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2D-Cover” for Small Molecule Activation
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Abstract | Development of catalysts for the sustainable and energy-effi-
cient valorisation of small molecules has gained much attention in recent
years. In this regard, a large number of catalysts have been developed,
especially organometallic and heterogeneous catalysts. However, the
poor stability, selectivity, sintering, and poisoning effects limit the appli-
cation of these catalysts. ‘Confined catalysis’, in which catalytic pro-
cesses take place within a unique chemical environment created by
confinement within the catalytic system, has emerged as an effective
strategy to enhance the activity, selectivity, and stability of catalysts for
small molecule activation. This review explores various two-dimensional
(2D) confined catalytic systems and their applications in the conversion
of small molecules such as CO,, N>, NHs3, H>O, and O, into value-added
products. Specifically, it highlights recent computational studies, offering
insight into the effect of structure and electronic structure of the catalytic
systems, interaction between molecules, catalyst surface in confined
spaces, etc., on small molecule activation.
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1 Introduction

Small molecules like CO2, NH3, Ny, CHy, CO,
H,, HyO, and O, serve as essential feedstocks
in various industrial, electrochemical, and envi-
ronmental processes.' Despite being abun-
dant reservoirs of chemical energy, their inert
nature necessitates the development of catalysts
that assist in overcoming significantly higher
kinetic barriers for their activation.*”’ Nanoca-
talysis, where nanoparticles drive chemical reac-
tions, combines the advantages of conventional
homogeneous and heterogeneous catalysis while
minimizing their respective limitations, has long
been utilized as active catalysts for small mol-
ecule activation.®!* The high surface-to-volume
ratio, the distinct electronic properties com-
pared to bulk materials, and the tunable size and
morphology collectively enhance the selectiv-
ity and catalytic activity of nanocatalysts.® The
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Haber-Bosch process for the direct synthesis of
ammonia from Ny and Hj is a classic example,
where the nano-sized iron particles are used as
the catalyst.”” Other notable examples, such as
CO oxidation on Au/metal oxide catalysts, direct
H,0; synthesis from Hj; and O, and methanol
synthesis from CO and CO», have highlighted the
significant impact of nanoscale effects on catalytic
properties.’

Despite their advantages, the extensive appli-
cations of nanocatalysts are hindered by various
factors. Many of the catalytically active nanocata-
lysts are based on precious metals such as Pt, Au,
etc., and ligands or other supports are crucial for
their stabilisation. The unsaturation of the sur-
face atoms of the catalysts makes them highly
reactive, and they undergo agglomeration or sin-
tering, especially for reactions under harsh reac-
tion conditions. Since the catalytic performance
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of nanoparticles is strongly influenced by par-
ticle size and morphology, processes such as
particle agglomeration significantly affect their
catalytic activity. Moreover, the environmental
impact, toxicity, catalyst poisoning by the strong
adsorption of the intermediates on the surface
of the catalyst, and scalability of these materi-
als are also concerns.''>!*716 In this regard, the
isolation of active sites within confined regions,
nano-confinement, is an effective strategy, not
only for addressing the challenges like stability
and catalyst poisoning in nanocatalysis, but also
for significantly enhancing the catalytic activity of
various reactions.'”

Nanoconfinement, whether through encap-
sulation in nanoscale cavities, pores, or chan-
nels, or by restricting molecules on 2D surfaces,
profoundly influences the transport of molecules
and reaction dynamics in heterogeneous cataly-
sis. This occurs by altering the fundamental
chemical and physical properties of the molecules
under confinement.'®!® Single-molecule super-
resolution microscopy and fluorescence imag-
ing studies show that confining reactive centers
within nanoscale spaces enables precise control
over adsorption strength, mass transport, and
activation energy, thereby optimizing reaction
efficiency and yield.'"®*® Hence, the concept of
‘confined catalysis’ has been effectively used by
varjous groups over the years to develop efficient
catalytic systems for a range of applications, such
as chemical synthesis, energy storage, etc.'®?!

Chemical reactions in confined environments
display characteristics that are markedly differ-
ent from those observed in the bulk environ-
ment. Within a confined region, the selectivity
and reactivity of the substrate(s) get enhanced
because of the proximity of the substrate and the
catalyst active center.”” In confined spaces, the
spatial/electronic interactions between the cata-
lysts and the reactant molecules influence their
adsorption energies as well as the dissociation
energy barriers, which in turn affect the mecha-
nism and kinetics of the reaction under consid-
eration.”>?® The encapsulated substrate adopts
specific conformations to fit the cavity, limiting
its movement and reaction pathways, often lead-
ing to a reduced activation entropy.** In addition,
confined environments inhibit the sintering or
clustering of active nanoparticles while block-
ing access to species that could poison the cata-
lyst.'”? Structural engineering approaches such
as defect engineering, doping, heterostructuring,
etc., that can modulate the thermodynamics and
kinetics of target reactions in conjunction with

confinement effects were found to enhance cata-
lytic activity.'”%

Nanoconfinement scaffolds can be classified
based on the geometry of the confined space as
0D (zero-dimensional), 1D (one-dimensional),
and 2D (two-dimensional) systems.'” Highly
porous materials, such as zeolites, are examples
of materials with 0D confinement effects, which
play a crucial role in their success as sorbents and
catalysts.””?° Nanotube channels, including car-
bon nanotubes (CNTs) and titanium nanotubes
(TNTs), are examples of 1D nanoconfinement
systems, characterized by their well-defined hol-
low structures that effectively confine the sub-
strates and modulate their reactivity. In these
materials, the degree of confinement depends
primarily on the diameter of the confined space.”
Here, the interfaces formed between neighbour-
ing 2D layers or between 2D overlayers and a
solid surface create distinctive confined environ-
ments for chemical processes.'”!

‘Catalysis under 2D-cover, where reactions
take place at the interface between a solid sur-
face and a one-atom-thick 2D layer, is one kind
of confined catalysis. Examples of such 2D layers
include graphene, graphdiyne, h-BN (hexago-
nal boron nitride), and g-C3Ny (graphitic carbon
nitride).>' The atomically thin cover was found to
modify the adsorption properties of the substrate,
often resulting in improved reaction kinetics.**~*
Furthermore, such covers can act as a protective
shield, preventing the direct adsorption of other
molecular species that may deactivate the catalyst
and thus stabilising the highly reactive metal sur-
face from oxidation.”

The application of confined catalysis has
shown remarkable promise in various fields,
particularly in environmental catalysis, where
research focuses on the treatment of various pol-
lutants, including volatile organic compounds
(VOCs), inorganic gases, and toxic gases.’>*
Notably, there has been growing attention to the
catalytic systems that form a 2D-cover, owing
to their superior catalytic activity for small mol-
ecule activation, especially for the production of
COgy, NH3s, CH, etc. from CO, Nj, CO», respec-
tively.*'**?7~%0 For example, CO adsorption on
different metal surfaces can be modulated by
incorporating 2D overlayers, which enhance CO
oxidation.*” In this review, we explore the recent
progress in the application of ‘catalysis under a
2D-cover, for small molecule activation with spe-
cial attention to the computational studies that
scrutinized the mechanism and kinetics of these
reactions.
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Figure 1: 2D-cover materials commonly used in confined catalysis. A graphene, B graphdiyne, C h-BN,
and D g-CsNa.

2 Confinement Under 2D-Cover

‘Catalysis under 2D-cover’ is an emerging
and promising approach to improve the cata-
lytic activity of the materials by harnessing
the unique characteristics of atomically thin
2-dimensional (2D) materials and confine-
ment effects.’”*” Catalytic systems employed in
‘catalysis under 2D-cover’ typically comprise
2D materials such as hexagonal boron nitride
(h-BN), graphene, or graphitic carbon nitride
(g-C3N4 supported on metal or metal oxide
substrates. 2D materials can also be combined
into heterostructures,*** and the underlying
components strongly influence the chemical
properties of 2D materials.*>™** Although the
‘catalyst under 2D-cover’ reaction can occur
both thermally and electrochemically, we noted
in passing that most of the reported studies are
performed using electrochemical means. It is
to be mentioned here that the controlled intro-
duction of defects in 2D-covers during syn-
thesis is crucial, since molecular intercalation
generally follows a defect-assisted pathway. For
instance, experimental studies on graphene-
covered Pt(111) reveal that graphene islands
with wrinkles are essential for the intercalation
of small molecules such as CO at the inter-
face.”” Likewise, defects were found to have a
significant role in CO intercalation between the
Pt(111) surface and h-BN as well. For example,
CO intercalation into h-BN nano-islands on Pt
occurs at only 1078 Torr, whereas a fully covered
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Pt surface prevents intercalation below 0.1 Torr
CO.* However, in the presence of an applied
potential, solvent molecules and solvated ions
that are part of the electrolyte can infiltrate into
the interfaces between 2D-covers and solid sur-
faces, enabling electrochemical reactions to
occur beneath the 2D layer.

We noted that the majority of the experi-
mental and computational studies reported over
the years employed materials such as graphene,
graphdiyne, h-BN, and g-C3Nj as the cover mate-
rial. Notably, the potential of 2D materials such
as MXenes, transition metal dichalcogenides
(TMDCs), etc., as covers has not been explored
yet. In the following sections, 2D materials
(Fig. 1) that are widely used as covers for ‘catalysis
under 2D-cover’ are discussed.

