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Employing first-principles calculations based on density functional theory, this work examines the activity of
3d transition metal-doped stanene for electro-catalytic CO, reduction through the first two electron transfer
steps to CO. Our results related to CO, activation, the first and a crucial step of the reduction process
revealed that, among the entire 3d transition metal row studied, only Ti- and Fe-doped stanene can bind
and significantly activate the CO, molecule, while the rest of the TM single atoms are inert in activating the
molecule. The activation of the CO, molecule on Ti- and Fe-doped stanene has been observed in the
presence of water as well. In addition, the formation of OCHO has been observed to be energetically
preferred over COOH formation as a reaction intermediate, indicating the preference for the formate path
of the reduction reaction. Furthermore, despite the strong adsorption of H,O on the catalyst surface, the
presence of water seems to enhance CO, adsorption on the catalysts, contrary to what has been observed
recently in graphene-based catalysts. Finally, our difference charge density and the Bader charge
calculations reveal that the ability of Ti- and Fe-doped stanene in activating the CO, molecule and their
potential catalytic activity for CO, reduction is to be attributed to the charge transfer between the catalyst
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1 Introduction

Electrochemical conversion of CO, into value added products
has emerged as a sustainable way to alleviate global warming,
and as a promising solution to address the current energy
crisis.’”® The advantage of the electro-catalytic CO, reduction
reaction (CO,RR) lies in the fact that the reaction can proceed
under ambient conditions on efficient electrocatalysts,”>° and
can be controlled by suitably changing the applied potential.**
Reduction of CO, to CO is considered as the first step of this
process® and is highly important for the chemical industry.”?
Nevertheless, the major bottleneck even for this two electron
reduction reaction,* is due to the poor selectivity, compromised
stability, high cost and low transformation efficiency of the con-
ventional catalysts.>*>® Design and development of non-precious
and highly active catalysts with better selectivity and stability
is hence highly necessary. Recently, two-dimensional (2D) nano-
materials have drawn immense attention due to their unique
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and the molecule, providing new insights into the rational design of 2D catalysts beyond graphene.

structural and electronic properties, high surface to volume ratio
and higher maneuverability compared to their bulk counter-
parts,'*** enabling their potential usage in an extensive range
of applications. Lately, stanene, among the recently developed
group iv monolayers, has exhibited efficiency for sensing triatomic
gases such as CO,, NO, and SO,*>**° and its ability to attain higher
room temperature conductivity compared to graphene and silicene
through efficient doping.® In spite of the unique structural and
electronic properties of stanene and its already proven ability to
capture and sense CO, gas, the role of stanene as a catalyst for the
CO,RR is not yet explored thoroughly. Employing first-principles
calculations based on density functional theory (DFT), this work
intends to investigate the activity of pure and 3d transition metal
(TM: Sc to Zn)-doped stanene towards CO, reduction.

This article is structured as follows: Section 2 provides the
computational details. In Section 3 we discuss our results involving
both pure and 3d TM-doped stanene as catalysts for the reduction
of CO, to CO, and Section 4 provides the conclusion.

2 Computational details

Spin polarized density functional theory calculations have been
performed using the Vienna ab initio simulation package
(VASP)*! employing the projected augmented wave (PAW)
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method®® and a plane wave basis*® set. The generalized
gradient approximation (GGA) as implemented in the Per-
dew-Burke-Ernzerhof (PBE)** functional has been employed
and D3 Grimme-dispersion correction®® to address the van der
Waals interaction is incorporated in all our calculations. The
total energy of the stanene layer per atom is calculated as
—3.48 eV per atom, 0.09 eV less than the energy reported using
the HSE06 functional.*® A fully optimized unit cell of stanene
has a = b = 4.67 A, a Sn-Sn bond length of 2.83 A, and a
buckling height of 0.86 A. The calculated values are all within
a reasonable agreement with previous reports.*>*’ % A 4 x 4
supercell constructed from the unit cell with 20 A vacuum
introduced along the z direction was further used to construct
doped stanene structures. TM single atom (SA)-doped stanene
with a doping concentration of 3.12% is depicted in Fig. 1a. All
the structures are optimized using the conjugate gradient
scheme with a 5 x 5 x 1 Monkhorst-Pack®" k-mesh and a
plane wave energy cut-off of 450 eV. The calculations are
considered converged when the energy difference between
successive iterations becomes less than 10> eV and the force
exerted on each atom is less than 0.001 eV A~. The stability of
a TM single atom in stanene is calculated from its binding
energy (B.E.) calculated as,

