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ABSTRACT

Goldene is a novel two-dimensional monolayer (2D) of gold atoms arranged in a hexagonal close-
packed crystal lattice. In this study, we have employed density functional theory (DFT)
calculations to investigate CO> activation on doped goldene sheets (G_x, where X represents the
dopant). We targeted three distinct categories for the doping process: Alkali metals (AMs = Li,
Na, K, and Rb), alkaline earth metals (AEMs = Be, Mg, Ca, and Sr), and non-metals (NMs = C,
O, and Se). Our study reveals that Be doping leads to the most robust structure among all
considered G_x sheets, with a binding energy (Ev) of -4.73 eV, whereas AEM dopants are found
to bind more strongly with goldene compared to AM dopants. No dopant was able to induce a gap
between the energy bands, and the goldene preserves its metallic character and flat geometry even
after doping. The CO2 molecule adsorbs on AM-doped goldene sheets with a high adsorption
energy (Eads) but remains linear after adsorption. However, in the case of AEMs, CO2 chemically
adsorbs on the G_g. sheet and becomes activated by bending (136.28°). The presence of NMs (C

and O) enhances the chemical activity of goldene towards CO> conversion.
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Introduction

Humanity faces an unparalleled challenge from climate change, largely fuelled by the regular
growth in anthropogenic carbon dioxide (COy) in the atmosphere [1]. To address this threat,
advanced innovative strategies are required to mitigate the environmental impacts of CO:
emissions [2]. Carbon capture and utilization (CCU) is a vital technology for combating the
challenges posed by growing carbon emissions [3], providing economically viable and sustainable
solutions [3]. The key approach of CCU is the conversion of captured CO; into valuable chemicals

and fuels, which helps to meet rising energy demands and achieve CO; reduction goals [3].

Atomically thin monolayers of two-dimensional (2D) materials have garnered considerable
attention because of their exceptional and unique properties [4]. Encouraged by the successful
synthesis of graphene, numerous 2D materials have been synthesized and utilized in diverse fields,
including catalysis, gas sensing, optoelectronics, and energy [5]. MXenes [6], transition metal
dichalcogenides (TMDs)[ 7], borocarbo nitrides (BCN) [8], and 2D transition metal oxides (TMO),
along with their derivatives, with weak interlayer bonding and sheet-like geometry, exhibit high
chemical activity and large surface areas when exfoliated [9]. These characteristics lead to
superlative magnetic, photonic, and catalytic properties, different from their bulk counterpart,

providing impressive advantages in different applications [10].

2D mono-elemental Xenes are a novel category of 2D materials that have gained significant
attention after borophene and phosphorene showed exceptional performance in nanotechnology
[11]. This distinct class of 2D materials, including silicene [12], stanene, germanene, arsenene
[13], antimonene [13], selenene [14], tellurene [15] and bismuthene [16], could be applied to
address challenges in healthcare, environment, and electronics [11]. Furthermore, these 2D
materials effectively activate the linear CO2 molecule on their surface and initiate its conversion
process [ 16]. Although there is a plethora of potential applications for these materials, it is essential
to engineer them to improve their performance and durability [17], for example through surface
functionalization [18], strain engineering [19,20], doping/decoration [21], alloying [22] or defect
creation [23], where the selection of a particular engineering technique is based on the nature and
application of the material [23]. Among these techniques, doping by foreign atoms is the most
fundamental way to modify the active sites, catalytic performance, local electronic distribution,

and surface morphology of 2D materials for applications in electrocatalysis [23,24]. Several



theoretical and experimental studies are available in the literature that have evaluated the CO>
adsorption capacity of doped 2D Xenes and demonstrated that doping can be utilized to enhance
the CO; uptake of Xenes [10, 17]. These dopants may be alkali metals (AM) [25], alkaline earth
metals (AEM) [26], transition metals (TM) [27], or non-metals (NM) [28]. AMs and AEMs possess
high electro-positivity, and they donate electrons easily [25, 26]. This electron-donating nature
facilitates the interaction and charge transfer between CO2 and the adsorbent materials, leading to
high adsorption energies along with the activation of the linear CO> molecule, ready for its
electrochemical conversion. Lalitha ef al. [29] employed density functional theory (DFT)
calculations to study the adsorption of H», CO>, NH3 and CH4 at pristine and Ca-doped
phosphorene [29]. They found that CO2, H2, and CH4 gas molecules are physically adsorbed at
pristine phosphorene with binding energies of -0.147, -0.049, and -0.318 eV, respectively, while
NH3 exhibits a maximum adsorption energy of -0.546 eV. When phosphorene is doped with single
Ca atoms, the binding energies of CO2, H2, CH4, and NH3 increase to -2.932, -3.009, -3.956, and -
4.875 eV, respectively, showing chemisorption of these gas molecules at the surface of Ca-doped
phosphorene [29]. Ebrahimi er al. [30] investigated the adsorption behaviour of various gas
molecules (CO, H2S, CO2, SO2, and NO») at alkali metal (Li, Na, K, Rb, Cs) doped phosphorene
[30]. Their study revealed that Li-decorated phosphorene is the most robust sheet and leads to
maximum binding energies with the considered gases [30]. A theoretical study by Zhu et al. [31]
has demonstrated that the presence of Li atoms at the surface of silicene results in high CO> storage
capacity (-0.19 eV), whereas pristine silicene is not suitable for CO> adsorption due to weak-
physisorption [30]. Arefi et al. [32] studied the effect of adding Na atoms on the CO and CO;
adsorption characteristics of borophene. The CO and CO» molecules were found to bind with
pristine borophene with energies of -0.328 eV and -0.490 eV, respectively [32], whereas after
decoration with Na atoms, the binding energies of the CO and CO2 molecules become -1.136 and
-0.867 eV [32]. They explained this increase in binding energy by a charge transfer mechanism as
they found that the Na atom transfers charge to these molecules owing to its lesser electronegativity