2.1 Graphene

Graphene, a 2D material with a honeycomb lat-
tice and a monolayer of carbon atoms (Fig. 1A),
is widely recognized for its characteristics, such as
high thermal and electrical conductivity, mechan-
ical strength, etc. Despite its impressive proper-
ties, pristine graphene typically exhibits poor
catalytic activity due to its chemical inertness,
and its activation has been explored using vacan-
cies, impurity atoms, and substrate engineer-
ing.*” Recent studies reveal that graphene as a
cover on metal surfaces can enhance the catalytic
properties of the latter for various reactions.’”
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The 2D confined space typically has a height of
3 A, indicating that covered catalysis is limited
to reactions involving small molecules. In such a
catalytic system, the molecular and atomic spe-
cies intercalate into the interfacial region within
the graphene overlayer and the underlying metal
or metal oxide surfaces, enabling catalytic reac-
tions at the interface.>® Experimental studies
confirm that graphene is not only a protective
layer but also actively influences underlying reac-
tions in a controlled manner. Moreover, the ori-
entation and adsorption energies of the molecules
on the underlying catalyst surface were found to
be modified in the confined space.*® The weak
adsorption of molecular species on the underly-
ing metal can be ascribed to the electron trans-
fer between carbon atoms in graphene and the
adsorbate species.” As mentioned before, point
defects and wrinkles in graphene can act as
channels for molecular intercalation toward the
interface. Moreover, the local chemical environ-
ment of graphene is altered by structural defects,
including single and double vacancies.*’

2.2 Graphdiyne

Graphdiyne (GDY) is a novel, sp/sp-hybridized
carbon allotrope characterized by a one-atom-
thick planar structure, where every hexagonal
benzene ring is connected through 1,3-acetylenic
linkages (Fig. 1B).”~* The presence of acetylenic
linkages makes GDY more porous as compared
to graphene. Computational studies by Jiao et al.
showed that graphdiyne enables the permeation
of Hy molecules at a rate over 10* times faster
than porous graphene even at room tempera-
ture.”>> For molecules such as Ny, CO, and CHa,
which have van der Waals sizes similar to the
54 A pore size of GDY, the diffusion barriers
are higher than those of Hy. Among these, CHy
exhibits the highest diffusion barrier.”>** GDY-
covered metal surfaces demonstrated enhanced
catalytic performance in electrochemical reac-
tions such as hydrogen evolution reaction (HER),
oxygen reduction reaction (ORR), and CO,RR
than that of the bare metal surfaces.*®* Like gra-
phene, the GDY cover stabilises the catalyst by
forming a heterogeneous interface while weak-
ening the adsorption of molecules that act as
catalytic poisons on the metal surface.”® Under
electrochemical conditions, the agglomeration
of metal nanoparticles is a major concern, as it
diminishes their catalytic activity. For instance, Pt
catalysts tend to lose activity during electrochem-
ical reactions because of particle agglomeration,
driven by their high surface energy. However,

when covered with GDY, the interface formed
between Pt and GDY prevents Pt particles from
clustering and thereby enhances their stability
and performance over multiple cycles.” Further-
more, the electronic structure of GDY signifi-
cantly differs from that of graphene, exhibiting a
quasi-particle band gap similar to that of silicon.
Moreover, heteroatom doping in GDY, such as
N, E Cl, P, S, H, etc,, offers an efficient method
for modulating their properties, such as band-
gap, conductivity, and charge distribution.”’ For
example, nitrogen-doped graphdiyne (N/GDY)
with more active sites, defects, and adsorption
sites shows enhanced electrochemical properties
than GDY.*®

2.3 Hexagonal Boron Nitride

Hexagonal Boron Nitride (h-BN) is a layered
inorganic material known for its thermal stability
and high thermal conductivity (Fig. 1C). Progress
in extracting atomically thin monolayers from
layered crystals has significantly increased inter-
est in mono- and few-layered h-BN, especially
due to its potential as a wide-bandgap insulating
material for diverse applications.”””® Although
graphene and h-BN exhibit similar structures,
they possess markedly different characteristics. In
h-BN, the polarity arising from the partial ionic
character of B-N bonds improves its affinity for
small molecules relative to graphene.” In addi-
tion, h-BN is chemically and thermally stable in
reactive environments, making it advantageous
for chemical reactions.®” Notably, atomically thin
monolayers of h-BN can be grown on metal sur-
faces, where they have been proposed as highly
selective and corrosion-resistant systems. The
confined space formed in h-BN/metal systems
serves as nano-reactors for catalytic applications,
demonstrating the ability to facilitate molecule
intercalation and confined catalysis, similar to the
intercalation behaviour observed in graphene.*%?
Various surface science techniques have proven
the potential for molecular intercalation (such
as Oy, Hy, CO, etc.) through h-BN layer.’’ The
h-BN layer affects the adsorption characteristics
of small molecules such as CO on the underlying
metal surface, preventing CO poisoning by accel-
erating their desorption from the surface, even
at room temperature.*® These structural features
enable the h-BN layer to serve as an effective
facilitator as a cover for metal-catalyzed reactions.

2.4 Graphitic Carbon Nitride
Graphitic carbon nitride (g-C3Ny) is known for
its exceptional chemical and thermal stability
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(Fig. 1D) and its planar structure closely resem-
bles that of graphene and h-BN. The intrinsic
porous structure of this material facilitates the
intercalation of small molecules through tri-
angular pores defined by six nitrogen atoms at
their edges and enables their adsorption onto
the underlying materials.’”** This makes g-C3
Ny a good candidate as a cover in ‘catalyst under
cover. Computational studies on g-C3Ny-cov-
ered metal surfaces for electrochemical reactions
indicate that the cover can modulate the bind-
ing energetics and scaling relation between the
key intermediate species involved in the reaction.
This is attributed to changes in the binding modes
and binding energies of the intermediates on
the metal surface under the cover, influenced by
hydrogen bonding and steric confinement at the
interface.’”

3 Modeling Catalysis Under 2D-Cover

The role of 2D-covers in small molecule activa-
tion has been explored through computational
studies, which provide detailed atomistic insights
into interfacial interactions and reaction path-
ways. It also helps to capture the geometric and
electronic effects imposed on these species under
confinement. Some of the critical properties ana-
lyzed in these studies using computations include
the adsorption of the molecule on the cover as
well as the underlying metal surface, diffusion
of molecules through the cover, mechanism of

Vacuum

¢
. %

Figure 2: Surface-slab model with a vacuum
layer in Z-direction.
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activation and value-added product formation
from the small molecules, identification of critical
reaction steps, and the electronic and structural
factors that control the catalytic performance of
the system under consideration. Density func-
tional theory (DFT)-based computations in con-
junction with the nudged elastic band (NEB)
approach were widely used to study the mecha-
nism, kinetics, and role of electronic and struc-
tural factors in determining the activity of various
catalytic systems for small molecule activation.®®
NEB calculations are useful for determining
the minimum energy pathway (MEP), offering
insights into transport properties such as dif-
fusion. In this case, it is particularly relevant to
understand the diffusion of the molecule to and
within the confined region. Details on the mod-
eling of catalysts and some of the commonly used
computational approaches are discussed in the
following sub-sections.

3.1 Modeling of the Catalyst
In ‘catalyst under 2D-cover, the catalysts have
two main components:

(i) a one-atom-thick/single-layer 2D material

that acts as the cover, and

(i)  the metal/metal oxide surface on which
the reaction occurs. Here, the catalysts are
modeled by placing a monolayer of the 2D
material on top of metal/metal oxide sur-
faces, which are generated from their respec-
tive bulk along the desired direction, such
that the lattice of the 2D material matches
with that of the underlying material by mini-
mizing the lattice mismatch. For instance, to
model the metal surface covered by a mon-
olayer of graphene, the lattice constant of
the graphene overlayer needs to match that
of a supercell of the underlying metal.* The
lattice mismatch between the metal and the
2D-cover is calculated using the formula®:

8= (am—ac)/am (1)

where, a,, is the lattice constant of the metal,

ac is that of the 2D-cover, and § represents

the lattice mismatch between them.
Periodic-DFT calculations were extensively used
to understand the structure, electronic structure,
and their effect on the catalytic properties.®>*®¢”
The surface properties of the materials are then
studied using a surface-slab model where a vac-
uum layer is introduced on top of the cover to
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avoid periodic interaction with the surface atoms
of the image (Fig. 2).°>%. A vacuum thickness of
about 12-16 A was commonly employed in stud-
ies involving surface-slab models.**36468:69

3.2 Adsorption Energy and Free Energy
Calculations

One of the key factors that determines the cata-

Iytic activity is the adsorption energy (E,qs) of the

molecule (adsorbate) on the catalyst surface. E,qgs

can be estimated using the equation:

2)

where E, jdsorbate denotes the total energy of
the system after the adsorption of the molecule,
E.dsorbate 1S the energy of the free adsorbate mol-
ecule/atom, and E, denotes the total energy of the
free catalyst. The feasibility of adsorption can be

Eads = E*-adsorbate - Eadsorbate —E,

deduced from E,q5; a more negative E,4s suggests
the preference for adsorption.*

DFT calculations in conjunction with phonon
calculations are employed to compute the free
energy, G, of the chemical species involved in the
catalytic cycle using the formula below:

G=E+Ezpe—TS (3)

where T is the temperature, E is the total elec-
tronic energy of the system, Ezpr is the zero-point
energy and S represents the entropy.®* The zero-
point corrections and the entropy contributions
can be computed using normal modes of vibra-
tion obtained from phonon calculations within
the harmonic approximation. The free energy
values thus obtained are then used to construct
the free energy profile, which provides informa-
tion on the effective free energy barriers and criti-
cal steps that control the catalytic activity. Some
of the commonly used levels of theory for small
molecule activation are provided in Table 1.

Table 1: Commonly used levels of theory for studying small molecule activation reactions.

System Level of theory vdW correction Applications Ref.