B.E. = ETM@Stanene — Egtanene — Etm

where Ery@staneney Erm and Esganene are the energies of TM
doped stanene, of a single TM atom, and of the energy of the
pristine stanene monolayer, respectively. The adsorption
energy (E,qs) of a molecule adsorbed on the catalyst has been
computed using the following equation,’*

Eads = Ecat+mol - Ecat - Emol

Ecatimols Ecar and Epqp are the energies of the catalyst with the
adsorbed molecule, of the catalyst and of the isolated molecule,
respectively.

The reaction free energy change AG is calculated as AG =
> G(products) — > G(reactants) where the free energy for each
adsorbed species is calculated using the following equation,>

G:EDprTS"'ZPE

Here, Eppr is the DFT calculated electronic energy,’* S and ZPE
are the entropy and zero-point energy correction, respectively,
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Fig. 1 (a) Top and side view of an optimized 4 x 4 stanene supercell. The
dotted area indicates a single unit cell. The buckling height of 0.86 A is the
distance observed between the A and B sublattices. (b) Possible sites to
add the TM dopants.
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and the corresponding values for the reaction intermediates are
taken from the literature.”>>> For all the proton coupled
electron transfer (PCET) steps of the CO,RR, the chemical
potential of a proton and electron pair is considered as 1 of
the chemical potential of gaseous hydrogen, as per the CHE
model.>* The limiting potential (Uy) is determined as,>®

= —AGnax/€

where e is electronic charge and AGy,y is the highest change in
free energy observed in the potential limiting step (PLS) of the
reaction.

3 Results and discussion
3.1 The binding sites for TM in stanene

Four possible binding sites, namely (i) hollow (H): center of
hexagon, (ii) top (T): top of an Sn atom in the upper sublattice,
(iii) valley (V): top of an Sn atom in the lower sublattice, and
(iv) bridge site (B): in between two adjacent Sn atoms,*® were
investigated to find the most preferred binding position for the
TM atoms (Sc to Zn) doped in stanene (Fig. 1b). The binding
energy (B.E.) value for each TM dopant in stanene is listed in
Table 1.

Table 1 shows that the hollow site (H) is the most preferred
binding site for all TM atoms studied, except Co and Zn. For Co
and Zn, the valley site (V) is the preferred site for TM binding.
It has also been observed that the bridge site is unstable for
all TM atoms, except Zn. For Zn, however, the difference in
binding energies between the valley and bridge sites is very
small (0.02 eV). For other TM atoms, our simulations revealed
that if doped at the bridge site, the TM atom will eventually
migrate to the valley site. It has also been noticed that, TM
atoms, when added at the valley site, move closer to the plane
of the stanene monolayer and push the Sn atom slightly away
from the plane. The negative binding energies indicate the
strong binding of TM-SACs on stanene.’”*® Fig. 2 depicts the
TM single atoms at the most preferred doping sites in stanene.

From our calculations it is evident that, the TM binding
energy is stronger for the early transition metals (Sc to V), with
Ti, which shares the same number of valence electrons as Sn,
exhibiting the highest binding energy amongst all the TMs
studied. The binding energy, however, decreases in Cr and Mn

Table1 Binding energies of 3d TM atoms on all four possible doping sites

E. (eV)

™ Top (T) Hollow (H) Valley (V) Bridge (B)
Sc —3.28 —3.99 —3.74 Unstable
Ti —2.10 —4.33 -3.90 Unstable
v —2.72 —3.58 —-3.11 Unstable
Cr —1.11 —2.33 —1.94 Unstable
Mn —1.11 —2.38 —2.19 Unstable
Fe —-1.37 —3.14 —3.05 Unstable
Co —3.25 —3.52 —3.56 Unstable
Ni —3.32 —3.78 —3.64 Unstable
Cu —1.57 —2.57 —2.39 Unstable
Zn —0.41 0.10 —0.44 —0.42
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Fig. 2 TM SAs at their preferred doping sites in stanene.