compared to the B atoms of borophene [32].

To design an efficient catalyst, Xenes can be doped with various NMs (C, O, N, and Se), which
are readily available and inexpensive. Such a catalyst can be operated under harsh reaction
conditions of high temperature and pressure [33,34]. These qualities make them promising

candidates for the large-scale electrochemical conversion of CO> [33,34]. Therefore, along with
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AM- and AEM-doped 2D Xenes, the theoretical investigation of NM-doped Xenes for the catalytic

conversion of CO2 becomes essential.

Gold has historic significance owing to its remarkable stability under extreme conditions and
oxidation resistance [35]. Although the bulk metal is considered catalytically inactive and
chemically inert, its nanoparticles possess outstanding catalytic activity for different chemical
reactions [36]. It has been found that the catalytic performance of its nanoparticles is highly
sensitive to various factors, such as shape, size, nature of substrate, and physical state of the gold
particles [37]. In 2015, Yang and colleagues proposed a highly stable 2D monolayer of gold atoms
arranged in a hexagonal close-packed crystal lattice [38]. They studied various planar and buckled
crystal lattices of gold, including honeycomb, hexagonal close-packed, square, and tetra-
coordinate structures, and they found that the most stable 2D structure for freestanding Au atoms
is the planar hexagonal close-packed structure [37]. This 2D monolayer corresponds to the top
layer of an Au(111) surface and characterizes a 2D delocalized gas [37]. Wang ef al. [38] have
fabricated monatomic (with a thickness of 0.6 nm) 2D membranes of Au atoms through in-situ de-
alloying inside a transmission electron microscope (TEM) [38]. This membrane is highly resilient
when exposed to a high-energy beam [38]. In 2023, Kashiwaya et al. [39] successfully synthesized
a free-standing and single-atom-thick 2D monolayer of Au atoms, named goldene, by wet chemical
etching of Ti3Cz from TizAuC; [39]. They also confirmed the hexagonal close-packed (hexagonal
triangular) structure of goldene as suggested by Yang et al. [37]. Recently, Shi et al. reported the
successful isolation of 2D trilayer-thick gold sheets, referred to as trilayer goldene. These sheets
have a thickness of approximately 6.7 A and were synthesized through selective etching of TisCs
from the newly formed MAX phase TisAusCs. The parent compound is created by thermally
annealing Au-capped Ti4SiCs thin films, where gold completely replaces silicon [40]. Furthermore,
Shun er al. demonstrated the exfoliation of single-atom-thick gold layers, referred to as goldene,
through a wet-chemical etching process that removes TisC: from the nano-laminated precursor
TisAuCz. This precursor is synthesized by substituting silicon (Si) with gold (Au) in the well-
known MAX phase TisSiCz. The method employed is straightforward, scalable, and notably free

of hydrofluoric acid, offering a safer approach to synthesizing two-dimensional gold [41].

Our earlier theoretical study based on DFT has shown that the CO2 molecule interacts physically

with a pristine goldene monolayer with an adsorption energy of -0.27 eV [42]. This physisorption



of CO2 at goldene remains consistent in the presence of mono-, di-, and tri-vacancies with
adsorption energies of -0.27 eV, -0.26 eV, and -0.32 eV, respectively [42]. However, when goldene
is doped with N (n-type doping) and B (p-type doping) atoms, CO2 adsorbs chemically and is
activated, with a negative Bader charge transfer [40]. The adsorption energies of CO, at N- and B-

doped goldene increase up to -1.70 eV and -1.44 eV, respectively [42].