Gr/Ni(111) PAW pseudo potentials and DFT-D2 HER 64
GGA of PBE

Gr/Pt(111) PAW PBE-D3 HER i

Gr/Ni(111), Gr/Cu(111) BLYP functional, DZVP basis Grimme’s D3 method HER 7
set

Gr/Pt(111), h-BN/Pt(111), PAW pseudo potentials and DFT-D3 with Becke—Johnson  H,O dissociation 72

g-C3Ny/Pt(111) GGA of PBE damping function

Gr/Ni(111) PAW using PBE potentials rev-vdw-DF2 functional HER 69

Gr/Pt(111) PAW using PBE potentials C5RS pair potentials (PBE-D) CO oxidation e

Gr/Pt(111) PAW pseudo potentials and COR® pair potentials (PBE-D) ORR 32

Gr/Pt(111)

Gr/M ; M = Ag, Au, Cu, Ni,

Pd, Pt and Rh

Transition metal-doped Gr/
Ni(111)

Porous GrNiOy
GDY/Pt(111)
g-C3N4/Pt(1 1 1)

g-CsN4/Ru(001)
g-C3Nu/Fe,o/BP
CN/PH(111)

N-C/Cu
h-BN

GGA of PBE

AIMD using PAW pseudo
potentials and GGA of PBE

PAW pseudopotentials with
GGA

PAW pseudo potentials and
GGA of PBE

PAW using PBE potentials
PAW using PBE potentials

PAW pseudo potentials and
GGA of PBE

PAW using PBE potentials
PAW approach

PAW pseudo potentials and
GGA of PBE

PAW using PBE potentials
PAW using PBE potentials

DFT-D2, DFT-D3, vdW-DF2 CO oxidation e

optB88-vdW CO-RR 74
DFT-D3 ORR 7
Grimme’s DFT-D2 method OER 76
Grimme’s DFT-D2 CO oxidation w
vdW-DF method & optPBE- CO oxidation 39
vdW functional
DFT-D3 eNRR 3
optPBE-vdW eNRR 78
DFT-D3 CO oxidation el

CO2RR 79
80

Grimme's DFT-D3

Grimme's DFT-D2 method CO intercalation

The following abbreviations are used in the column ‘Applications’: HER Hydrogen Evolution Reaction, ORR Oxygen Reduction Reaction,
OER Oxygen Evolution Reaction, eNRR Electrochemical Nitrogen Reduction Reaction

J. Indian Inst. Sci.l VOL xxx:x|xxx—-Xxx Xxxx 2025| journal.iisc.ernet.in



— U=0 PR
— y=uo "L an-
S—
/7
/7
OOH,a+3e+ /
3H-
/
1
1
/
9 !
< Oy +26 420/
1,0
2H,0 +* OHy +& +H*
= + Hy -
\
\ - S—
\ IT
Y& ’ PDs
4
™ c— |

Figure 3: Schematic representation of free
energy profiles for oxygen evolution reaction at

U=0 and U= U° the equilibrium potential. The
PDS for the reaction is also shown.

3.3 Computational Hydrogen Electrode
Model

DFT-based calculations can effectively determine
the adsorption energetics of different species on
metal surfaces. However, under a given potential,
accurately calculating the energy of solvated pro-
tons and electrons in an electrocatalytic system
is still challenging. The computational hydrogen
electrode (CHE) model, established by Nerskov
et al.*! accounts for the chemical potential of
proton-electron pairs without explicitly calculat-
ing their free energy. According to this model, the
chemical potential for a proton-electron pair is
equal to the chemical potential of gaseous hydro-
gen at 1 bar pressure and 298K under the poten-
tial of 0 V. That is, for a proton-electron pair, the
equilibrium reaction is considered to be:

H' +e — 1H @)
9 2

at any pH and equilibrated at 0 V, and the corre-
sponding free energy relation is given by,

GH) +Ge) — %G(Hg) —ell (4)

where U is the applied bias with respect to the
reversible hydrogen electrode (RHE) and e is the
elementary positive charge. Thus, the adsorption
energy change for the reaction intermediates with
n proton-electron pairs is given by,

AG = AEprr + AZPE — TAS — nell  (5)
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where, AEprr is the binding energy calculated
through DFT, AZPE is zero-point energy, T AS is
the entropy correction at an applied potential U.%

Determining the potential-determining step
(PDS) for different catalysts is a widely used
method for identifying the most efficient catalyst
and comparing the catalytic performance. For
reactions involving multiple intermediates, DFT-
based free energy calculations could suggest the
PDS along the catalytic cycle if the free energy
profile for the reaction is available.® Along the
free energy profile computed at the equilibrium
potential of the reaction, the step with the great-
est free energy change is referred to as the PDS. A
schematic free energy profile for OER, highlight-
ing the associated PDS at the equilibrium poten-
tial (U°), is shown in Fig. 3.

Overpotential, 7 (Uspplied — U 0y is another
important parameter to evaluate their activity of
electrocatalysts. More efficient catalysts exhibit a
lower 1 value.®* From the free energy profile, ) can
be estimated as the difference between the onset
potential (Uonset) and the equilibrium potential,
where,

Uonset = m“x((Ale AGZ; AGg, .- )/e)

Here, AG; is the corresponding free energy differ-
ence between the elementary steps involved, and
e is the charge of an electron.®%

3.4 Diffusion Studies

Diffusivity of the adsorbates through the cover
is a critical parameter that affects the efficiency
of confined catalytic systems. In this regard, it
is critical to understand the potential diffusion
pathways and the corresponding diffusion barri-
ers. One of the widely used approaches to iden-
tify the minimum energy path (MEP) for the
diffusion and the barrier associated with it is the
nudged elastic band (NEB) method.®”-%

In NEB, a minimum energy path connecting
two predefined minima (corresponding to the
reactant and product) on the potential energy
surface (PES) will be identified iteratively. Here,
the path is composed of potential configurations
connecting the reactant and the product, and
these intermediate configurations can be gen-
erated using linear interpolation schemes. The
intermediate configurations or images along the
path between the two fixed minima along the PES
are connected by harmonic springs to form an
elastic band, where each configuration acts as a
node along the band (Fig. 4).

Since none of the images are in their equi-
librium configuration, a force equivalent to the
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Figure 4: A schematic representation of the path
connecting the reactant and product in NEB cal-
culations. The PES is shown as a contour plot.
The black dots along the MEP (indicated by the
curve) are the images or nodes used in NEB cal-
culations.

negative gradient of potential will be acting on
each of these images, and the configurations thus
displace towards the lower energy regions/local
minima on the PES to minimise these forces.
Since such a movement of individual configura-
tion is not expected to provide the MEP, it is cru-
cial to keep the images evenly spaced along the
band, which is achieved by using a spring force.
Thus, identifying MEP is essentially related to
minimizing the energy of the elastic band, and
the images need to be displaced simultaneously
based on the net force on the elastic band. Herein,
the net force is composed of two components, a
perpendicular component of the force on each
image (F) which directs the path towards MEP
and the spring force (Fs) which acts along the
path and controls the image distribution along
the path. Therefore, the net force on each image
i is given by:

F, = f{?” - (6)

where, f; | can be obtained from the total force f;,
which is the negative gradient of the potential, by
subtracting the projection of the component of f;
along the unit tangent along the path at the image
i as given below:

fi, =f — (£.2)T 7)
Here, £, which is tangential to the path is given
by,

o = (K IRip1 — Ri| — ki1 IR; — Ri—1]).%;,
(8)
where k’s are spring constants and R; are the

atomic coordinates of the image i. The NEB
method thus provides the MEP by displacing the

images according to Eq. (6), and the convergence
of the search for MEP is analysed by comparing
the force on each image against a threshold value.
The same spring constant is commonly used for
all springs to ensure an even image distribu-
tion in NEB calculations. However, varying the
spring constants can produce a different image
distribution.

To accurately determine the barrier for the
transition from the reactant to the product, it
is crucial to have one of the images at the high-
est energy point along the path, and this can be
achieved by using the climbing image NEB (CI-
NEB) method.*” In CI-NEB, the highest-energy
image is shifted to climb toward and converge
on the saddle point along the reaction path by
treating the force on this image differently from
the other images. Here, the parallel component
of the atomic force on the climbing image, which
is omitted in NEB calculations, will be inverted
and added to the NEB force, and this image is
unaffected by the spring forces. An accurate esti-
mation of the diffusion barrier will help to pre-
dict the diffusivity of the molecules through the
covers in confined catalysts because diffusivity
through the cover often follows the Arrhenius
equation. More details on the NEB and CI-NEB
method can be found elsewhere.*~!

In addition to NEB/CI-NEB, the diffusion
studies can also be computed using MD and
kinetic Monte-Carlo (kMC) simulations. Here,
the Einstein equation, which relates the diffu-
sion coeflicient to the mean square displacement
computed using MD or kMC, is commonly used.
We noted in passing that despite their advantages,
very few studies employed molecular dynamics
(MD), especially ab initio MD (AIMD) simula-
tions for studying confined catalysis.

4 Applications of Catalysis Under
2D-Cover
The applications of catalysis under 2D-covers
span various small molecule activation processes,
including the water splitting, oxygen reduc-
tion reaction (ORR), electrochemical nitrogen
reduction reaction (eNRR), CO oxidation, and
COj reduction reaction (CO2RR ). This section
explores how 2D-covers influence the adsorption,
charge transfer, and reaction pathways for the
aforementioned reactions on different confined
catalytic systems and thereby enhance the cata-
Iytic activity.
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4.1 Hydrogen Evolution Reaction

Hydrogen evolution reaction (HER) is the reac-
tion that occurs at the cathode in electrochemical
water splitting and is one of the most extensively
studied processes in electrocatalysis.”” HER
involves the adsorption of hydrogen at the elec-
trode surface, with the reaction kinetics highly
dependent on the adsorption energy, which var-
ies according to the electrode material.”® Plati-
num (Pt) is a widely used catalyst for HER due to
its high electrochemical activity and stability in
acidic environments. However, the limited avail-
ability and high cost of Pt limit their application
as HER catalysts. To overcome this, the develop-
ment of non-noble metal-based catalysts with
low-cost, acidic stability, and HER activity com-
parable to Pt is crucial. Recent experimental and
computational studies indicate that the presence
of a 2D overlayer can significantly enhance the
performance of non-precious metal catalysts and
existing noble-metal catalysts for HER.