Table 2 TM-Sn distance (dtm_sn). Sn—Sn distance (ds,_sn), and magne-
tization for TM, doped at the most preferred binding site in stanene

Table 3 TM-C distance, O-C-0O angle, adsorption energies (E,qs) and
free energies (AG) for CO, adsorption. TM magnetization is also listed

™ drvisn () dsnsn (A) la ™ divc(B)  LO-C-O  Eu(eV) AG(eV) g
Sc 2.88 3.03 0.00 Pure stanene 3.64 179.7 —0.09 0.59 0.00
Ti 2.80 3.03 0.84 T™@Sn
A% 2.80 2.95 2.40 Sc 4.61 179.7 —0.29 0.39 0.00
Cr 2.82 2.92 3.64 Ti 2.23 149.4 0.09 0.77 0.60
Mn 2.80 2.94 3.71 \Y% 4.16 179.6 —0.16 0.52 2.38
Fe 2.73 2.92 2.60 Cr 4.49 179.9 —0.21 0.47 3.76
Co 2.43 3.29 1.46 Mn 4.41 179.9 —0.19 0.49 3.67
Ni 2.72 2.85 0.00 Fe 2.06 148.4 —0.12 0.56 0.84
Cu 2.77 2.89 0.00 Co 3.44 179.6 —0.11 0.57 1.40
Zn 4.01 2.91 0.00 Ni 3.53 179.1 —0.27 0.41 0.00
Cu 4.03 179.7 —0.14 0.54 —0.02
n 3.41 179.6 —0.15 0.53 0.00

where both the TMs possess a half-filled 3d shell. The B.E.
increases again for Fe, Co and Ni, and decreases in late TMs Cu
and Zn. The structural geometries of the TM embedded stanene
layer and the corresponding TM magnetizations are listed in
Table 2. It is apparent that incorporation of the TM SA in
stanene results in local distortion with the maximum distortion
observed in Co-doped stanene, where the Co atom pushes the
Sn atom away from the plane towards the valley site and the
local Sn-Sn bond length stretches to 3.29 A. For the other TMs,
the Sn-Sn bond length varies from 2.85 A in Ni-, to 3.03 A in
Sc-doped stanene. While most of the TM SAs exhibit strong
chemisorption with the stanene sheet, with the TM-Sn distance
varying from 2.43 A to 2.88 A, for Zn, physisorption is observed
with a Zn-Sn distance of 4.01 A and a binding energy of
—0.44 eV. The weak binding of Zn in stanene compared to
other TMs can be attributed to its closed shell structure.

3.2 CO, reduction to CO on bare catalysts

3.2.1 CO, activation. CO, activation is the first and a cru-
cial step of CO,RR, although largely ignored in most of the

This journal is © the Owner Societies 2024
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studies pertaining to CO,RR. Thus, as a first step to
understand the CO,RR on TM@Sn, we analysed the efficiency
of the TM SAs to bend and therefore to activate the CO,
molecule. The structural geometry of the complex, the adsorp-
tion energies and the reaction free energies of the CO, mole-
cule, and the TM magnetization after CO, adsorption are listed
in Table 3.