Recent breakthroughs in two-dimensional materials, such as graphene and molybdenum disulfide
(MoS>), have compellingly demonstrated the potential for incorporating alkali, alkaline-earth, and
non-metal dopants. This research paves the way for innovative doping strategies in goldene
materials, enhancing their properties and applications. Ullah et al. reported controllable p-type
doping of monolayer MoS: via sodium (Na) intercalation during the chemical vapor deposition
(CVD) process. X-ray techniques confirmed the incorporation of sodium (Na) into the MoS:
lattice, resulting in p-type carrier conduction. Additionally, the photo response of the MoS:
photodetector improved approximately twofold compared to a pristine MoS: photodetector,
indicating enhanced optoelectronic properties [43]. The experimental study of Marchianai et al.
demonstrated potassium (K) intercalation into few-layer graphene (FLG), achieved through
deposition in ultra-high vacuum conditions. This process resulted in significant changes in the
electronic properties of graphene, including increased conductivity and the emergence of n-type
behavior [44].Chapman et al. experimentally demonstrated that the intercalation of calcium (Ca)
in graphene laminates induces superconductivity at temperatures of around 6 K. The study found
that Ca is the only dopant among several tested (including potassium, cesium, and lithium) that
induces superconductivity in graphene laminates. The transition temperature was found to be
strongly dependent on the confinement of the Ca layer and the induced charge carrier concentration
[45]. CO: activation is a fundamental criterion for any electrocatalyst. This study focuses on
identifying doped goldene systems capable of activating CO-, thus providing a basis for further
investigations into complete CO- reduction pathways. In this study, we have continued our study
of CO: adsorption at goldene, here investigating metal- (AM and AEM) and non-metal-doped
goldene monolayers (G_x, X=Li, Na, K, Rb, Be, Mg, Ca, Sr, C, O, and Se) through first-principles
calculations based on DFT. We confirm the nature of the interaction and activation of the CO;
molecule at G_x by projected density of states (PDOS), electronic band structure (EBS), Bader

charge transfer between CO; and G_x, charge density difference, and work function plots.



2. Computational Details

All the calculations performed in this study are conducted with the Quantum Espresso (QE) [46]
simulation package based on the density functional theory (DFT) [47]. The generalized gradient
approximation (GGA) [48] in the form of the Perdew-Burke-Ernzerhof (PBE) [49] functional is
utilized for the approximation of the exchange-correlation functional. The projected augmented
wave (PAW) [50,51] approach is used to treat the interaction between electrons and ions and
describe the behaviour of core and valence electrons. The Grimme-D3 [52] method is incorporated
to include long-range interactions and Van der Waals correction, which improves the accuracy of

dispersion forces between molecules and distinct atoms.

The freestanding goldene is modelled by a 5x5x1 supercell, which comprises 25 Au atoms. A
vacuum of 12 A is applied perpendicular to the plane of the goldene supercell (in the z-direction)
to avoid interactions between the periodic images of repeated cells. Integration of the Brillouin
zone is carried out by a Monkhorst-Pack grid of 9x9x1 for structural optimization and relaxation
and 18x18x1 for density-of-states (DOS) calculations. A well-converged cut-off energy of 570 eV
is applied in all calculations, and full relaxation of the structures is deemed to have been achieved
when the residual force on individual ions is less than 0.01 eV/ A. The amount of charge transfer
between CO; and different goldene sheets is obtained by the Bader charge transfer method [53].
The binding energies (Ep) [54] of different dopants with the goldene monolayer, cohesive energy
(Ec) [55], and the adsorption energies (Eads) [56] of the CO2 molecule at various doped goldene

sheets are calculated by equations (i), (ii), and (iii), respectively.

Ep = Esheet+x — Esheet — Ex (1)
_ Esheet+x—n1(Eay)—n2(Ex) ..
E. .= - (i1)
Eads = Esheet+x+co2 — Esheet+x — Eco2 (iii)

where Espeet+x+c02, Esheet+x, and Esheet are the total energies of the system with CO» adsorbed at G_x

sheets, G_x sheets, and pristine goldene sheets, respectively.

Ex, Eau, and Ecoz are the total energies of the X atom, Au atom, and isolated CO> molecule,
respectively. nl and n2 represents total number of Au and X atoms and n is the total number of

atoms in the sheet.



The work function (W), which is defined as the difference between the vacuum and Fermi energy,

is calculated by equation (iv) [57].
W = dyqc — Ef (iv)
Where, ¢vac and Er represent the vacuum and Fermi energy, respectively.
3. Results and Discussion

Goldene is a 2D planar monolayer with one Au atom in its unit cell and the Hexagonal P6/mmm
(#191) space group as shown in Figure 1. The optimized cell parameters (a = b = 2.74 A) are
found to be in good agreement with earlier theoretical [37] as well as experimental results [39].
The average Au-Au bond length and in-plane bond angle are 2.73 A and 60°, respectively. In order
to obtain insights into the distribution of atomic orbitals and energy levels, we have plotted the
projected density of states (PDOS) and electronic band structure (EBS) of the goldene monolayer
(Figure S1 of the supplementary file). Our plotted PDOS and EBS profiles agree well with the
plots of Yang et al. [37]. From Figure S1, it is clear that pristine goldene shows metallic behaviour
as no energy gap is found in the PDOS between the valence band (VB) and conduction band (CB)
near the Fermi level (E¢). In the EBS, one energy level of a nearly free electron crosses Er midway,
which signifies that electrons from the VB are donated to the free electron gas. Thus, akin to bulk
Au, the 2D monolayer of Au also possesses diamagnetic and metallic behaviour. In PDOS, the
major contribution in the VB arises from the d-orbital of the Au atom, while s- and p-orbitals
contribute equally near Er. Figure 1 represents the crystal structure of a 2D goldene monolayer

and the dopant site considered for the doping by various Ams, AEMs, and NMs dopants



_ AM (Alkali Metals)
(Li, Na, K, Rb)

= _J AEM (Alkaline Earth
Metals)

(Be, Mg, Ca, Sr)

— NM (Non-Metals)
(C. 0O, Se)

Figure 1 Schematic (top and side view) of 551 supercell of goldene with different dopants (AMs,
AEMs and NMs). Au atoms in 2D goldene monolayer are arranged in planar hexagonal closed
packed (triangular) crystal lattice. Black rhombus (in dotted line) represents the unit cell of goldene

monolayer which contains one Au atom. Yellow spherical balls represent Au atoms.

