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A B S T R A C T

This study focuses on a comparative analysis of the electronic properties of triangular, irregular hexagonal,
and octagonal 2D nanoparticles containing 10, 12, and 14 motifs, made of Au, Cu, MoO2, and MoS2.
The investigation was carried out using density functional theory. The formation energies and vibrational
frequencies demonstrate that the 2D nanostructure configurations can exist as stable structures. Edge atoms
with lower coordination numbers than central atoms, are the preferred sites for CO adsorption. Using orbital-
weighting dual descriptors calculated from Fukui functions enabled the identification of a majority nucleophilic
attack sites in Au and Cu nanoparticles, while MoO2 and MoS2-based nanoparticles present almost as many
electrophilic sites as nucleophilic sites. The charge transferred between the nanostructures and the CO molecule
and the redistribution of the projected density of states were used to assess the strength of interfacial bonds
and the nature of the fundamental interaction involved in the bonding.
1. Introduction

Human industrial as well as domestic activities release dangerous
pollutants and contaminants that contribute to the environment degra-
dation [1]. Among these harmful pollutants is carbon monoxide (CO),
which mainly comes from emissions resulting from the incomplete
combustion of fossil fuels. This highly toxic substance can lead to health
damages. These include headaches, gastrointestinal disorders, dizzi-
ness, weakness, seizures, coma and death by asphyxiation [2]. One of
the main channels through which carbon monoxide could be eliminated
is its oxidation to form carbon dioxide. This reaction is unfavored at
room temperature due to its high activation barrier. Heterogeneous
catalysis offers the possibility to speed-up and achieve CO oxidation.
Silver based catalysts [3], copper [4], metal oxides [5,6] or noble
metals [7,8] have been used for this purpose. Metal based catalysts,
particularly, copper and gold exhibit high catalytic activity, selectivity,
thermal stability and ease of recovery [4,7]. Recently several theoret-
ical and computational studies have provided deep atomistic insight
into the complex interplay between the factors governing the catalytic
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performance of gold and copper bulk surfaces and nanoclusters of
various dimensions [9–12].

Although metals exhibit exceptional yields for the catalytic oxida-
tion of CO, their scarcity and high cost represent a major obstacle to
their large-scale use. In addition, they could be quickly deactivated
under certain temperature and pressure.[13] This has triggered the
interest for alternatives. In recent years, theoretical and experimental
research has been carried out on transition metal dichalcogenides
(TMDCs) as they are seen as an alternative for low-cost oxidation of
carbon monoxide [14–16]. This stems from their unique electronic
structure, the multiple oxidation states of the transition metals, their
large active surface due to their two-dimensional sheet-like arrange-
ment, and their stability [17–19]. Compared to bulk catalysts, nanos-
tructured catalysts of lower dimensions present beneficial properties
for oxidation. These include their high specific surface area [20], the
presence of multiple active sites [21], size and shape induced physical
and chemical properties [22], good stability [23], doping and func-
tionalization [24,25]. The adsorption of CO on metals and TMDCs and
its subsequent oxidation has been the subject of intense investigation.
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Increasingly efficient computational techniques have been used to ac-
curately describe the binding sites and energies with respect to the
elemental composition of surfaces [26,27]. The d-band center has been
used to predict the reactivity of metals such as gold [28] and even
TMDCs like MoS2 sheets [29]. Mpourmpakis et al. used the coordina-
ion number and curvature angle to unravel how the size, shape, and
ymmetry of metal nanoparticles affect their electronic properties and,
onsequently, their interaction with CO [30]. Unlike metals, TMDCs
ave a layered structure with covalently bonded metal and chalcogen
toms. Their electronic structure is dominated by the hybridization of
etal d-orbitals and chalcogen p-orbitals. To describe the reactivity

f TMDCs and compare it to that of metal surfaces, descriptors that
ould better capture their unique electronic structure of the former are
ecessary to improve the level of understanding of structure-to-activity
elationship to that of the latter.