For CO, adsorption on pristine stanene (Fig. 3a), a weak
physisorption (E,gs —0.09 eV) is observed with no activation of
the molecule. Our simulations for the entire 3d TM row studied
revealed that, only Ti and Fe can activate the CO, molecule. For
Ti, the CO, molecule is activated with / O-C-O of 149°, and the
C-0 bond is elongated to 1.22 A. For Fe, the activation of the
CO, molecule is observed with / O-C-O reducing to 148° and
the bond length is increased to 1.22 A. For the rest of the TM
SAs, no activation of the CO, molecule is observed. For Sc@Sn,
the Sn atom is pushed slightly out of the plane of the stanene
monolayer and the CO, molecule moves further away from the

Phys. Chem. Chem. Phys., 2024, 26, 4579-4588 | 4581
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Fig. 3 CO, adsorption on (a) pristine, (b) Sc-, (c) Ti- and (d) Fe-doped
stanene monolayers: top view and side view.

plane. The same trend has been observed for other TMs (V, Cr,
Mn, Co and Cu) with no activation of the CO, molecule. For
Ni@Sn as well, no activation in CO, is observed, and our
calculated CO, adsorption energy of —0.27 eV is consistent
with previous reports involving Ni SAC in similar materials.®*

Henceforth, we focus our attention on Ti and Fe-doped
stanene as they activate the CO, molecule and hence are likely
to be active in the CO,RR. In addition, Sc-doped stanene is also
studied for comparison, Sc being the representative of the TMs
that does not activate the CO, molecule. The optimized geo-
metries of CO, adsorption on TM@Sn (Sc, Ti and Fe) are shown
in Fig. 3.

Our ab initio molecular dynamics (AIMD) simulation at
300 K for 5 ps verifies the kinetic stability of the catalysts that
activate CO,. As depicted in Fig. S1 (ESIt), the energy and
temperature profiles of Ti- and Fe-doped stanene oscillate
within a very small range, indicating the stability of these
catalytic systems. Additionally, the thermodynamic and electro-
chemical stability of the catalysts have also been investigated
(ESIt). Our calculated formation energy per unit area for pure
stanene within the GGA-PBE framework is —0.26 eV A~ with a
deviation of +0.09 eV A~ from the HSE06 value of —0.35 eV A~>
reported earlier.*® The stability further increases in TM-doped
stanene with the order AErigsn < AEpe@sn < AEs, (Table S2,
ESIt). Furthermore, our dissolution potential calculations for
the catalysts (Table S2, ESIf) indicate the electrochemical
stability of TM@Sn as well. Our results are in range with the
existing reports on similar 2D materials®® and the absolute
deviations from the reported values for a specific TM are attri-
buted to the different levels of theory involved in the
respective work.

3.2.2 Reaction intermediates. CO,RR is an intricate process
involving multiple proton-electron transfer steps, and various
reaction intermediates. The pathway involving a two-electron
transfer mechanism is explored in our study (reduction of CO,

4582 | Phys. Chem. Chem. Phys., 2024, 26, 4579-4588
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to CO) and the subsequent equations describing the possible
intermediates for the same are given below.*®

CO, +* = *CO,
*CO, + H + e~ —» *COOH(*OCHO)
*COOH + H' + e~ — *CO + H,0

*OCHO + H' + e~ —» *HCOOH

where the catalyst is indicated by an asterisk and the asterisk
placed prior to an adsorbate signifies its binding on the
catalyst.

The subsequent step after CO, activation entails the first
hydrogenation process, leading to the formation of COOH or
OCHO. This step holds substantial significance as it plays a
crucial role in determining both the end products and the
desired reaction pathway, as the formation of COOH (OCHO)
indicates the preference for the carboxylic (formate) path-
way.>*®” Hence in our study following the CO, activation over
Ti and Fe doped stanene, we compared the probabilities of
formation of both COOH and OCHO as reaction intermediates.
For Ti@Sn, our calculation revealed that OCHO formation has
higher energy preference (AG = —1.51 eV) over COOH (AG =
—0.70 eV). Subsequently, the next step of the reaction process,
the formation of the intermediate HCOOH, has also been
studied and the additional energy input required for the con-
version of OCHO to HCOOH is calculated to be 1.37 eV.
Interestingly, had COOH been the favored intermediate in the
1st hydrogenation step, the further conversion of COOH to CO
would be an exothermic process with a free energy change of
—0.38 eV. The energy preference of OCHO over COOH has also
been observed in previous reports.>>%®

For Fe@Sn, we found a similar trend, where OCHO emerges
as the energetically preferred intermediate in the 1st hydro-
genation step over COOH (AG = —0.88 eV and 0.16 eV
respectively). For the next step of the reaction, an energy input
of 1.32 eV is required for HCOOH formation from OCHO.
Similar to Ti@Sn, had COOH been the preferred intermediate
in the initial step, the subsequent CO formation would have a
free energy change of —1.17 eV.