3.1 X-doped goldene (G_x)

In this section, we discuss the structural and electronic properties of various doped goldene sheets
(G_x). To design G_x sheets, one Au atom from the middle of the goldene supercell is replaced by
an X atom (Figure 1). The relaxed geometries of various G_x sheets are shown in Figure 2. The
binding energies along with Bader charge transfer onto the X atoms, as well as the relaxed Au-Au
and Au-X bond lengths of all considered sheets, are summarized in Table 1. For AM dopants (Li,
Na, K and Rb), the maximum Ey is found for the Li atom at -3.94 eV with a Bader charge transfer
of 0.86 e and both relaxed Au-Au and Au-Li bond lengths of 2.69 A, whereas the Ey for Na, K
and Rb atoms are -2.74, -1.42 and -0.75 eV, respectively (Table 1). Thus, the Li atom forms the
most robust chemical bond with the Au atoms of goldene, whereas the Rb atom is bound most

weakly among all the AM dopants. As a result, the Au-X bond length is longest for Rb (2.86 A)



and shortest for Li (2.69 A) dopants. After doping with the Rb atom, the Au-Au bond length of
goldene also elongates from 2.74 A to 2.87 A.

The order of Ep for the AEM dopants is Be (-4.73 eV) > Ca (-4.69 eV) > Mg (-4.33 eV) > Sr (-
3.79 eV) (Table 1). Comparison between the G_r;i and G_ge sheets shows that G__; is more stable.
Furthermore, the introduction of Be atom in goldene causes a contraction of 3.65% in Au-Au
spacing. Although Sr (-3.79 eV) exhibits the lowest Ep in the AEM series, even this value is five
times higher than the E, of Rb, which possesses the lowest Ep, in the AM category. If we exclude
Sr, Ep of all AEM dopants is higher than the Ey of Li. Thus, AEM-doped goldene sheets are more
energetically stable than of AM-doped goldene sheets. The negative sign of E indicates that all
dopants form stable chemical bonds with the goldene monolayer and the doping process of goldene
with AEM dopants is thermodynamically favourable. Owing to the lower electronegativity of AMs
and AEMs compared to Au, they lose electrons and gain a positive Bader charge, while the goldene
monolayer acts as an electron acceptor (Figure 3). The donated electrons from the AEMs and AMs
are populated in the conduction band (CB), which do not, however, change the existing distribution
of energy levels in the EBS, and the goldene monolayer therefore remains metallic. AEMs are
more electronegative than AMs owing to their higher ionisation potential. Since the ionization
energy and electronegativity decrease as the atomic radius increases down the group in the periodic
table, their ability to donate electrons is enhanced. As a result, the work function (W), defined as
the minimum energy required to remove an electron from the material’s surface, also decreases.
As such, G riand G ge sheets exhibit the highest W (5.42 eV and 5.34 eV, respectively) among the
considered AM and AEM dopants.

In contrast, all NMs act as electron acceptors owing to their higher electronegativity, and they
become negatively charged after doping in the goldene monolayer. In the PDOS (Figure 4) of the
G_nw sheet, a small peak of a p-orbital arises near E, which confirms hybridization of the p-orbital
of the NMs with the s-orbital of the Au atoms of the goldene monolayer. However, this
hybridization does not cause significant asymmetry in the PDOS near the Erand is unable to create
a gap between VBs and CBs (Figure S2). Even after doping of AMs, AEMs, and NMs, the goldene
monolayer remains flat without evidence of buckling. The Ey of C, O, and Se NMs with the pristine
goldene are -4.02, -3.89, and -4.42 eV, respectively. The higher Ey of the C atom than O is due to

the formation of a covalent bond between the Au and C atoms, whereas the nature of the Au-O
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bond in the Au/O sheet is partially ionic due to the formation of the metal-oxygen bond. O is more
electronegative than C and attracts more (-0.70 e°) electron density than the C atom (-0.24 ¢). The
Se atom forms the strongest covalent bond with the Au atoms of goldene among the NMs.
Furthermore, the large atomic radius of the Se atom compared to the O and C atoms leads to the
Se atom possessing a better spatial fit with pristine goldene leading to a high Ey, (-4.42 eV) and
stable interaction. The relaxed Au-Au and Au-Se bond lengths are 2.74 A in G_s. sheet, which is
similar to pristine goldene, and the Se dopant atom fits well into the goldene monolayer without
causing elongation or contraction in the Au-Au bond length (Table 1). The calculated W of the
G ¢, G o, and G se sheets are 5.45, 5.63 and 5.49 eV, respectively.