Despite the efforts for the search of alternatives to metal catalysts,
ne of the main challenges that remain when considering 2D nanoparti-
les as potential candidates is the availability of descriptors that predict
oth the most favorable reactive sites and the type of on-site interaction
ith the toxic molecules, as a function of the composition, size and

hape of the nanoparticles. The level of complexity both in the nature
f the active sites and in the interaction of the adsorbates with metal
halcogenide surfaces renders the way towards a universal character of
escriptors more tricky, and thus, calls for more comprehensive studies.
ne of the prior steps towards an efficient and rational design of the
atalytic nanoparticles is the determination of the sensing properties.
n accurate determination, both qualitatively and quantitatively, of the
harge transfer between catalyst surface and the adsorbate is crucial to
chieve selective detection of the toxic molecules. Moreover, to enable
on destructive desorption and consequently efficient catalyst recovery,
comprehensive understanding of the adsorption and the underlying

atalyst relaxation trends is necessary [31,32].
In this paper, we explore the possibilities of sensors to toxic gas such

s CO molecules based MoO2 and MoS2 nanoparticles and compare
heir properties with Au and Cu nanoparticles of the same shapes. We
nvestigate the structure and stability of 2D nanoparticles with different
opologies including motifs of 10, 12 and 14 Au, Cu, MoO2 and MoS2.

We compute and analyze the electronic structure and reactivity descrip-
tors of the different nanoparticles. We further monitor the adsorption
of CO on the potential active sites and combine charge transfer and
density of states analyses to address the nucleophilic or electrophilic
character of the interaction between the nanoparticles and the CO
molecule.

2. Computational details

The total energies of the materials systems were calculated us-
ing density functional theory (DFT) as implemented in the Quantum
Espresso [33] and Gaussian [34] packages. Quantum Espresso was
used to optimize the different clusters, to determine the coordination
number (CN), and finally calculate the charge density difference be-
tween the cluster and carbon monoxide (CO). Gaussian was used to
calculate the infrared frequencies in order to extract the vibrational
frequencies. No symmetry restrictions or/and geometry constraints
were applied during optimization of the clusters using both packages.
Conceptual density functional theory (CDFT) was used to predict the
chemical reactivity [35] and we utilized the Multiwfn code developed
by Lu et al. [36] to plot color contour maps of the electron density.
VESTA [37] was also used to plot the charge density on the different
systems.

For all calculations, Perdew–Burke–Ernzerhof (PBE) formulation
of the generalized gradient approximation (GGA) was used [38] to
account for the exchange and correlation effects. The dispersion in-
teractions were taken into account using the Grimme D3 correction
[39]. Marzari–Vanderbilt cold smearing [40] with a width of 0.005 Ry
was used to converge the systems optimization. The calculations on the
2 
clusters were performed using a 1 × 1 unit cell with a distance of 20 Å.
A plane wave basis with a cutoff energy of 60 Ry for wavefunctions
and 240 Ry for the charge densities was used to expand the wave func-
tions. Furthermore for Gaussian calculations, the PBE0 functional [41]
and LANL2DZ basis set were used within Gaussian 16 for accurate
description of the transition metals orbitals [42]. The compatibility of
the results obtained with the packages was tested by comparing key
structural parameters of the nanoclusters. As it can be seen from Table
S1 in the Supporting Information, they agree reasonably.

The energetically favorable nanostructures were investigated by
calculating the formation energies defined as follows:

𝐸𝑓1 =
𝐸(𝑡𝑜𝑡𝑎𝑙)

𝑁
− 𝐸𝑥,

𝐸𝑓2 =
𝐸(𝑡𝑜𝑡𝑎𝑙)

𝑁
− 𝐸𝑦 − 𝐸𝑧

(1)

where 𝐸𝑓1 corresponds to the formation energies of Au, Cu while 𝐸𝑓2 is
the formation energies of MoO2 and MoS2. E(total) is the total energy
of the nanostructure, 𝐸𝑥 is the energy of Au/Cu, 𝐸𝑦 is the energy of
Mo, 𝐸𝑧 is the energy of O2/S2 and 𝑁 the number of Au/Cu atoms or
units of MoO2/MoS2 in the compound.