Hence, for both Ti- and Fe-doped Sn, OCHO to HCOOH
formation is the potential limiting step (PLS), with the limiting
potentials (U) being —1.37 V and —1.32 V respectively. Fig. 4(a)
and (b) display the optimal geometries and the corresponding
free energy diagrams along the carboxylic and formate path-
ways for both the catalysts. For each reaction step the change
in AG as shown in Fig. 4(b) is considered with respect to
the previous reaction step.®®”' All the energy parameters are
summarized in Table 4.

However, apart from the reaction intermediates mentioned
above, H* may also emerge as a part of the hydrogen evolution
reaction (HER) that can occur simultaneously with CO,RR.”?
Hence, free energy changes related to H* adsorption on the
catalysts have been calculated and compared with that of COOH
and OCHO, reaction intermediates from the 1st hydrogenation

This journal is © the Owner Societies 2024
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Fig. 4 (a) Optimized structures and (b) free energy profiles along the
carboxylic and formate pathways for Ti- and Fe-doped stanene.

step of CO,RR.”> The free energy change (AG") related to
H-adsorption along the reaction pathway of HER came out to
be —0.09 eV and 0.16 eV for Ti- and Fe doped stanene, respec-
tively. Hence, we found that AG°°"° < AG“°" < AG" for
Ti-doped stanene, and AG°“H° < AG°°" = AG™ for Fe@Sn. The
lowest Gibbs free energy change has been observed for OCHO
formation in both the cases, indicating that the formation of
OCHO is most preferred among all the reactants considered, and
the catalysts are selective towards CO,RR over HER.””

3.3 CO, reduction in water

As CO,RR occurs in aqueous medium, CO, activation in the
presence of water has also been studied for these systems. How-
ever, in order to understand CO, adsorption on wet catalysts, first
the catalysts’ ability to bind water molecules has been investigated.

3.3.1 H,0 adsorption on TM@Sn. The optimized catalyst
structures with adsorbed H,O are shown in Fig. 5 and the
adsorption energies and the structural geometries are listed in
Table 5.

View Article Online
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It is apparent that H,O binds weakly on pure and Zn-doped
stanene with E,qs of —0.16 eV and —0.12 eV, respectively.
However, in all the TM-doped stanenes (except Zn), water binds
strongly on the catalyst with the strongest adsorption observed
in Sc-doped stanene (—1.18 eV). To explore the effect of water
on CO, binding and activation on the catalyst, we further
studied CO, adsorption on TM@Sn in the presence of a water
molecule as described below.

3.3.2 Co-adsorption of CO, and H,O on TM@Sn. For
simulating adsorption of CO, in the presence of H,0, the 2D
symmetry of the catalyst can be exploited considering CO, and
H,O0 located on the same side as well as on the opposite sides of
the stanene monolayer.”” In the present study, we have con-
sidered adsorption of one H,O molecule (i) on the same side
and (ii) on the opposite side of CO, on the catalyst. The detailed
structural geometry, the adsorption energies (E,qs) and the
adsorption free energies for co-adsorption of CO, and H,O
are listed in Table 6. The adsorption energies for CO, are
calculated considering the catalyst with pre-adsorbed H,O as
a reference. For CO, and H,O adsorption on the opposite sides,
both the molecules move away from a pure stanene monolayer
with no activation of the CO, molecule. In Sc-doped stanene,
the Sc atom moves closer to the H,O molecule, in line with its
ability to bind H,O strongly. Furthermore, similar to dry
Sc@Sn, there is no activation of CO, in the presence of H,O.
A similar trend is observed when both the molecules lie on the
same side of the Sc-doped stanene: the CO, and H,O molecules
move away from each other and there is no activation of CO,.
For Ti-doped stanene as well, the Ti atom moves very close to
the H,O molecule as expected from its strong adsorption of
H,0. We observe that the CO, molecule does not get activated
when H,O is added on the opposite side of the catalyst.
However, when adsorbed on the same side of the catalyst, the
Ti atom moves closer to the CO, molecule and the latter gets
activated on the catalyst with an adsorption energy of —0.39 eV.
In Fe-doped stanene, on the other hand, CO, gets activated
in both cases and the H,O molecule moves away from the Fe
atom. A strong binding and subsequent activation of CO, is
evident from the O-C-O bond angle of 149° (141°) and an
elongated C-O bond of 1.22 A (1.29 A) when placed on the
opposite (same) side of H,O on Fe-doped stanene.