The calculated cohesive energy E. values for all doped goldene systems lie between —2.87 and
—3.03 eV/atom, indicating that the doped sheets are thermodynamically stable. Such large negative
Ec values confirm the strong binding of dopant atoms with the Au lattice, preventing dopant
segregation and ensuring the robustness of the modified monolayers. Among the studied dopants,
alkaline earth metals generally exhibit slightly more negative E¢ values, reflecting their stronger

interaction with the goldene compared to AMs and NMs.

The lattice deformation induced by doping in the goldene sheet was quantified by the deformation
energy (Eder). Alkali dopants show a size-driven increase, Li—Rb: 0.003—0.64 eV, consistent with
local Au—Au ring expansion (d: up to ~2.87 A) and longer Au—X bonds. In the alkaline-earth series,
deformation remains low for small ions (Be 0.04, Mg 0.03 eV) but rises for larger Ca (0.21) and
Sr (0.46 eV), reflecting increasing size mismatch. Non-metal dopants (C, O, Se) yield negligible
Eder (0.01-0.07 eV) and minor bond adjustments, indicating the lattice largely preserves its

framework with only localized distortions around the dopant.

The calculated work function (W) of pristine goldene was found to be 5.48 eV. The W values for
all doped configurations are reported in Table 2. AM dopants, particularly K (5.16 ¢V) and Rb
(5.06 eV), as well as heavier AEM dopants Ca (5.07 eV) and Sr (4.97 eV), markedly reduce the W
relative to the pristine sheet, indicating increased surface electron density and a tendency to donate
electrons to adsorbates. In contrast, electronegative dopants such as O increase W to 5.63 eV,

reflecting electron depletion from the surface.

L



Table 1. Calculated binding energies Ey, (eV), cohesive energies E¢ (eV/atom), deformation energy

Eaer (€V), bond lengths di and d» (A), Bader charge transfers Aqx and work functions W(eV) of the

different G_x sheets.

Dopant X Eb E. Eder di (Au-Au) d2 (Au-X) Aqx A%

Li -3.94 -2.99 0.003 2.69 2.69 0.86 5.42

Na -2.74 -2.95 0.11 2.75 2.76 0.77 5.38

AM K -1.42 -2.89 0.44 2.84 2.83 0.71 5.16
Rb -0.75 -2.87 0.64 2.87 2.86 0.72 5.06

Be -4.73 -3.03 0.04 2.64 2.64 1.95 5.34

AEM Mg  -433 -3.01 0.03 2.73 2.72 1.54 5.23
Ca -4.69 -3.02 0.21 2.78 2.79 1.38 5.07

Sr -3.79 -2.99 0.46 2.83 2.84 1.37 4.97

C -4.02 -3.00 0.02 2.66 2.65 -0.24 5.45

NM (0] -3.89 -2.99 0.01 2.68 2.68 -0.70 5.63
Se -4.42 -3.01 0.07 2.74 2.74 -0.12 5.49
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Goldene G_Li=-3.94 eV G_Na=-2.74 eV
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Figure 2 Relaxed geometries of (a) pristine goldene sheet and sheets doped with AMs (b) Li, (c)
Na, (d) K; AEMs (e) Rb, (f) Be, (g) Mg, (h) Ca, (i) Sr; and NM (j) C, (k) O, (1) Se, showing the

binding energies of different dopants. G _ge is the most robust structure among the G _x sheets.
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Figure 3 Charge density difference and Bader charge transfers at goldene sheets doped with AMs
(a) Li, (b) Na, (c) K; AEMs (d) Rb, (e) Be, (f) Mg, (g) Ca, (h) Sr; and NMs (i) C, (j) O, (k) Se.

AMs and AEMs act as electron donors, while NMs act as electron acceptors.
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found to be metallic in nature
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3.2 CO: adsorption at X-doped goldene (CO2+G_x)

In this section, we discuss the adsorption of a CO2 molecule on different X-doped goldene sheets.
The adsorption was studied by placing a CO2 molecule in different configurations and alignments
at all possible adsorption sites (Figure S3-S5). The key configurations included placing the C or
O atom of the CO2 molecule above an X atom or between the dopant X and neighbouring Au
atoms. All of these structures were fully relaxed to obtain the most favourable configuration of
CO; at the G_x sheets. The calculated adsorption energy Eags (eV), adsorption height h (A),
optimized bond lengths d (A), bond angle 0 (°), and Bader charge transfer Aqco2 for the most stable

configurations are summarized in Table 2.

