
on the 4x4x1 and 5x5x1 supercells of pristine goldene, respectively. Figure S5 represents the
EBS after the adsorption of CO, at different goldene systems. Figures S6, S7 and S8 represent
CO; adsorption at mono-, di-, and tri-vacancy goldene sheets. Figures S9, S10, S11, S12 and S13
show CO, activation on Al, B, S, P, and N-doped goldene sheets, respectively. The adsorption
energies, heights, bond lengths and bond angles of the CO, molecule after adsorption on the
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pristine, vacancy-containing and doped goldene are summarized in Tables S1, S2, and S3,

respectively. Table S4 contains the Bader charge transfer for dopants and CO, molecules.
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