Our calculations revealed that the catalysts that activated
CO, in the dry phase also activate the molecule in the presence
of water. Surprisingly, the presence of water in close vicinity
seems to enhance the strength of CO, adsorption on the
catalyst: and the adsorption energy decreases by 0.48 and
0.16 eV for Ti and Fe, respectively, a behaviour opposite to
what has recently been observed in N-doped graphene.>”

Table 4 Change in free energy along the reaction pathway and limiting potentials for Ti- and Fe-doped stanene

COOH CO OCHO HCOOH
TM  Eags (€V) AG (eV)  FEags (6V)  AG (V)  Fags (€V)  AG (eV)  Eags (V) AG (eV)  PLS U (V)
Ti —3.09 —0.70 —1.85 -0.38 —4.04 -1.51 -0.73 1.37 *OCHO + H + e~ — *HCOOH  —1.37
Fe  —2.45 0.16 —2.00 -1.17 —3.62 —0.88 —0.36 1.32 *OCHO + H' + e~ — *HCOOH  —1.32

This journal is © the Owner Societies 2024
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Fig. 5 H,O adsorption on (a) pristine and (b) Sc- (c) Ti- and (d) Fe-doped
stanene: top view and side view.

Table 5 TM-O distance, H-O-H angle, adsorption energies (E,q4s) and
free energies (AG) for H,O adsorption on TM@Sn. TM magnetization is also
listed

divo ()  LH-O-H E.s(eV) AG (eV) Ha
Pure stanene 2.95 105.0 —0.16 0.43 0.00
TM@Sn
Sc 2.22 108.3 —1.18 —0.59 0.07
Ti 2.16 108.0 —0.96 —0.37 0.00
\% 2.14 107.1 —0.69 —0.10 0.57
Cr 2.21 106.9 —0.67 —0.08 3.73
Mn 2.20 106.6 —0.72 —0.13 3.73
Fe 217 106.8 —0.61 —0.02 2.80
Co 2.10 106.8 —0.58 0.01 1.47
Ni 2.15 106.1 —0.50 0.09 0.00
Cu 2.22 106.0 —0.45 0.14 0.02
Zn 2.76 105.7 —0.12 0.47 0.00

To explore the origin of the enhanced CO, adsorption on the
catalysts in the presence of water, the interaction energies
between activated CO, and the nearby H,O molecules have
been calculated as per the super-molecular approach.”*”* The
negative interaction energies resulted for Ti and Fe-doped
stanene (ESIt) indicate the formation of H-bonds between
the molecules. The H-bond lengths for Ti@Sn and Fe@Sn are
1.89 and 1.95 A, respectively, similar to the H-bond lengths
reported previously for various oxygen containing functional
groups.”” In addition, the distances between the donor and
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acceptor atoms in Ti@Sn and Fe@Sn are much shorter than the
sum of van der Waals radii of the donor and acceptor atoms
and the O-H bond length in H,O (ESIt). Furthermore, our
Bader charge analysis indicates the shift in electron density:
charge on the O atom of water increases while on the C atom of
the CO, molecule decreases (Table S3, ESIt). The above two
factors collectively point towards the formation of H-bonds
between the activated CO, and the nearby H,O molecules
resulting in the enhanced adsorption strength of CO, on the
catalysts in the presence of water.”>”®