The adsorption energy (𝐸) of CO on the surfaces was calculated
using the following formula:

𝐸 = 𝐸𝑠𝑢𝑟𝑓𝑎𝑐𝑒+𝑔𝑎𝑠 − 𝐸𝑠𝑢𝑟𝑓𝑎𝑐𝑒 − 𝐸𝑔𝑎𝑠, (2)

where 𝐸𝑠𝑢𝑟𝑓𝑎𝑐𝑒+𝑔𝑎𝑠, 𝐸𝑠𝑢𝑟𝑓𝑎𝑐𝑒, 𝐸𝑔𝑎𝑠 are the total energy of the nanocatalyst
together with the gas molecules, the energy of the isolated nanocata-
lyst, and the energy of the isolated gas molecule, respectively.

3. Results and discussion

3.1. Structure and stability

MoO2 and MoS2 can crystallize on graphene layers as 2D ultrafine
nanoparticles [43,44]. MoO2 and MoS2 in their 2H phase belong to
the P63/mmc space group. In contrast, gold and copper generally
prefer a bulk structure and crystallize into face-centered cubic systems.
However for this work, we have constructed 2D gold and copper nano-
sheets of different shapes and sizes, this with the aim of obtaining 2D
nanoparticles of the same shape as that of TMDCs. Fig. 1 displays the
optimized structures of 2D nanoparticles based on Au, Cu, MoO2, and
MoS2, obtained from DFT calculations. Three geometrical shapes were
considered due to their high stability (low formation energy) for given
numbers of basic motifs: the triangular, the irregular hexagonal and the
octagonal shapes. The basic motif being a gold atom, a copper atom,
a MoO2 molecule or a MoS2 molecule. The triangular shape includes
10 basic motifs, the irregular hexagonal shape 12 basic motifs and the
octagonal shape 14 basic motifs.

The formation energies per unit motifs of the different structures
are listed in Table 1. It is interesting to note that all the energies
are negative. This suggests that the formation of these structures is
energetically favorable. Moreover, the geometrical shapes of MoO2
and MoS2 are more stable than those of Au and Cu for the same
number of basic motifs. While the formation energies of the metallic
nanostructures are found into the range of −2.16 to −2.57 eV, those of
the transition metal chalcogenides can be up to an order of magnitude
lower, ranging from −12.99 to −15.83 eV. It can be generally observed
that the stability increases with the size of the nanostructure. On Au
and Cu nanostructures, there is an energy gain 170 meV and 200 meV,
respectively, when the size of increases from 10 to 12 motifs. Less
energy is gained when the metallic nanostructures are enlarged to 14
motifs (20 meV and 50 meV for Au and Cu, respectively). Similar trends
are observed for MoO2 and MoS2. The stabilization energies read 250
meV and 170 meV from 10 to 12 motifs nanostructures and 10 meV
and 110 meV from 12 to 14 motifs. The larger stabilization energy of
the MoO2 and MoS2based geometrical shapes can be explained by the

fact that they tend to agglomerate preferentially in sheet-like structures
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Fig. 1. First, second and third rows represent the optimized nanostructures for Au, Cu, MoO2, MoS2; in (a–d) triangular, (e–h) irregular hexagonal, (i – l) octagonal shapes. These
shapes correspond to a number of atom 𝑥 = 10, 12 and 14, respectively. The coordination number of each probable site of fixation are indicated in each figure. With atom colors:
Au (gold), Cu (brown), Mo (gray), O (red) and S (yellow).
rather than in bulk. The formation energies of bulk MoO2 and MoS2
are found within the range: −2.64 to −3.12 eV per MoO2 unit [45] and
−2.28 to −2.96 eV per MoS2 unit [46], respectively.