4.1.1 Mechanism of HER

HER is a multi-step electrochemical process
that can take place in acidic, alkaline, or neutral
media.”**> The schematic diagram of the mecha-
nism for HER in acidic and alkaline environ-
ments is depicted in Fig. 5.7

J. Indian Inst. Sci. IVOL xxx:x|xxx-xxx xxx 2025ljournal.iisc.ernet.in

The reaction begins with proton adsorption
on the catalytic surface and is known as the Vol-
mer step. The surface hydrogen then combines
either with another proton from the solution
(Heyrovsky step) or with another neighbour-
ing surface hydrogen (Tafel step) to form a Hj
molecule. The chemical equations for these steps
under alkaline/neutral conditions are given
below:

Volmer:

M+ H;O+e” — M — Hugs + OH™
Heyrovsky:

M — Hags + HoO + e~ — M+ Hy + OH™
Tafel:

M — Hags + M — Hpgs — 2M + Hp

In acidic conditions, the Volmer and Heyrovsky
step involves the protons and the Tafel step
remains unchanged:

Volmer:

M+HT +e~ - M — Hyy,
Heyrovsky:
M —H,gs + H  + e~ — Hy

Herein, the Heyrovsky and Volmer steps are
preferred under low and high surface active site

@ Springer 1%
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densities, respectively. ‘M’ represents the catalyst
surface.

The M — H,qs bond strength is one of the
most critical factors in determining the HER
activity of a catalyst and, for an ideal catalyst, the
binding energy of 0 V which according to the
Sabatier principle indicates a balance between H
adsorption and Hj desorption.”!? Thus, hydro-
gen binding energy is widely regarded as a key
descriptor for HER activity in electrocatalysts.'’!

4.1.2 HER Under 2D-Cover

Platinum is a prominent catalyst for HER, owing
to its superior electrochemical performance
and remarkable chemical stability under highly
acidic environments. Various experimental stud-
ies conducted for the selective permeation of
ions through graphene in graphene (Gr)-cov-
ered Pt(111) systems (Gr/Pt(111)) indicate that
protons selectively transport through graphene

while inhibiting other bulky anions, cations,
and water molecules towards the interface.'*>!%*
Combined experimental and theoretical studies
by Kosmala et al. reported that in the confined
inter-space within Gr and platinum (with optimal
3.7 A gap), the HER is thermodynamically more
favourable (AGHx = — 0.20 eV) compared to the
clean Pt(111) surface (AGhx = —0.27 ¢V).103
The DFT calculation (GGA+D3 level of theory)
by Arulmozhi et al. indicates that this lower-
ing of H-adsorption energy in the interface can
be attributed to the van der Waals interactions
between pristine graphene and the Pt(111) sur-
face.”’ However, this system is constrained by
the limited diffusion of Hy molecules away from
the confined space.'”® Experimental studies by
Shih et al. revealed that overlayers of graphene
with defects on Pt(111) surfaces can surpass bare
Pt(111) in catalytic performance for HER.!* They
showed that transport of HY and Hjy across the
graphene overlayers occurs through the defects.
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A decreased defect density in the graphene layer
limits the transportation of HT and H, across it.
This leads to a higher Hy transport per defect
site, which ultimately causes the delamination
of the graphene layer.'” Using DFT calculation
(PBE+D3 level of theory), the same group has
analyzed the H diffusion barriers across the gra-
phene layer by free energy calculations.” The cal-
culated energy barrier for the H atom diffusion
through the intact graphene layer from vacuum
onto Pt(111) was found to be 190 kJ mol~!. How-
ever, this barrier reduced drastically to the range
of 8-23 kJmol~! when divacancies were intro-
duced to the graphene layer in aqueous media
(Fig. 6A-D), which indicates the importance of
defects in graphene cover.”’

This supports the experimental findings that a
graphene layer containing a high density of point
defects assists proton permeation and enhances
reaction rates.”” HER studies by Yasuda et al. in
the presence of graphene(Gr)/Au(111) also sug-
gest that the defects in graphene are vital for
the diffusion to the metal surface. The scanning
tunneling microscopy (STM) studies by these
authors indicate that, though the intrinsic defects
in graphene allow diffusion of protons through
them, they have a high permeation barrier for H.

The linear relationship between the HER over-
potential and the proton-penetration current in
graphene-covered non-noble metal catalysts (Cu
and Ni) was observed by Hu and co-workers.”*
This experimental observation suggests that HER
activity is primarily controlled by proton pen-
etration through the graphene layers. The signifi-
cantly higher overpotential required for the Gr/
Cu system compared to the Gr/Ni system indi-
cates that the reaction predominantly occurs at
the metal-graphene interface rather than on the
graphene itself because of graphene’s lower cata-
Iytic activity compared to the underlying metal.
The barrier calculations show that defects in the
presence of pyridinic nitrogen dopant lower the
energy barrier for proton penetration. In addi-
tion, these dopants and structural defects were
found to be critical for the efficient ejection of
H, bubbles formed at the interface without sig-
nificantly damaging the graphene layer. Further-
more, free energy barriers associated with proton
hopping through bilayer SV-3N (single vacancy
with three N-dopants) graphene sheets were
found to be 1.56 eV, which is lower than that of
a defect-free monolayer graphene (3.16 V). This
also confirms that proton penetration across mul-
tiple graphene layers occurs through hopping
between N-dopants.”!

A Review on the Applications of...

Tiwari et al. analysed the effect of cover in
water dissociation by considering three confined
systems-Gr/Pt(111), h-BN/Pt(111), and g-C3N4
/Pt(111) using DFT calculations (PBE+D3 level
of theory).”” This study shows that the strong
binding of H,O, H, and OH on the Pt(111) sur-
face depends on the type of the cover and the
graphene cover was found to have the strongest
effect, as seen from the lowest activation barri-
ers for O-H bond dissociation of HyO calculated
using the CI-NEB method. The electronic struc-
ture of the catalyst remained largely unchanged
in the presence of different 2D overlayers, with or
without the adsorbates. However, these overlay-
ers alter the geometry of HyO and OH compared
to the bare Pt surface. These geometric changes
affect the local electronic environment of the
adsorbed species, as reflected in shifts in density
of states (DOS) peaks (<1eV) for the respective
species.”

Studies have also explored the confinement
effects on HER while using non-noble metal
catalysts. Zhou and co-workers explored HER
performance on graphene-covered transition
and noble metals using DFT-based calculations
(PBE GGA + D2 level of theory), showing that
hydrogen adsorption becomes less favourable on
different metal surfaces when a graphene over-
layer is introduced. This weakening in adsorption
energy ranges from 0.12 to 0.23 eV for different
metals, and the Ni surface showed the greatest
difference.®* The weakening of hydrogen adsorp-
tion in the graphene-covered metal interface
was attributed to the energy penalty required to
lift the graphene layer and create sufficient space
for adsorbed hydrogen. Among the systems
studied, Gr/Ni(111) was identified as the most
effective non-precious metal catalyst for HER as
indicated by the volcano plot (Fig. 7A), and its
catalytic activity was found to be comparable to
bare Pt. The authors also noted that diffusion of
H-adatoms on the Ni surface in the presence of
a graphene layer (0.20 eV) is only 0.05 eV greater
than that of the bare Ni surface (0.15 eV). This is
attributed to the fact that graphene shifts hydro-
gen slightly closer to the Ni surface by approxi-
mately 0.07 A, leading to a marginally greater
charge depletion around the adsorbed H, as
illustrated in the charge density difference plot
(Fig. 7B, C).

Graphdiyne (GDY), characterized by its uni-
form nanopores, as a monolayer on Pt(111),
provides better access for the small molecules
towards the active sites of the metal than the pris-
tine graphene overlayer.” DFT calculations (PBE
GGA level of theory) by these authors showed
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that GDY monolayer on Pt(111) (GDY/Pt(111))
has a lower average overpotential (1) (0.26 V vs.
RHE) as compared to bare Pt(111) (0.29 V wvs.
RHE), suggesting a superior HER activity for
GDY/Pt(111) in contrast to bare Pt(111) sur-
face. The authors also noted that the adsorption
energies are dependent on the relative separation
between GDY and Pt(111), indicating the 2D
confinement effect.

4.2 Oxygen Evolution and Reduction
Reactions

Oxygen evolution reaction (OER) is often identi-
fied as a key challenge in water electrolysis due to
its inherently poor reaction rate, which reduces
cell efficiency.'®'% Metal oxides, perovskites,
spinels, and carbon nanotubes (CNTs) are widely
recognized catalysts for water electrolysis.'”’
While metal oxide-based catalysts suffer from
relatively low electrical conductivity, CNTs offer
advantages such as high surface area, excellent
conductivity, and strong corrosion resistance.'?’
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Like OER, the oxygen reduction reaction
(ORR) also exhibits sluggish kinetics due to chal-
lenges in O, adsorption on the electrode surface,
0O-0 bond activation and cleavage, as well as oxide
removal. Various Pt-based alloys (PtPd, PtAu,
PtAg, PtCu, etc.) and core-shell structures (Cu@
Pt, Ni@Pt, AuCu@Pt, etc.) have been reported for
their catalytic efficiency for ORR.'® To replace
Pt, several cost-effective noble metal catalysts for
ORR have been investigated, with Pd receiving
significant attention due to its high activity and
stability.'*!'? Introducing 2D confinement by cov-
ering the metal surface with a monolayer is a novel
approach that has been found to enhance ORR
activity and remains relatively unexplored.