Our calculations pertaining to CO, activation on Ti- and
Fe-doped stanene in the presence of two H,O molecules
simultaneously adsorbed on both sides of the stanene mono-
layer (Fig. 6) revealed a trend similar to same side co-adsorption
of the molecules. For Ti@Sn, the CO, activation is well sus-
tained with / O-C-0 129° and C-O bond 1.36 A, while the same
for Fe@Sn are measured as 140° and 1.29 A, respectively. In this
case as well, we observe an increased adsorption strength of
CO, in the presence of two water molecules compared to dry
catalysts: E,q5 is —0.52 eV for Ti@Sn and —0.26 eV for Fe@Sn,
similar to co-adsorption of CO, and H,O on the same side of
the catalysts as discussed above.

3.4 Charge density difference and Bader charge analysis

3.4.1 Bare catalysts. Finally, to understand the observed
activity of a few TM SA and the inertness of the remaining TMs,
we have performed charge density difference (CDD) calcula-
tions and Bader charge analysis’’ for Sc, Ti, and Fe-doped
stanene. Fig. 7(a)-(c) depicts the CDD plots for TM-doped
stanene without the adsorbed molecules. For Ti and Fe, charge
accumulation (yellow region) is clearly visible near the TM
and the neighboring Sn atom, which is not present in Sc@Sn.
The CDD plots also indicate strong binding of Ti and Fe in the
stanene monolayer and hence the stability of the catalysts. The
Bader charge calculations revealed that while a charge transfer
of 1.30e occurs from Sc to Sn, the amount of charges trans-
ferred between the TM and neighboring Sn atoms are 0.99¢ and
0.13e for Ti and Fe-doped stanene, respectively. The decrease in
charge transfer from Sc to Ti and Fe may indicate that Ti and Fe
retain excess charge accumulated around them, which can later
be transferred to a molecule when adsorbed on the catalyst.

3.4.2 CO, adsorption in the dry phase. The CDD plots of
the complexes with adsorbed CO, molecules are shown in
Fig. 7(d)-(f). Our Bader charge calculations revealed that
there is almost no charge transfer (0.05¢) from Sc to the CO,
molecule, also evident from the charge density difference plot

Table 6 TM-C (C of CO, molecule) and TM-O (O of H,O molecule) distances, C-O—-C bond angles, adsorption energies and free energies for CO,

adsorption in the presence of one water molecule

H,0 on the opposite side

H,O on the same side

™ divc(A) divo (A)

ads

L0-C-0 C-0(A) ES2 (ev) AG: (eV) dimc (A) drmo (A)

[ 0-C-0 C-O(A) ES2 (ev) AGE®: (eV)

ads

Sc 4.82 2.23 180 1.18 —0.15 0.53
Ti 4.61 2.19 179 1.18 —0.12 0.56
Fe  2.06 4.20 149 1.22 0.28 0.96
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4.78 5.64 180 1.18 0.67 1.35
2.04 3.90 127 1.40 —-0.39 0.29
1.94 3.87 141 1.29 —0.28 0.40
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Fig. 6 Co-adsorption of CO, and H,O on Sc-, Ti- and Fe-doped stanene. CO, and one H,O on the opposite side (1st panel) and same side (2nd panel)
of the catalysts, CO, and two H,O molecules, on both sides of the catalysts (3rd panel).

Fig. 7 Charge density difference plots for TM@Sn (Ist panel), CO, adsorption on TM@Sn (2nd panel) and CO, and H,O co-adsorption on TM@Sn
(3rd panel) with isosurface values 0.005 se A=3, 0.04 e A=® and 0.03 e A~> respectively. Yellow and cyan regions indicate electron accumulation and

depletion, respectively.