It can also be seen from Table 1 that in the metallic nanostructures
displayed in Fig. 1-a,b,e,f,i and j, the bond lengths are very similar,
independently of the size of the nanostructure. This may explain the
low energy gain observed upon the formation of larger nanostructures
as few relaxations are needed. However, in MoO2 and MoS2 nanostruc-
tures, one can observe a considerable change in bond length distances
both for metal–metal (Mo-Mo) and metal-chalcogen (Mo–O or Mo–
S) bonds. In the case of MoO2 (Fig. 1-c, g and k), while the former
shows a magnitude of elongation of 0.1 to 0.3 Å, a drastic contraction
of the Mo–O bond (0.7 Å) is observed when the nanostructure size
increases from 10 to 12 motifs. This is in line with the 250 meV
energy gain reported above. The Mo-O bond length remains almost
unchanged when the size is enlarged to 14 motifs. As a consequence,
the formation energy is not altered. This shows the role of the metal–
oxygen bond in the stabilization of the nanostructures. At the critical
value of 1.88 Å, it costs the same energy to stabilize the 12 and 14
motifs nanostructures. In MoS2 nanostructures (Fig. 1-d, h and l), the
magnitude of relaxations are similar, but the driving force is reversed.
In fact, the metal-chalcogen bond length is barely affected by the size
increment (0.15 Å, at most) while the metal–metal bond is elongated by
about 0.7 Å. In general, the metal–sulfur bond, longer than the metal–
oxygen bond in MoO2, undergoes oscillatory relaxations of very small
amplitude. This stems more likely from the larger size of the S atom and
the exclusion volume around it. This trend is in line with the finding
reported in Ref. [29] where the authors claimed that the metal d-band
center could be used as a single electronic descriptor for the structure
and adsorption on MoS2 nanosheets.

We further investigated the mechanical stability of the nanostruc-
tures by calculating their vibrational frequencies. Table 2 presents
the first three vibrational frequencies of the different nanostructures
reported in Fig. 1. The fact that all vibration frequencies are positive
3 
Table 1
Topologies (number of motif units), formation energy (Ef) per motif unit and
interatomic distances of Au, Cu, MoO2 and MoS2 nanostructures.

Nanostructure Topology Ef(eV)/motif distance (Å)

10 −2.16 2.72 – 2.63
Au 12 −2.33 2.69 – 2.71

14 −2.35 2.60 – 2.69

10 −2.32 2.38 – 2.39
Cu 12 −2.52 2.37 – 2.38

14 −2.57 2.38 – 2.30

10 −15.57 Mo-Mo: 2.58 – 2.76
Mo-O: 2.55 – 2.79

MoO2 12 −15.82 Mo-Mo: 2.90 – 2.79
Mo-O: 1.88 – 2.05

14 −15.83 Mo-Mo: 2.67 – 2.60
Mo-O: 1.88 – 2.03

10 −12.99 Mo-Mo: 2.29 – 3.04
Mo-S: 2.23 – 2.53

MoS2 12 −13.16 Mo-Mo 3.02 – 2.97
Mo-S: 2.36 – 2.39

14 −13.27 Mo-Mo: 2.94 – 2.87
Mo-S: 2.33 – 2.44

indicates that the nanostructures remain stable under a small exter-
nal perturbation. This finding is in agreement with the observations
reported in the experimental work performed by J.V. Lauritsen and
al. [47] and in which triangular MoS2 shapes were observed using
atom-resolved Scanning Transmission Microscopy. The saturation of
the nanoparticles edges by chalcogens was found to be the driven
force for the stabilization of the nanostructures. The same holds in our
computed triangular transition metal dichalcogenide nanostructures.
Edges in triangular MoS2 and MoO2 are both populated by chalcogens
in the outermost layers. Besides, as empirically deduced in the same
study, the number of motifs unit equal to 10 corroborates well the even
magic numbers that can form a triangular nanostructure. Nevertheless,
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Table 2
The three first vibrational frequencies of the different nanostructures, wavenumber (𝜈̄)

Nanostructure 𝜈̄ (cm−1) Nanostructure 𝜈̄ (cm−1)

4.03 23.28
Au(10) 16.34 MoO2(10) 25.10

18.20 63.65

17.94 41.21
Au(12) 42.67 MoO2(12) 46.78

42.68 56.65

8.22 56.89
Au(14) 21.13 MoO2(14) 57.86

25.87 77.93

72.40 11.48
Cu(10) 84.48 MoS2(10) 32.87

100.65 52.77

22.46 16.35
Cu(12) 30.41 MoS2(12) 44.05

87.92 69.58

15.60 31.62
Cu(14) 47.60 MoS2(14) 42.58

47.74 44.72

although these authors reported that only triangular shapes could be
observed, the values of the formation energies and vibrational frequen-
cies found in the present work suggest that the irregular hexagonal as
well as the octagonal shapes could also be observed. Yet, one would
need to investigate the thermodynamic stability of these nanostruc-
ture under O- and S-rich conditions, respectively. Information about
two-dimensional (2D) nanostructures of Au and Cu is scarce. Never-
theless, our computed formation energies and vibrational frequencies
also suggest that they could exist or be synthesized. However, these
nanostructures would be metastable compared to their 3D counterparts
which have lower formation energies ranging from −3.1 to −3.7 eV per
atom [48–50].