Table 2: Adsorption energy Eads(eV), deformation energy Eqer (eV), adsorption height h (A), bond
lengths d1, da. d3 and ds (A), work function W(eV), , CO2 bond angle 0 (), and Bader charge transfer

on dopants Aqx and most stable COx configurations Aqcp,on different doped goldene sheets

Sh Eads Edef h dl d2 d3 d4 0 A A W
eets X q
eV) (eV) (Au-Au) (Au-X) (C-0) (X-0) a €0
1.99,
G L -042 -0.007 3.98 2.68 2.82 1.17 433 179.99  0.88 -0.006 5.34
4.54,
G N2 -0.82 -0.58 3.01 2.69 3.09 1.17 154 179.99  0.85 -0.02 5.17
5.17,
G k -229 -2.04 3.00 2.68 3.47 1.17 s 17 179.98 0.86 -0.03 5.01
5.41,
G r -296 -2.72 3.03 2.68 3.61 1.17 s 1 179.99  0.86 -0.03 4.99
1.39,
G B -037 055 249 2.69 3.13 1.23 545 136.28 1.95 -0.67 5.54
2.18,
G mg -043 0.07 3.09 2.71 2.73 1.16 316 178.46  1.56 -0.03 5.20
4.11,
G ca -084 -0.61 347 2.70 2.98 1.17 450 179.30 1.46 -0.03 4.96
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G_c

G o

4.64,

Gs -1.66 -142 312 270 3.3 1.17 17936 149  -0.03
4.64
1.19,

-1.84 072 128 271 413 138 s 13679  0.09  -0.41
1.82,

-1.18  0.003 136 291 342 127 L6 122.83 -1.55 049
3.62,

G.se -026 -001 3.04 273 278 117 \ 6 179.56  -0.11  -0.03

4.86

5.64

5.82

5.45

After relaxation, the most stable configuration of the CO2, molecule at the Li-doped goldene sheet
was found when CO was positioned directly above the Li atom in a vertical alignment, where the
molecule undergoes strong physical adsorption with E, 1 of -0.42 eV (Figure 6). After relaxation,
abond of 1.99 A is formed between the Li dopant and the O atom of the adsorbed CO-, as shown
in Figure 6. The strong Van der Waals interaction between CO2 and G_ri pulls the Li atom
upwards, and the Au-Li bond length increases from 2.69 A to 2.82 A (Figure 6). The outermost s
and p orbitals of the Li and O atoms overlap and the Li atom becomes more positive as it transfers
electron density to the O atoms of the CO2 molecule (Figure 7 and 8), which leads to the formation

of a sigma bond (polar covalent bond) between the Li and O atoms.

In contrast to the Li-doped goldene, for the other G_awm sheets, the maximum Ea_am is found when
the CO2 molecule is placed horizontally (parallel to the doped goldene sheets) above the doped
AMs. For the Na-doped goldene sheet, we found Ei na to be -0.82 eV, reflecting strong
physisorption. As seen on all AM-doped goldene sheets, the geometry of the adsorbed CO»
molecule remained linear, with a C-O bond length of 1.17 A. The CO2 molecule bound to the
surface of the G k sheet with an energy of -2.29 eV at a height of 3.00 A due to a negative charge
transfer of -0.03e". Since among the G am sheets G rp possesses the lowest W, it promotes the
charge transfer mechanism between CO2 and the G rp sheet, leading to an Eags of -2.96 eV. Thus,
the maximum interaction of CO2 among all the G_awm sheets takes place at the G_rp sheet owing

to the negative charge transfer (Figure 7) of -0.03¢". After adsorption, the doped Na, K, and Rb
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atoms are pushed away from the plane of the goldene monolayer due to the interaction with the
adsorbed CO> molecule, causing an increase in Au-Na, Au-K, and Au-Rb bond lengths by 0.33,
0.64, and 0.75 A, respectively. The Au-Rb bond has lengthened most owing to the strongest
interaction energy Ea am of CO2 with the G_rp sheet, leading to greater distortion of the G_ro

lattice.

When goldene is doped with AEMs, the highest binding strength of CO2 with the G_agwm sheet (Be,
Mg, and Ca dopants) is found when the CO2 molecule is placed horizontally, with one O atom of
the CO; positioned above the AEM dopant and the other O atom located above the nearby Au atom
of the goldene sheet. The Be atom activates the CO2 molecule, where, after activation, the C-O
bond has elongated from 1.17 A to 1.23 A and the molecule is bent to 136.28°. During the
adsorption process, the CO, molecule acts as an electron acceptor owing to the high
electronegativity of the O atoms, and a Bader charge of -0.67¢” accumulates on the molecule. This
negative charge further confirms the reduction of CO at the surface of the Be-doped goldene sheet.
As we move down any column in the periodic table, the polarizability of the elements increases
due to their increasing atomic size, leading to diffuse electron clouds. This increase in
polarizability also promotes the CO2-G_agm interaction, as orbitals overlap and cause dipole-
dipole interactions. This trend results in a progressive increase in Ea_arm of the CO2 adsorbing at
G Mg (-0.43 eV), G _ca (-0.84 eV), and G_sr (-1.66 eV) sheets. The Bader charge transfer to CO2
for the G_mg, G-ca, and G_sr sheets remains almost constant (-0.03 e°), which suggests that the
binding of the CO2 molecule to these sheets predominantly arises due to the physical interactions
rather than chemical interactions. The strong interaction between COz and G-s; creates out-of-plane
shifting of the Sr dopant atom, leading to an elongation by 0.29 A of the Au-Sr bond length.“Thus,
in the AEM dopants, only Be-doped goldene uniquely activates CO:, as evidenced by significant
bending (6 = 136.28°) and high charge transfer (Aqco. = —0.67 ¢°). This arises from small ionic
radius and high charge density of Be atom, which create a strong local field and enhance interaction
with CO, leading to its activation. In contrast, Mg, Ca, and Sr doped goldene sheets exhibit
minimal structural distortion and charge transfer, consistent with weak, physisorption-dominated

binding.”