(Fig. 7d); instead, a charge depletion region is noticed just
above the Sc atom. On the other hand, for the Ti doped system,
a total of 0.57e has been transferred to CO, from the surface,
which is further confirmed by the CDD plot in Fig. 7(e). The
charge depletion region (in cyan) just beneath the Ti atom
further indicates a charge transfer from the Ti atom to a CO,
molecule. In Fe doped stanene, 0.46e charge has been trans-
ferred to CO, from the surface. Fig. 7(f) shows that there exists a
charge depletion zone below the Fe atom, similar to Ti, indicat-
ing that electrons have been transferred from Fe to CO,
molecules.

3.4.3 CO, adsorption in the presence of water. Charge
density difference and Bader charge calculations have also
been carried out for CO, adsorption on the catalysts in the
presence of H,O to investigate if the charge transfers from the

This journal is © the Owner Societies 2024

catalyst to CO, as observed in the dry phase still persist in the
presence of water. Fig. 7(g)-(i) exhibits the CDD plots for CO,
adsorption in the presence of water on the catalysts. Our
calculation revealed that for Sc-doped stanene, there is almost
no charge transfer (0.04e) to the CO, molecule from the catalyst
in the presence of water. On the other hand, similar to the dry
catalyst, a net charge of 1.02e has been transferred to the CO,
molecule from Ti, even in the presence of water, as evident
from the CDD plot (Fig. 7h). In Fe doped stanene as well,
the CO, molecule gains 0.63e charge from the surface, clearly
revealed from the CDD plot (Fig. 7i). Hence, from the CDD and
Bader charge calculations it is apparent that it is the transfer of
excess charges from the TM (Ti, Fe) to CO, which is responsible
for the binding and subsequent activation of the CO, molecule,
and the observed activity of the catalysts.

Phys. Chem. Chem. Phys., 2024, 26, 4579-4588 | 4585


https://doi.org/10.1039/d3cp04841a

Published on 04 January 2024. Downloaded on 5/9/2026 4:34:47 PM.

Paper

4 Conclusion

Employing density functional theory, this present work investi-
gates the efficiency of pure and transition metal-doped stanene as
catalysts for the CO, reduction reaction, investigating the first two
electron transfer steps, i.e., reduction of CO, to CO. As activation
of CO, is crucial for the CO,RR, we have studied the relative ability
of pure and TM-doped stanene to bind and activate CO,. Our
calculations revealed that only Ti- and Fe-doped stanene bind and
activate CO, while pristine stanene and the rest of the TM@Sn do
not activate the molecule, indicating that activating CO, is
difficult because of the inert nature of the C—=0 bond. Our DFT
results pertaining to the next hydrogenation steps revealed that
the formation of OCHO as a reaction intermediate is preferred
over COOH, during the 1st hydrogenation step, leading to
HCOOH as the end product for the two-electron-transfer CO,RR
pathway. This trend is observed in both Ti- and Fe-doped stanene.
The selectivity of the catalysts for the CO,RR over the competitive
HER has also been observed. As the reaction takes place in an
aqueous environment, water adsorption on the catalysts and
activation of CO, in the presence of a water molecule has also
been investigated in detail with a particular emphasis on the role
of water in simulating CO, adsorption on the catalysts. It has been
observed that in presence of water, CO, adsorption is promoted
on the catalyst. The enhanced strength of CO, adsorption on the
catalysts is attributed to the potential formation of the hydrogen
bond between the activated CO, and neighboring H,O molecule.
Finally, to understand the reason behind the activation of CO, on
Ti- and Fe-doped stanene and the inertness of the rest of the TMs
studied, charge density difference and Bader charge analysis have
been carried out. While in Ti- and Fe@Sn a substantial charge
transfer has been observed from the catalyst to CO,, there is
almost no charge transfer from the rest of the TM@Sn studied
(such as Sc) contributing to their inertness in CO, activation. It is
evident, hence, from our calculation that the observed activity of a
few TMs can be attributed to the charge transfer from the catalyst
to the CO,. Our results obtained within the DFT framework can be
extended to similar materials beyond graphene with improved
functionals, for screening efficient 2D catalysts for reduction of
CO, to CO and beyond.
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