3.2. Reactivity descriptors

The nanostructures reactivity and particularly their ability to ex-
change charges with adsorbates plays a determining role in their cat-
alytic performance. Reactivity descriptors such as coordination num-
ber [51], orbital-weighted Fukui functions, and orbital-weighted dual
descriptors [52] are valuable tools for evaluating the catalytic behav-
ior of nanostructures. We have investigated these descriptors for the
different nanostructures under consideration in this work.

3.2.1. Coordination numbers (CN)
We started by addressing the coordinative environment of the two

groups of nanoparticles, Au and Cu on one hand, and MoO2 and MoS2
on the other hand. Fig. 1 schematically shows the structural motifs
with the coordination numbers assigned to each of their atoms. The
coordination number is taken to be number of bonds formed between
a central metal atom or ion and the surrounding atoms or groups of
atoms, known as ligands. The coordination number of MoO2 and MoS2
is higher than that of Au and Cu. This can be explained by the fact
that while gold (Au) and copper (Cu) are surrounded by monoatomic
neighbors, molybdenum (Mo) in MoO2 and MoS2 nanoparticles are
surrounded by other Mo atoms, oxygen (O) or sulfur (S) ligands,
respectively. This allows each molybdenum atom to bond with a larger
number of neighboring atoms, resulting in a higher coordination num-
ber. In general, it can be seen that the edge atoms have lower CNs
than the central atoms in all the structures. This under-coordination
reflects the presence of incomplete molecular orbitals, which are likely
to facilitate the adsorption making the edge atoms potential active sites

for molecule adsorption.

4 
3.2.2. Orbital-weighted dual descriptors
In numerous studies, edges atoms have been found to play a crucial

role in devices design and application. This has triggered stimulating
studies on their determination and characterization in order to optimize
the properties or functionalization [53,54]. For deeper insight into the
interaction of these sites with adsorbates, we have investigated the
local reactivity and electronic properties of the nanostructures. We
used orbital-weighted dual descriptors to identify the electrophilic and
nucleophilic sites. The results obtained are presented in Fig. 2. This
figure shows the isosurfaces of the orbital-weighted dual descriptors
obtained for each system. The sites favorable to electrophilic attacks
are represented in green, while those favorable to nucleophilic attacks
are shown in blue.

Regardless of the (metallic) nanostructure (Fig. 1-a, b, e, f, i and j),
it can be observed that the edge atoms in Au and Cu nanostructures
exhibit higher charge densities compared to the atoms located in the
center, making the former more susceptible to nucleophilic attacks.
However, it is interesting to note that considering the iso-densities, a
nucleophilic attack could occur at the central sites. This is the case, for
example, for Cu (Fig. 2-f). Meanwhile, on certain atoms located at the
edge of the Au (Fig. 2-a) and Cu (Fig. 2-b) nanoparticules, electrophilic
attacks could also occur. Thus, Au and Cu are more predisposed to
nucleophilic attacks but could also participate in electrophilic reactions
under certain conditions. On the other hand, for the MoO2 and MoS2-
ased nanostructures, the dual descriptors reveal the presence of sites
hat are both electrophilic and nucleophilic, with higher charge densi-
ies on the edge atoms (Fig. 2-c, d, g, h, k and l). This indicates that
hese nanostructures can undergo both nucleophilic and electrophilic
ttacks, making them potentially more versatile in terms of catalytic
eactivity. One should note, however, that for MoS2 nanostructures, the
ucleophilic sites are mainly located on the sulfur atoms.