When the CO2 molecule is placed above the G_nwm sheets, G_c and G_o successfully activate the

CO2 molecule with E, c and Ea 0 of -1.84 eV and -1.18 eV, respectively. When the CO2 molecule
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binds with G_c, it acts as an electron acceptor (-0.41 ¢°) due to the high electronegativity of the O
atom compared to the C dopant atom, where the G_c behaves as an electron donor. In contrast,
electron-rich CO» acts as an electron donor when adsorbed at the G-o sheet. The bond angles of
the linear CO2 molecules bend to 136.79° and 122.83° atthe G_c and G o sheets, respectively. The
relaxed C-O bond lengths of the CO2 molecule expand from 1.17 A to 1.38 and 1.27 A at G_c and
G_o sheets, respectively. Thus, reduction of CO; takes place at the surface of the G_c sheet, which
is a critical step in the catalytic conversion of CO; into valuable chemicals and fuels, whereas, the
oxidation of CO2 at the G_o surface is beneficial for those applications that require milder binding
of the CO, molecule, such as storage, separation and reversible capture in traditional carbon

capture and storage (CCS) technologies.

As discussed in section 3.1, Se-doping of the goldene sheet results in the Se atom possessing
similar structural parameters to those of the Au atom in the goldene monolayer. This similarity is
further confirmed by the adsorption of the CO> molecule at the G_se sheet, which becomes
physiosorbed at the surface of the G_se sheet, similar to its adsorption on pristine goldene. The
Ea se of COz at G_se is -0.26 eV, which is only 0.004 eV higher than its adsorption energy at the
pristine goldene monolayer [42]. This minor difference in energy arises due to a small transfer of
electron density from the doped Se atom to the adsorbed CO»> molecule. The Bader charge of the

CO2 molecule and adsorption height at G_se are also similar to its adsorption at pristine goldene.

In all stable configurations of the CO2 molecule at various G_x sheets, the flat geometry of goldene
and its metallic nature (Figure S6) remain consistent. The adsorption characteristics of all studied
COz configurations at the G_x sheets are summarized in Table S1. Figure 9 shows the calculated
work functions of the doped goldene sheets after adsorption of CO2. The W of G ¢ and G o sheets
with adsorbed CO> are 5.64 and 5.82 eV, respectively, i.e., higher than before CO; adsorption (5.45
and 5.63 eV, respectively). This increase in W for both systems suggests a lowering of the Fermi
level due to the redistribution of electrons and the creation of surface dipoles aligned with their

negative ends towards the vacuum region.

From Eger after CO2 adsorption, it is clear that AM dopants (K and Rb) exhibit the largest structural
response, with strongly negative Eqer values ranging from —2.0 to —2.7 eV, elongated Au—X bonds
(d2 = 3.5-3.6 A), and increased adsorption heights (h = 3.0 A). These changes indicate that the

dopant K and Rb atoms are displaced outward from the goldene sheet after CO: adsorption. This
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leads to notable local lattice reconstruction, even though the CO: molecule remains almost linear,
suggesting low activation. On the other hand, AEM dopants (Ca and Sr) show smaller Eger and
moderate bond elongation, implying weaker structural perturbation. In contrast, Be, despite a
moderate positive Eger (~0.55 eV), induces pronounced CO: bending, implying strong activation
with limited lattice penalty. Mg behaves similarly to Ca and Sr with minimal distortion. For non-
metallic dopants (C and O), Eder values are small, adsorption heights are short (~1.3 A), and CO:
bending is significant, which indicates that activation is driven predominantly by electronic

interactions with only localized lattice deformation.

For G_rp goldene sheet, Eaqgs is calculated to be —2.96 eV, which is higher than in the G_ge, G _c,
and G_o sheets. Despite this strong binding, Bader charge analysis indicates that CO- gains only —
0.03 e upon adsorption, suggesting negligible electron transfer to theCO2 molecule. The increase
in Rb’s charge from 0.72 ¢ to 0.86 ¢ implies that electron redistribution primarily occurs between
the Rb atom and the goldene lattice. This results in strong electrostatic attraction between the
positively polarized Rb and the quadrupole moment of CO:, rather than substantial charge transfer
into the molecule. Consequently, the C—O bonds are not perturbed, and CO: retains its linear

geometry, demonstrating that high adsorption energy does not necessarily correlate with activation.
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Figure 6 Top and side views of the most stable configurations of COz at (a) G_1i (b) G_na(c) G_x
(d) G_ro () G Be (f) G_mg (g8) G ca (h) G sr (i) G_c (j) G_o (k) G_se sheets. The maximum
adsorption energy for CO: is found at the G r» sheet, while G e, G ¢, and G o activate CO2 for

further electrochemical conversion.
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Figure 7 Charge density difference plots of the most stable configurations of CO> at (a) G_r.i (b)
G Na(€) Gk (d) G ro () G Be (f) G_mg (g) G ca(h) G s (i) G c (j) G_o (k) G_se sheets.