4.2.1 Mechanism of OER
There are four electron/proton transfer steps in
the widely accepted mechanism of OER.!!'1
DFT-based studies often focus on this four-
step mechanism to evaluate the overpotential
of the OER reaction on the catalyst surface
under consideration for both acidic and alkaline
conditions””*®11 L1214 (Big g).

Under acidic conditions, the overall water
oxidation reaction is given by the following
equation:

2H,O(l) = Oy +4H' +4e~  AE® = 1.23Veyr
which follows the mechanism:
HyO() + % - *OH+H" + e,
*OH — *O+Ht + e,
HyO(l) + *O — *O0OH + H' + e,
*OOH — % + Oy(g) + H  +e7,

J. Indian Inst. Sci. IVOL xxx:x|xxx-xxx xxx 2025ljournal.iisc.ernet.in

and in alkaline media, the reaction proceeds
through the following elementary steps:

OH 4+ % — *OH+e™,

*OH+ OH™ — *O+ HyO() + e,

OH™ +*0 — *OOH + e,

*OOH + OH™ — x4+ O2(g) + HoO() + e~

Here, * represents the active site, (g) denotes the
gas phase, and *OH, *O, and *OOH refer to the
adsorbed species on the active site.

It has been demonstrated that, despite the
apparent differences in individual reactions in
acidic and alkaline conditions, the same equa-
tions can be applied to calculate key parameters
like the overpotential and Gibbs free energy of
reaction, provided the RHE is used as a uni-
versal reference. The CHE model (Sect. 3.3) is
commonly employed for this in computational
studies.''®

4.2.2 Mechanism of ORR

The complex kinetics of ORR make its atomic-
level mechanism challenging to understand fully.
However, it is known that the electrochemical
oxygen reduction comprises four proton-coupled
electron transfers (PCETs) where the O3 is being
generated at the cathode.

The mechanism of ORR can vary depend-
ing on the catalyst, proceeding through either a
four-electron mechanism, resulting in water for-
mation, or a two-electron mechanism, forming
hydrogen peroxide''”''® (Fig. 9).

The overall reaction for the two-electron path-
way leading to HyOy is,

Oy4+2H"+e7) > HyOy E°=070V
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This partial reduction pathway proceeds via
*OOH intermediate, and the elementary reaction
involved can be written as:

Oy +2(H" + e7) - *OOH
+ H" +e7) - HyO,
The four-electron pathway involves four sequen-
tial reduction steps, and based on the mode of
adsorption of O, there are two pathways:

(i) Dissociative pathway: This route involves
the bond breaking of O, followed by the hydro-
genation of adsorbed oxygen (*O) to become
*OH and HO . This mechanism (in acidic
medium)is given by:

* +0y — 2*0

2*0 4+ 2(H" +e7) — 2*OH

2*OH 4 2(HT +e7) — 2H,0 + x
(ii) Associative pathway: This pathway includes
the formation of *O (adsorbed molecular oxy-
gen) followed by direct proton/electron transfer
steps, proceeding through three key intermedi-
ates—*OOH, *O, and *OH .

* +0y — *Oy

*Oy + (H* +e7) - *OOH

*OOH + (H" +e7) = *O + H,O

*O+4 (H" +e7) — *OH

*OH+ (H" +e7) » HpO +

Thus, the overall reaction in the acidic medium is
given as:

Oy +4H"+e7) > 2H,0 E°=123V

Figure 9 represents these reaction pathways
under both acidic and basic media.

4.2.3 OER and ORR Under 2D-Cover

The OER faces the challenge of requiring a sub-
stantial overpotential due to the inherently
sluggish kinetics associated with the four-step
proton-coupled electron transfer process.'"”
First-row (3d) transition metal oxides (TMOs)
have gained attention as effective non-noble
metal-based electrocatalysts for OER, and dif-
ferent strategies have been explored to improve
their performance.'” However, the in situ sur-
face reconstruction of these materials during
OER forms a new oxide phase that often inhibits
their catalytic activity and stability.'** Xie et al.
demonstrated improved photoelectrochemi-
cal (PEC) water oxidation using a Si-based pho-
toanode covered with porous graphene (pGr)
monolayer covering a NiOy thin-film electrocata-
lyst.”® Among the three photoanodes, n-Si/TiO»
INiOy, n-Si/TiO2/NiO,/Gr, and n-Si/TiO2/NiO,
/pGr, compared, the pGr-covered photoanode
exhibited the highest OER activity, as indicated
by a photovoltage (Vph) of 382 mV. It shows
that the improved PEC OER activity of the n-Si/
TiO2/NiO,/pGr photoanode is mainly kinetically
driven. PEC impedance spectroscopy further
indicates that, unlike pristine graphene cover,
there is an enhancement in the charge injection
kinetics of the NiO, electrocatalyst in the pres-
ence of pGr cover. The porous nature of pGr,
with optimally sized pores, promotes oxygen and
electrolyte diffusion across the layer. The authors
showed that Oy molecules generated during OER
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can pass through these pores without damaging
the pGr layer, maintaining the structural stabil-
ity of the catalyst. DFT-based (PBE-GGA level of
theory)studies in this work indicate the forma-
tion of *OOH as the potential-limiting step. The
authors also noted a higher overpotential for the
pristine graphene-covered photoanode without
pores (0.81 V). A comparison of the computed
overpotentials between graphene covers with and
without pores indicates a crucial role of the pores
in lowering the overpotential. This is ascribed
to the interaction between uncoordinated car-
bon atoms at defects and O* (and *OOH) spe-
cies, which stabilises the reaction intermediates
and thereby lowers the overpotential. Pt and its
alloys consistently demonstrate superior catalytic
activity for ORR.'?! Despite extensive research
to develop cost-effective catalysts like graphene
derivatives, TMOs, metal-organic frameworks,
and dichalcogenides for ORR, their stability and
electrocatalytic efficiency continue to pose chal-
lenges.'**"'?> Ferrighi et al. demonstrated that the
oxygen reactivity is significantly enhanced at the
graphene/anatase TiO; interface, with a reduced
energy cost for Og dissociation compared to
the bare TiO, surface.'?® Rather than electronic
effects, the formation of direct chemical bonds
with the underlying substrate is primarily consid-
ered responsible for this enhancement. In addi-
tion, the authors also noted that boron doping
in the graphene cover facilitates Oy dissociation,

J. Indian Inst. Sci. IVOL xxx:x|xxx-xxx xxx 2025ljournal.iisc.ernet.in

making the process highly exothermic. Here, the
boron atoms act as channels, transferring disso-
ciated O atoms through the carbon layer into the
interface. In contrast, nitrogen doping does not
enhance the O, dissociation.'?®

Li et al. investigated the confinement effects
on the surface reactivity of Pt-catalyzed ORR
when various 2D layers such as monolayer gra-
phene, h-BN, graphane, graphone, and g-ZnO
are employed as covers.”” The authors computed
the binding energies of oxygen (A Eps) on the
catalyst surface (which is a commonly used
descriptor for ORR), under various covers, using
DFT-based studies (PBE+D2 level of theory). The
volcano plot based on these calculations implies
that graphene-based 2D-covers enhance the ORR
activity, and graphane cover showed the most sig-
nificant enhancement among them (Fig. 10D).
The authors concluded that the geometric con-
straint and the 2D confinement are responsible
for the weak adsorption of intercalated species on
the metal surface by analyzing the electrostatic
potential distribution in the confined environ-
ment. They showed that the Gr layer has a sig-
nificant impact on the potential energy landscape
close to the Pt(111) surface, as shown by the 1D
potential distributions perpendicular to the Gr
and Pt(111) surfaces at different Pt-Gr separa-
tion distances (dgr-pt) (Fig. 10 A). The 2D poten-
tial distribution at these interfaces (Fig. 10B, C)
reveals a distinct potential energy distribution in
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the confined region beneath the Gr cover, which
is absent in the case of the clean Pt(111) surface.
This study indicates that adjusting the 2D micro-
environment by modifying the cover can regulate
surface reactivity, leading to improved ORR on
the Pt metal.*

DFT-based calculations (PBE+D3 level of
theory) by Chen et al. showed that the 2D con-
finement effect in the monolayer graphdiyne
(GDY)/Pt(111) system disrupts the linear scal-
ing relationship of adsorbed species (*OH, *O,
and *OOH), leading to enhanced ORR activ-
ity.> By examining intermediate adsorption on
the metal surface with and without a cover, they
found that O adsorption is weaker (from 1.66
eV to 1.88 eV) under the influence of the GDY
cover. However, the adsorption energies of OH
and OOH remained nearly unchanged in both
cases (Fig. 11). Charge density difference analysis
showed that strong electrostatic attraction causes
a stronger interaction among OH (OOH) and
GDY at the interface, counterbalancing the weak
adsorption caused by 2D confinement effects.

Herein, the solvent effects were incorporated
using the COSMO (conductor-like screening
model) implicit model with a dielectric constant
of 78.54. Notably, the presence of the GDY cover
altered the potential-limiting step from *O + H *
+ e~ — *OH (without cover) to *OH + H*t + e~
— Hy0O (with cover) as shown in Fig. 11. Further-
more, all active sites in the GDY/Pt(111) system
exhibit lower overpotential (1) values for ORR
(0.45-0.59 V) compared to bare Pt(111) (0.62 V),
indicating superior catalytic performance.’
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(™ 50
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Figure 12: Langmuir-Hinshelwood scheme for
CO oxidation reaction.