.3. CO adsorption and electronic structure

To study the adsorption of CO on the nanostructures, several poten-
ial adsorption sites were considered, including central and edges sites,
s well as different CO molecule orientation with respect to the surface
lane. Motivated by the stronger reactivity observed at the under-
oordinated edges sites, the adsorption of CO was investigated at the
anostructures edges considering both nucleophilic and electrophilic
ites. The optimized structures, their corresponding adsorption energies
nd charges transferred from the nanoparticle to the molecule or vice
ersa at the main active sites are displayed in Fig. 3 and Fig. 4,
espectively. When considering nucleophilic sites (Figs. 3a to 3i), it
an be observed that CO binds via its carbon atom to the metallic
urfaces (Figs. 3a, 3b, 3d, 3e, 3 g and 3 h) while both C and O can
e involved into the bonding to transition metal chalcogenide surfaces
Figs. 3c, 3f and 3i). On triangular nanostructures, CO is adsorbed via

bidendate mode and via mainly two metal–carbon bonds. On the
oO2 triangular nanostructure, an additional Mo–O bond is formed.
his yields a stronger adsorption energy (−2.971 eV) compared to Au
nd Cu nanostructures for which the adsorption energy read −2.002

and −2.345 eV, respectively. In the irregular hexagons and octagons
(Figs. 3-b to 3-i), due to less charge transfer from the surface to the
CO molecule, the monodentate adsorption mode prevails. This results
in weaker adsorption energies (−0.492 to −1.59 eV).

As far as electrophilic sites are concerned, adsorption occurs via a
weak interaction between the surface metallic atoms and the oxygen of
the CO molecule (Figs. 4a and 4b). The weak charge transfer involved
in the interaction yields very weak adsorption energies (0.03e for
−0.071 eV and 0.012e for −0.027 eV, for the Au and Cu triangular
nanostructures, respectively). Though the triangular MoO2 and MoS2
nanostructures show enhanced adsorption energies due to increased
charge transfer from the molecule to the surface (Figs. 4c and 4d), the
binding strength remains within the physisorption regime. However,

irregular hexagonal and octagonal MoO2 and MoS2 nanostructures
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Fig. 2. Dual descriptor sites of the nanostructures, Orbital-weighted dual descriptor sites of the nanostructures, green/blue (Positive/negative values) represented susceptibility to
electrophilic/nucleophilic attacks. The first, second and third rows: Au, MoO2, Cu, MoS2 clusters with 𝑥 = 10, 12, 14 atoms and molecules. With atom colors: Au (brown), Cu
(brown), Mo (brown), O (red) and S (gold).
show interesting features. A tridentate adsorption mode is observed on
the irregular MoO2 hexagon (Fig. 4e). The stabilization of three Mo
to carbon (Mo-C) bonds leads to an adsorption energy of −2.462 eV.
This adsorbate-surface interaction is weakened by about 600 meV on
the hexagonal MoS2 nanostructure (Fig. 4f). Only one Mo-C bond is
formed. This may originate from steric effects induced by the larger
sulfur atoms on the surface and that prohibit manifold bonding between
the adsorbate and the surface atoms. The opposite trend is observed
in octagonal nanostructures. A strong chemisorption is observed on
MoS2 (Fig. 4 h) while weaker bonding occurs on the MoO2 nanos-
tructure. This behavior may result from a subtle interplay between the
nanostructure relaxation and the effective interaction energy between
the CO molecule and the nanostructures. In fact compared to the
surface free MoO2 nanostructure displayed in (Fig. 1k), the surface in
contact with CO undergoes considerable relaxation upon adsorption
(Fig. 4 g).

To shed light on the nature of the interactions involved in the
adsorption, we calculated the projected density of states (PDOS) of
selected adsorption configurations reported in Figs. 3 and 4. The Figs. 5
and 6 show the PDOS for the nucleophilic and electrophilic sites,
respectively. Because of their overall stronger adsorbate-surface inter-
actions observed, the triangular and hexagonal nanostructures were
considered in the former case, while irregular hexagonal and octagonal
nanostructures were considered in the latter. In Fig. 5, we observe a
weak hybridization in the energy range [−6, 0.5] eV, with the Fermi
energy shifted to zero, between the 3d orbitals of Au (Cu) to which car-
bon monoxide binds and the 2p orbital of carbon. From 0.5 eV onwards,
there is an hybridization in the conduction band, which reflects the
electron-donating character of Au (Cu) nanoparticles. In contrast, for
the MoO and MoS nanostructures, we observe strong hybridization
2 2

5 
between the 4d orbitals of Mo and the 2p orbital of carbon across
the entire energy spectrum, indicating a strong bond between carbon
monoxide and these nanoparticles. The same observations can be made
in Fig. 6(a), (b), (c), and (d) for the MoO2 and MoS2 nanoparticles on
electrophilic sites.