Oxidation of COz occurs at the G_o sheet, while reduction takes place at all other G _x sheets.
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contribution arises from the d-orbital of the Au atoms.
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4. Phonon analysis

Vibrational and structural analysis of adsorbed CO2 molecules provides a clear picture of activation
on doped goldene sheets. In activated systems such as G ge, G ¢, and G_o doped goldene sheets,
the C—O bond lengths are elongated compared to non-activated cases. G_ge shows ds(C-0) =1.23
A with a bending angle 6 = 136.28°, G ¢ has ds = 1.38 A and 6 = 136.79°, and G o has ds = 1.27
A and 0 = 122.83°, indicating substantial bond weakening and deviation from linear geometry. A
comparison of vibrational frequencies of isolated gas phase CO2 molecule with that if adsorbed
form reflects the activation. The bending mode (v) exhibits a blue shift to 696—738 cm™, while
the symmetric (vs) and asymmetric (vas) C—O stretching modes are red-shifted to 1211-1241 cm™
(vs) and 1323—1808 cm™ (vas), consistent with bond weakening. In contrast, non-activated systems
such as G i, G Na, G x, G rbs G Mg, G ca, G sr, and G_se doped goldene sheets retain nearly linear
CO: geometry (0 =~ 178-180°) and typical C—O bond lengths (ds = 1.16—1.17 A), with minimal
changes in vibrational frequencies (v, = 609—640 cm™, vy = 13201522 cm™, vas = 2239-2350
cm™). These results demonstrate that CO- activation occurs only on G ge, G ¢, and G o goldene
sheets, where C—O bond elongation, molecular bending, and red-shifted stretching frequencies
collectively indicate weakening of bonds and electronic perturbation, whereas other dopants

primarily induce physisorption or electrostatic binding without activation.

Table 3: A comparsion of calculated vibrational frequencies (bending vy, symmetric vy, and
asymmetric vas) (cm™') of isolated gas phase CO2 molecule with that of adsorbed/activated CO>

molecules at various doped goldene sheets

System Vb Vs Vas
Isolated CO2 molecule 604 1367 2444
CO7 molecule adsorbed on different sheets
G i 631 1333 2377
G Na 638 1320 2349
Gk 640 1321 2350
G ro 638 1320 2348
G Be 696 1241 1808
G Mg 609 1515 2254
G ca 608 1522 2239
G s 639 1321 2350
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G.c 716 726 1748
Go 738 1211 1323
G_se 638 1320 2349

5. Conclusion

Density functional theory calculations were performed to study CO> adsorption and activation at
doped (G_x) goldene monolayers through detailed analysis of changes in the geometrical and
electrical properties. Goldene sheet was doped with AMs (Li, Na, K, Rb), AEMs (Be, Mg, Ca, and
Sr), and NMs (C, O, and Se) and binding energies (Ep) of all dopants were calculated, and the G _ge
sheet was found to form the most robust structure with Ep of -4.73 eV and a Bader charge transfer
of' 1.95¢ at the doped Be atom. All G_x sheets are metallic and thermodynamically favourable with
a negative Ep. While some doped configurations exhibit high adsorption energies (Eads), they can
maintain a linear CO: geometry, demonstrating that strong adsorption does not guarantee
molecular activation. The nearly 180° O—C—O bond angle indicates minimal hybridization
between the CO: molecule and the substrate, characteristic of physisorption. Effective CO:
activation is linked to significant geometric distortion, particularly bending of the O—C—-O angle,
which makes these linear configurations catalytically inactive. Therefore, only adsorption sites that
promote substantial energy release and structural deformation of CO: are considered effective for
activation. The CO molecule remains linear after adsorption at AM-doped goldene, with modest
adsorption energies (Eags) of -0.42 eV and -0.82 eV at G 1 and G na sheets, respectively, but high
adsorption energies of -2.29 eV and -2.96 eV at G x and G rp sheets, respectively. Non-metal
doped goldene sheets, G ge, G c, and G o sheets, effectively activate the CO2 molecule, where the
molecule bends and loses its linearity to connect with the sheets. The weakest interaction of CO>
was found with the G s. sheet with an Ea_se of only -0.26 eV and low Bader charge transfer of -
0.03e". The G ¢ sheet with Eags of -1.84 eV and Bader charge transfer to CO2 of -0.41 is found to
be the most appropriate catalyst for the electrochemical reduction of CO». Configurations that
exhibit strong adsorption and deformation of CO2 molecules are identified as catalytically active.
This study acts as a preliminary screening step, and subsequent calculations are necessary to

explore electrochemical conversion pathways.
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