4.3 CO Oxidation

CO oxidation is an effective approach to reduce
the rising CO emissions from coal combustion.
CO oxidation proceeds via the adsorption of
CO and O3 on the catalytic surface, followed by
the dissociation of Oy and the subsequent reac-
tion between adsorbed oxygen and CO mol-
ecules (Langmuir-Hinshelwood mechanism).'?’
Catalysts for this reaction commonly include
transition metals such as Au, Pt, and Pd.'?*7'%
However, CO oxidation faces challenges due to
the low catalytic activity at lower temperatures,
the instability of catalysts at higher temperatures,
and the high cost associated with noble metal
catalysts.”*! Moreover, strong CO adsorption on
metal surfaces often outperforms Oy adsorption,
leading to catalyst poisoning, where CO occupies
active sites, blocks O5 dissociation, and inhibits
the reaction.!” Therefore, stable and cost-effec-
tive catalysts capable of fully converting CO to
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products such as CO, without catalytic poison-
ing have gained significant attention."”" Stud-
ies suggested that introducing a 2D layer on a
metal surface can reduce catalytic poisoning by
modifying the adsorption strength of CO.*>*
Consequently, numerous experimental and com-
putational investigations have explored the inter-
calation of CO under different 2D layers and their
impact on metal surfaces under various reaction
conditions.”>!?*134

4.3.1 Mechanism of CO Oxidation

The widely accepted pathway for CO oxidation is
the Langmuir-Hinshelwood (L-H) mechanism,
which involves the following steps'*>'*¢:

* +02(g) — 2*O
* +2C0O(g) — 2*CO
2*0 4 2*CO — * + 2C0O1(g)

where, * represents the adsorbent, *CO and *O
are the adsorbed species on the catalyst (Fig. 12).
The overall CO oxidation reaction can be shown
by the equation given below:

2CO 4+ Oy — 2COy

The Eley-Rideal (E-R) mechanism is an alter-
native pathway for CO oxidation, where the reac-
tion occurs between gaseous CO molecules and
adsorbed oxygen atoms to generate gaseous COy
molecules. However, since CO is more likely to
adsorb on the catalyst (L-H mechanism) rather
than directly interact with adsorbed oxygen due
to the higher energy barrier,'*® the L-H mecha-
nism is generally preferred in most surface-cat-
alyzed reactions, with only a few proceeding via
the ER pathway.!*”!*

4.3.2 CO Oxidation Under 2D-Cover

Yao et al. investigated the Graphene/Pt(111) sys-
tem to examine the impact of a 2D overlayer on
the CO oxidation reaction by employing in situ
surface science studies (PM-IRRAS, tempera-
ture-programmed desorption) and DFT-based
computations (PAW-PBE+D level of theory).”
This study reported a weaker interaction between
CO and Pt under the influence of a graphene
overlayer and thereby a lower reaction barrier
for CO oxidation. CI-NEB-based assessment of
reaction pathway showed that the TS configura-
tions remained similar for both Pt(111) and Gr/
Pt(111). However, the energy barrier on the bare
Pt(111) surface is found to be 0.66 eV, which is
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lowered to 0.51 eV in the presence of graphene.
Furthermore, charge density difference analysis of
the TS atomic configuration reveals charge trans-
fer from the Gr layer to the CO/O adsorbates,
weakening the CO bond and facilitating O-CO
bond formation. DFT calculations by Tiwari et al.
further support the reduction in barrier in the
presence of graphene, highlighting the strong van
der Waals (vdW) interactions in Gr/metal sys-
tems by comparing results using functionals with
and without vdW corrections. Ab initio molecu-
lar dynamics (AIMD) studies involving the post-
transition state configurations for CO oxidation
in the 2D confined region of the Gr/Pt(111) sys-
tem by these authors reveal that there is a signifi-
cant confinement effect at lower temperatures (90
K). Also, at this temperature, CO;, desorbs sooner
from the confined system than from the bare
Pt(111) surface, and the geometry of the desorb-
ing COy was found to change when the graphene
layer is introduced.” Li et al. further confirmed
the attractive vdW interaction between Gr and
Pt(111) through DFT-based studies and noted
that Pt ‘pushing’ CO molecules toward the Gr
layer. However, the Gr-CO interaction remains
repulsive, suggesting that CO adsorption is
weaker under confinement, which ultimately
implies the geometric constraints imposed on the
small molecules by the 2D microenvironment.
Zhang and coworkers explored the impact of
2D material covers on the catalytic surface behav-
iour of metal catalysts, focusing on the adsorption
and oxidation of CO at the h-BN/Pt(111) inter-
face through in situ surface techniques (LEEM,
IRRAS and AP-XPS).* They found that the h-BN
layer weakens CO adsorption on Pt, mitigating
CO poisoning and enhancing CO oxidation at
lower temperature conditions in contrast to the
bare Pt(111) surface. Notably, a more pronounced
effect of confinement is observed with h-BN cov-
ers relative to graphene layers, as complete CO
desorption occurs near room temperature under
h-BN, whereas graphene requires ~ 100° C for
the same effect.’® These observations were further
supported by computations, where the authors
noted a lower CO adsorption energy in the pres-
ence of graphene (1.57 eV) and h-BN (1.48 eV)
covers as compared to bare Pt(111) (1.99 eV). The
stronger confinement effect of h-BN is primarily
attributed to its polar nature, in contrast to non-
polar graphene. This results in strong electronic
interactions with the metal surface, rather than
being driven by geometric effects.*® Additionally,
both experimental and DFT calculations confirm
the molecular enrichment effects on h-BN cov-
ered Pt surface.®’ In this study, Wu et al. showed
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Figure 13: A—C PDOS pilots for the Pt atom nearest to the adsorbed species—A CO, B O, and C O ,-
shown both with and without C,N coverage. (Dotted line curve—Pt atom without the adsorbate, solid
line—Pt atom with the adsorbate, vertical dashed line—d-band center of activated Pt. Reprinted with per-
mission from ; permission conveyed through Copyright Clearance Centre, Inc. The computed differential
charge density of TSs for D O, dissociation and E CO oxidation at the interface of g-CsN4/Pt(111). (Yellow/
Purple—charge depletion/accumulation, Atom color coding: C-gray, N-blue, O-red, Pt-indigo.) Reprinted
with permission from Copyright ©2017, American Chemical Society.

that under the same CO partial pressure, CO
coverage on Pt(111) under h-BN is higher than
that on a bare Pt(111) surface. A similar observa-
tion of more dispersed coverage of CO molecules
was observed by Eads et al. in a 2D silica-covered
Pd(111) system by employing in situ techniques
(APXPS and IRRAS)."* The formation of sur-
face oxide from molecular oxygen, along with
the dispersed coverage of CO, led to an improved
CO; production under confinement. A 12% rise
in COy was reported as a consequence of the
silica covering compared to the surface of clean
Pd(111)."** However, unlike the rapid CO adsorp-
tion observed on Pt(111) surfaces under h-BN
islands upon CO exposure at room temperature,
CO intercalation was absent under the defect-free
h-BN layer.*>*® This indicates the critical role of
defects in the h-BN cover in facilitating reactions
under the 2D layer, and the defect generation is

often influenced by the synthesis conditions,
resulting in their irregular formation.

Wang et al. has investigated CO oxidation on
a Pt(111) surface covered with g-C3N4 employing
DFT-based calculations (GGA-optPBE-vdW level
of theory), leveraging its unique porous structure,
which facilitates the intercalation of small mol-
ecules beneath the 2D layer. The interface formed
in C3N4/Pt(111) system decreased the energy
barrier associated with CO oxidation, indicat-
ing enhanced reactivity under confinement.*
This improved catalytic performance is ascribed
to charge transfer to the intercalated small mol-
ecules from the overlayer. Differential charge
density analysis revealed substantial charge trans-
fer from the C3Ny layer to the adsorbed CO and
O3 species (Fig. 13D, E). This accumulated charge
causes the weakening of the O-O and C-O
bonds, ultimately facilitating O-CO bond forma-
tion. In addition, the NEB calculations reported
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in this work revealed that COy and O can per-
meate through the pores, and their binding on
the metal surface can be modulated by the g-Cs3
N, cover.”

Guo and coworkers investigated the CO oxi-
dation by employing Pt(111) surface-supported
CoN monolayer (belongs to h-BN family) as the
catalyst with different configurations (top/fcc/
hcp) using first-principles calculations (GGA-
PBE+D3 level of theory).** Similar to other cases,
the presence of the CoN cover weakens CO
adsorption (by 0.37 eV) compared to the bare sur-
face of Pt(111). Although there is no significant
electron transfer between CoN and CO, a charge
transfer between CO and Pt was observed. The
authors reported that charge transfer from bare
Pt(111) to CO is 0.17¢, which decreases to 0.15¢
under the CoN cover, indicating a weaker CO-Pt
interaction in the confined space and, conse-
quently, a weaker CO adsorption on the metal
surface. This is further confirmed by observing a
lowering of the d-band center of activated Pt in
the absence (—2.32 eV) and presence (—2.62eV)
of the CoN  cover (Fig. 13A). The authors also
examined charge transfer between the Pt surface
and adsorbed O atoms (and O3) to gain further
insight into the CO oxidation reaction. Charge
analysis revealed that the presence of CoN gener-
ates a weak electric field, stabilising the adsorbed
O atom under the cover. Additionally, a d-band
center shift towards the Fermi level was observed
(Fig. 13B) for *O under CoN cover confirms this
stabilisation. Similar to the case of CO, the Cy
N cover causes charge loss in the O-O bond,
making Oy much susceptible to dissociation and
observed a slight d-band center shift towards the
Fermi level (Fig. 13C). The preference of the Cy
N /Pt (111) for the effective CO oxidation was
further confirmed in this study by observing a
positive adsorption energy for COy, the product
molecule, under the effect of confinement.*

Eads et al. investigated CO oxidation on a
Pd(111) surface in the presence and absence of a
2D silica cover using in situ techniques (APXPS
and IRRAS)."*® They observed that the confined
system demonstrated approximately 12% higher
CO; production rates compared to the bare Pd
surface. The 2D-cover promotes a more dispersed
coverage of the adsorbed CO, which facilitate
the reaction of Oy on the surface, generating
atomic oxygen and forming a surface oxide that
subsequently reacts with CO to improve CO;
production.'*’
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4.4 CO, Reduction Reaction

CO; reduction reaction (CO2RR ) is a highly
complex process comprising multi-electron/pro-
ton transfer, and a variety of different products
ranging from small molecules such as CO, CHy,
etc. to higher hydrocarbons and alcohols.'* The
electrochemical reduction of COy (eCO2R ) on
different metal surfaces has been extensively
investigated over the years."*"'** For example,
the conversion of CO3 to CO has been reported
to be enhanced on metals such as Au, Ag, Pd, Fe,
etc., while Cu catalyses the production of hydro-
carbons and alcohols from CO,.'** However,
current catalysts require high overpotentials to
achieve practical reaction rates and often exhibit
poor selectivity for target products.'**™'*¢ For
instance, although Cu is the most effective metal
electrocatalyst for CO2RR, it exhibits a high onset
voltage (~1 V) for CO; reduction to hydrocar-
bons."**'*” Additionally, the competing HER is
also a major reason for the low faradaic efficiency
in CO, reduction (CO,RR).! &% QOther major
challenges in CO,RR include achieving selectiv-
ity for desired products while minimizing energy
barriers, ambiguities in reaction pathways and
mechanisms, and catalyst instability under opera-
tional conditions.'*?