As already highlighted by the distribution of orbital-weighted dual
descriptors (Fig. 2), the adsorption configurations of CO also support
the greater reactivity of transition metal sites over chalcogens. The
strong hybridization observed between the metal outermost d orbitals
and carbon p orbitals support the prominent adsorption of CO by metal
atoms and the strong adsorption energies reported in Figs. 3 and 4.
O and Sulfur atoms are weakly reactive and would lead to negligible
interaction energy with the CO molecule compared to transition metals.
Thus the transition metal atoms play a more important role than the
chalcogen atoms (O, S) in determining the adsorption energies and
geometries of CO on the nanostructures. This corroborates well with
a recent DFT study on the interplay between transition metals and
chalcogens in the adsorption of NO and NO2 on MoS2, MoSe2 and WS2
TMDs [55]. The study showed that the binding via chalcogen atoms (S,
Se) could only lead to very weak physisorption, independently on the
nature of the transition metals (Mo, W).

4. Conclusion

We used DFT calculations to investigate the structure, stability
and adsorption of CO on metallic and transition metal chalcogenide
2D nanostructures. Triangular, irregular hexagonal and octagonal 2D
nanostructures with of 10, 12 and 14 Au, Cu, MoO2 and MoS2 motifs
were found to be energically favorable and mechanically stable. We
have determined the coordinative environment of the core and nanos-
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Fig. 3. Adsorption energies and Mulliken charge transfer differences on different nucleophilic attack sites of our CO/Au, CO/Cu, CO/MoO2, CO/MoS2 nanoparticles. With atom
colors: Au (gold), Cu (brown), Mo (gray), O (red) and S (yellow), C (dark gray).
Fig. 4. Adsorption energies and Mulliken charge transfer differences on different Electrophile attack sites of our CO/Au, CO/Cu, CO/MoO2, CO/MoS2 nanoparticles. With atom
colors: Au (gold), Cu (brown), Mo (gray), O (red) and S (yellow), C (dark gray).
tructures edges. The computed coordination numbers showed strongly
undercordinated edge regions with higher charge density, trendsetting
enhanced reactivity towards adsorption on these sites. The reactivity
descriptors analysis highlighted a predominantly nucleophilic character
of gold and copper-based nano-catalysts, while those based on MoO2
and MoS2 present both nucleophilic and electrophilic sites. The adsorp-
tion of carbon monoxide (CO) on the different nanostructures revealed
that the interaction of CO with metallic nanoparticles is dominated by
6 
metal–carbon bonds on nucleophilic sites and by metal–oxygen bonds
on electrophilic sites. Meanwhile, MoO2 and MoS2-based nanoparti-
cles could establish strong bonds with CO both on electrophilic and
nucleophilic sites.

The dispersion of gas molecule such as CO is a very huge concern
as it is harmful for the ecosystem and the public health. Our work
has explored the possibilities of sensors to toxic CO molecules based
on low cost and abundant MoO and MoS materials and compared
2 2
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Fig. 5. The projected density (PDOS) of nucleophilic attack sites for our different nanostructures after CO adsorption. Figures (a), (b), (c), (d), (e), (f) correspond to the adsorption
sites (a), (b), (c), (g), (h), (i) in Fig. 3.
Fig. 6. The projected density (PDOS) of electrophilic attack sites for our different nanostructures after CO adsorption. Images (a), (b), (c), (d) correspond to adsorption sites (e),
(f), (g), (h) in Fig. 4.
their behaviors with the expensive materials such as gold. By comple-
menting existing knowledge about CO sensing by other abundant 2D
materials [56,57], the present study contributes to lay the groundwork
for understanding the basic sensing properties of 2D transition metal
chalcogenides and the prerequisites for the further oxidation of CO.
7 
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