To address these limitations, the application
of ‘confinement effects in CO,RR has shown
several advantages, including enhanced initial
CO; adsorption and activation, improved con-
trol over reaction pathways and selectivity via
stabilization of key intermediates, and increased
catalyst durability by protecting active sites from
degradation.'*

4.4.1 Mechanism of CO;RR

In CO4RR, the formation of intermediates is gov-
erned by the interaction of CO, with catalyst sur-
faces or electron-rich species. Some of the most
commonly reported proton-coupled electron
transfer reactions of CO; at pH 7 with reference
to NHE, as documented in the literature, are
given below””!%:
Carbon Monoxide

COy+2(H " +e7) - CO+HO E°=—-051V
Formaldehyde
COy +4(H" +e7) > HCHO + H,O0 E® = —055V
Methanol
COy +6(H" +e7) > CH3OH+H,O E°=—-039V

Methane
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COy +8(HT +e7) > CHy +2Hy,0 E0 = —024V
Acetaldehyde
2CO, + 10(H' + ™) — CH3CHO + 3H,0 E® =—036V

The fundamental steps of CO, reduction on tran-
sition metal surfaces are given by’*:

CO, +H' + e~ — *COOH
*COOH+H" + e~ — *CO + H,0O
*CO+H" +e” — *CHO

The adsorption studies on pristine TM sur-
faces suggested that the scaling relation between
the binding energies of the key intermediates
involved in CO2RR (E;, (COOH) and E, (CO) as
well as E, (CHO) and E;, (CO)) limits the catalytic
activity of these metals.'”*!*! Therefore, enhanc-
ing CO, reduction activity requires decoupling
the binding energetics of the intermediates on the
transition metal surface. Peterson et al. suggested
that the linear relationship between CO and CHO
intermediates can be disrupted by alloying with
metals that have higher oxygen affinity, introduc-
ing electrophilic chemical ligands, and stabilising
intermediates through hydrogen bonding.'*’

4.4.2 CO,RR Under 2D-Cover

The confined region between the metal surface
and the overlying 2D material layer provides an
optimal environment for enhancing the catalytic
activity of CO; reduction reaction (CO,RR ). Lin
et al. employed computations (GGA-optB88-vdW
level of theory) to study the catalysis of electro-
chemical CORR on metal surfaces (Au, Ag,
Ni, Cu, Pd, Rh and Pt) covered by graphene and
revealed that the graphene overlayer reduces the
reaction-free energies associated with the inter-
mediate steps.”* Free energy calculations on
these different metal surfaces demonstrated that
the presence of the graphene cover significantly
reduces the free energy of reaction for CO, + H
+ e — *COOH (by 4% to 153%) and for *CO
+H™*+e  — *CHO (by 2% to 19%). Addition-
ally, the graphene overlayer decreases the onset
potential for CO2RR (by 4% to 19%) over differ-
ent metals considered, with the most significant
reduction observed on Ni and Cu surfaces. Anal-
ysis of electron density redistribution indicates
that there is a partial charge transfer from the &
orbitals of graphene to *COOH and *CHO inter-
mediates. This charge transfer occurs from high-
energy states to lower-energy states, leading to
the reduced repulsion between graphene and the
intermediate molecules. The charge transfer from

graphene to the adsorbates is influenced by the
metal surface, which modulates the Fermi level
of the confined system. Notably, stronger charge
transfer between graphene and the adsorbate
molecules occurs when the underlying metal has
a lower Fermi level.

A comparable observation was reported in the
case of CO2RR in graphdiyne (GDY) covered Cu
metal using DFT-based studies (RPBE-GGA).*
The triangular hole in GDY (with 5 Asides) allows
the passage of COy molecule towards the inter-
face with a low energy barrier. In addition, the
CO; molecule was found to be stabilised under
the GDY cover as indicated by a much lower free
energy of adsorption (—0.58 eV) as compared to
that of the bare Cu(111) surface (—0.04 eV). The
adsorbed CO2 molecule with a higher Fermi level
than GDY injects electrons into the GDY and
thereby stabilises the GDY-CO,-Cu system. The
PDOS calculation indicates an electron trans-
fer between o-orbitals of intermediates (*CHO
and *COOH) and the n*2p-orbitals of GDY,
which allows these adsorbates to be sandwiched
between the cover and metal surface, which in
turn leads to more negative binding energy of
adsorbates (Fig. 14A,B).*

In comparison to carbon layers, nitrogen
doping in N,-C layers imparts Lewis base char-
acteristics, enhancing their affinity for acidic
CO; reactants and significantly increasing the
coverage of CO intermediates.”” DFT calcula-
tions by Wang et al. indicate that surface of Cu
metal covered by a nitrogen-doped carbon (N-C)
layer, facilitates C-C coupling while suppressing
the cleavage of the C-O bond in HOCCHX, thus
improving ethanol selectivity in COq reduction
reactions (CO2RR ). They reported an ethanol
Faradaic efficiency (FE) of 52 +1% and a partial
ethanol current density of 156 +3 mA cm 2
a 34% N-C/Cu catalyst for CO5RR.”°

Apart from electronic effects, steric factors
also play a critical role in CO2RR enhancement
in confined space.”*”® For instance, Lin et al.
observed that the spacing between graphene and
the metal surface depends on the orientations
of different adsorbates on the metal surface.”
The interface height was found to be greater
with a CO adsorbate than with a CHO adsorb-
ate because of their differing orientations on the
metal. They suggest that variation in binding
energy between graphene and the metal surface
with changing graphene-metal distance results
in an extra energy difference among the metal-
CO-graphene and metal-CHO-graphene systems.
Here, among various metals, Cu and Ni show a
downward trend of the interplanar spacing along
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Figure 14: A |sosurfaces indicating charge redistribution between the GDY overlayer and the adsorbed
intermediates CO,*, COOH*, and CHO* (isovalues set at +0.001 e/A%; cyan for electron depletion, yellow
for accumulation). B Projected density of states (PDOS) showing the interaction between GDY electronic

bands and the MOs of adsorbed species in Cu-GDY-CO,, Cu-GDY-COOH, and Cu-GDY-CHO configura-
tions. The Fermi level = 0 V (dotted line), and the populated levels of the valence and conduction bands
in GDY are shown in shaded areas. Reprinted from  Copyright © 2021, with permission from Elsevier.

the direction of reaction—CO, — COOH* —
CO* — CHO*.”* In addition, an optimum dis-
tance between the metal surface and the overlayer
is important to define system stability and prod-
uct selectivity.79 For example, DFT calculations
by Wang et al. found the N-doped graphene layer
at an equilibrium distance of 7.42 A from the Cu
surface. Moreover, the selectivity of ethanol vs.
ethylene can be tuned by modulating the distance
between N-C overlayer and Cu, ranging from
6.42 A t0 9.42 A with respect to Cu surface.”

4.5 Electrochemical Nitrogen Reduction
Reaction

Electrochemical nitrogen reduction reaction
(eNRR) has emerged as a promising avenue for
generating ammonia under ambient conditions,
offering energy efficiency advantages compared
to the energy-intensive Haber-Bosch process.'™
Efficiently harnessing the eNRR presents con-
siderable challenges due to the intricate nature
of the reaction and its competition with HER.
The successful implementation of eNRR hinges
on designing novel electrocatalysts that facili-
tate the activation of inert N molecules while
suppressing competing reactions. To address
these challenges, researchers have explored vari-
ous strategies, including surface modification,
defect engineering, and electrolyte optimization.

J. Indian Inst. Sci. IVOL xxx:x|xxx-xxx xxx 2025ljournal.iisc.ernet.in

Recent advances have shown promising results,
with enhanced NHj yield and Faradaic efficien-
cies (FE) achieved through innovative catalyst
design and electrochemical cell configuration.
Novel electrocatalysts for ammonia synthe-
sis under mild conditions include single-atom
catalysts (SACs), MXenes, and metal-organic
frameworks (MOFs).!>> However, the effect of
2D confinement on eNRR remains largely unex-
plored experimentally and theoretically. Studies
indicate that 2D confinement influences eNRR
kinetics by disrupting the linear scaling relation-
ship between intermediates while also suppress-
ing competing side reactions like HER.*””® The
following sections explore the eNRR mechanism
and the impact of 2D overlayer-induced confine-
ment on eNRR.

4.5.1 Mechanism of eNRR
eNRR is a multistep reaction involving N proto-
nation and electron transfers as illustrated below:

Na(g) + 6H" (aq) + 6e~ — 2NH3(g) E° = 0.056 V

The eNRR pathways are categorized into disso-
ciative and associative, primarily based on the
hydrogenation sequences and the mechanism of
N=N bond breaking. In the dissociative mecha-
nism, the N=N bond breaks during adsorption,
leading to the adsorption of dissociated N atoms.
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way. Adapted with permission from  Copyright © 2016 American Chemical Society. B Mars-van Krev-
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Subsequent hydrogenations yield ammonia,
which is released in the final step (Fig. 15A).">*
Conversely, the associative mechanism retains the
N=N bond during N adsorption, and the bond
cleavage occurs at specific hydrogenation steps.
This route can be further generalized into associa-
tive, distal (Fig. 15 B,C) and enzymatic pathways
(Fig. 16A) based on hydrogenation sequences.

In the distal pathway, terminal nitrogen atoms
primarily undergo hydrogenation, with proton
addition at surface nitrogen atoms occurring after
the release of the remote NH; molecule.””” Along
the alternating pathway, hydrogenation shifts
among the two N-atoms, with N=N bond break-
ing in the final step.”” The enzymatic pathway

involves lateral N, adsorption on the catalyst sur-
face initially, followed by similar hydrogenation
steps as in the alternating pathway (Fig. 16A).
Notably, a new mechanism was proposed, the
Mars-van Krevelen (MvK) mechanism where lat-
tice N atoms on transition-metal nitride surfaces
are reduced to ammonia, creating N vacancies for
continuous eNRR through N, adsorption (Fig
16B). The involvement of the surface N atoms of
the materials sets this mechanism apart from the
conventional ones.!*®

Transition metals (TMs), known for their
stability, conductivity, and suitable d orbitals,
are promising NRR electrocatalysts. Norskov
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Figure 17: A, C lllustration of N, adsorption on the interface of g-CsN.4/Ru ; B, D Charge density varia-
tion upon N, adsorbed at g-CsN4/Ru interface. E, G lllustration of *N,H adsorption on Charge density
variation of the N, adsorbed on g-CsN./Ru interface ; F, H Charge density variation upon N,H adsorbed
at g-CsN4/Ru interface. (oxide red-C, light grey-N, green-H, beige red-Ru. Yellow/cyan indicates charge
accumulation/depletion, respectively. Iso-surface values: 0.01 e/AA3, dashed line—H-bond formed with N)
Reprinted from  Copyright © 2024 with permission from Elsevier.

and co-workers found that, in the electrochemi-
cal synthesis of NH3 on TMs, the protonation of
Ny to *NoH or *NH (*NH3) to *NH; (*NH3) is
the typical potential-limiting step.'**~'®' They
reported that the limiting potential was signifi-
cantly constrained by the linear scaling between
the binding energetics of *NyH and *NH (*NHy),
creating a higher energy barrier slowing down
the ammonia synthesis. To mitigate this issue,
the introduction of co-adsorbates with stabilising
interactions with different intermediate species
was suggested, which weakens the linear rela-
tionship and improves the reaction kinetics. For
example, 2D materials consisting of electronega-
tive elements such as O, N, S, F, etc., are identi-
fied as promising candidates for co-adsorbates.”’
HER is a competing side reaction in eNRR,
reducing the Faradaic efficiency for ammonia
synthesis.'*>! Hence, assessing the selectivity
of nitrogen-fixing catalysts against HER is cru-
cial. Preferably, eNRR catalysts should exhibit a
higher overpotential for HER to enhance nitro-
gen reduction selectivity.

4.5.2 eNRR Under Cover

Wang et al. employed DFT-based (GGA-PBE+D3
level of theory) calculations to study the eNRR
activity of Ru and Rh surfaces in the presence
of g-C3Ny overlayer.”” This study suggests that
incorporation of the g-C3Ny overlayer on Ru or
Rh surfaces weakens the binding of *Ny while
enhancing *NoH binding, which causes a sub-
stantial decrease in the barrier associated with
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the potential limiting step (*No + HT + e~ — *N,
H ) and improvement in NRR catalytic activity
compared to pure transition metal surfaces. The
van der Waals interactions between Ru and g-C3
N4 were found to be responsible for bringing *N;
closer to the overlayer, inducing repulsive inter-
actions that destabilise *Ny adsorption in the
confined environment. This effect is supported
by charge depletion observed between *N; and
g-C3Ny (Fig. 17A-D). In contrast, *N,H adsorp-
tion is strengthened due to hydrogen bonding
between *NyH and g-C3Ny, as confirmed by dif-
ferential charge density analysis, which reveals
charge accumulation at the N-H interaction sites
(Fig. 17E-H) Furthermore, the g-C3Ny overlayer
reduces the limiting potential for NRR while
suppressing HER. This study also highlights the
potential of leveraging hydrogen bonding and
steric confinement to weaken linear scaling rela-
tionships, offering a versatile strategy applicable
to other catalytic reactions involving protonation
steps, such as CO; and oxygen reduction reac-
tions.” In addition to metal surfaces, clusters of
metals such as Fe were found to be catalytically
active for eNRR.'**!%° To investigate the impact
of confinement on sub-nano metal clusters for
eNRR, Wang et al. modeled a confined sub-
nanoreactor consisting of Fe,y clusters between
two 2D layers, g-C3N4 and black phosphorus, in a
sandwiched form (Fig. 18A).

The Fe;y; clusters formed stable chemical
bonds with both g-C3N4 and black phosphorus,
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Figure 18: A N, adsorption configurations on the g-CsN4/Fe;q/BP system. B Computed DOS for the s and
p orbitals of 2D BP (pink) and in the C3N4/Fe;q /BP system (blue). Reprinted from  Copyright © 2024 with

permission from Elsevier.

preventing mutual aggregation. The computed
DOS for the s and p orbitals in the individual
BP monolayer and the interface of g-C3Na/Fe,q /
BP show significant broadening of phosphorus
atom states upon the formation of the interface.
Furthermore, enhanced carrier transport resulted
from the generation of novel electronic states at
the Fermi level (Fig. 18B). This confined interfa-
cial microenvironment led to a significant reduc-
tion in NRR over potential at the Fe active site,
decreasing from 0.82 V to 0.49 V. The improved
performance is ascribed to the geometric confine-
ment between the two 2D layers and the modified
adsorption behaviour of species on the iron clus-
ter in the confined region.”®

5 Summary and Perspectives

This review explores the role of confined cataly-
sis in small molecule activation, with a particular
emphasis on recent computational studies and
the insights they provide. The focus is on catalytic
systems where confinement is created between
2D layers, applied to reactions such as the hydro-
gen evolution reaction (HER), oxygen evolu-
tion reaction (OER), oxygen reduction reaction
(ORR), CO oxidation, CO, reduction, and elec-
trocatalytic nitrogen reduction reaction (eNRR).
Compared to conventional heterogeneous cata-
lysts, 2D-confined systems offer a tunable chemi-
cal environment that stabilises active sites and
enhances reaction kinetics. Computational stud-
ies suggest the critical role of the effect of struc-
ture, electronic structure, defects, charge transfer
between the molecule and the catalyst surface,
etc.,, in determining the activity and selectivity
of confined catalytic systems. The effect of some

of the critical parameters on the catalytic activity
under 2D-cover is summarised below:

Charge transfer: 2D-covers alter the adsorp-
tion energetics of the reactant molecules by pro-
moting enhanced charge transfer from metal to
the adsorbates, which in turn lowers their bond
dissociation energy. The adsorption of small mol-
ecules like CO on the metal surface is weaker
under the influence of 2D-covers, in contrast to
the bare metal surface. This optimal interaction
prevents catalytic poisoning of the metal surface
by the reactant molecules.

Geometric effects: The height of the interface
formed between the surface of the metal and the
2D overlayer is crucial for observing the confine-
ment effects. 2D-cover at an optimal distance
from the metal surface alters the geometry of the
reactants and intermediate molecules.

Defects: While pristine 2D-covers like gra-
phene permit the diffusion of small species
such as protons, the presence of defects is cru-
cial to ensure the diffusion of product molecules
away from the metal surface. This contributes
to the overall stability of the system. In contrast,
2D-covers with an inherent porous structure (eg.,
graphdiyne) perform more effectively even in the
absence of defects, as their pores act as channels
for the molecular diffusion. Notably, intermediate
species of certain reactions, such as ORR, were
found to be stabilised via interactions with under-
coordinated atoms at defect sites.

Dopants: The introduction of appropriate
dopants into the 2D overlayers is found to act as
a channel for molecular diffusion across the layer
and facilitate the molecular diffusion across mul-
tiple overlayers.
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Our literature review reveals that electro-
catalytic reactions such as the ORR, CO2RR, and
eNRR have been relatively less explored in the
context of 2D-cover-induced confinement. Most
of the existing studies focus on catalytic activity
arising from confinement between metals/metal
oxides and carbon-based materials such as gra-
phene, graphdiyne, h-BN, and g-C3Ny. In con-
trast, systems involving defective carbon layers
over single-atom catalysts remain largely unex-
plored and represent a promising direction for
future research. Additionally, the fundamental
mechanisms of confinement, particularly the role
of quantum effects in confined catalysis, remain
poorly understood and require more rigorous
investigation.

Computational studies, especially those based
on DFT, play a crucial role in understanding the
mechanisms and factors affecting the perfor-
mance of the catalytic systems for reactions like
HER, OER, and CO3RR . However, the compu-
tational cost associated with higher-level compu-
tational approaches and a significant increase in
computational cost with increasing system size
prevent the efficient exploration of the catalytic
reactions.”®!**1%” In this regard, developing novel
computational methods to improve the simula-
tion accuracy and facilitate the use of models
that mimic realistic experimental conditions is
crucial for computational studies of heteroge-
neous catalysis, especially in confined systems.
The development in the field of machine learn-
ing potential-based simulations,'*® and operando
simulations®’ are expected to address these issues
to a good extent.
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