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Abstract: The adsorption of carbon monoxide (CO) on
nanoscale clusters is a topic of significant interest for
catalytic and gas sensing applications. Quantum
mechanical density functional theory (DFT) and
molecular mechanics (MM) simulations were employed to
investigate the interactions between carbon monoxide
(CO) and Pt;, Pds, Pd-doped Ptz, and Pt-doped Pd:
clusters. The aim of this research was to study the
adsorption of CO on these clusters and understand the
resulting changes in geometric and electronic properties.
Our methodology involved performing DFT calculations
to determine the adsorption energies, examining the bond
lengths and binding energies of CO, and analyzing the
electronic properties of the clusters. The key findings of
our study revealed favorable adsorption of CO on all
clusters, with notable modifications in bond lengths and
binding energies. Among the clusters, Pt-doped Pd
exhibited the highest adsorption energy, suggesting its
potential as an efficient catalyst for CO removal and
oxidation. Furthermore, the electronic properties of the
clusters provided insights into their suitability for CO
sensing applications. Overall, our research contributes to
the understanding of CO adsorption behavior on
nanoscale clusters and highlights the significance of Pt-
doped Pdz in CO-related applications, such as catalysis
and gas sensing.

Keywords: Carbon monoxide (CO), Nanoscale
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1. Introduction:

Adsorption is a fundamental process that occurs
at the interface between different phases and plays a
vital role in numerous physical, chemical, and
biological processes [1]. Understanding adsorption
phenomena is essential for various applications,
including separation techniques and industrial-scale
processes [1]. While solid-gas and solid-liquid
interfaces have received significant attention in
industrial adsorption processes, all types of
interfaces are relevant in laboratory separation
techniques [1]. The term "fluid" is commonly used
to refer to gases or liquids in contact with solid
surfaces [1].
Catalytic oxidation of carbon monoxide (CO) is an
extensively studied reaction due to its environmental
and energy-related significance. Transition metals,
such as palladium, platinum, and rhodium, have

demonstrated exceptional catalytic activity in
enhancing the CO oxidation process [2], [3].
Palladium and platinum catalysts, in particular, are
widely used in commercial three-way catalysts to
reduce automotive emissions by converting CO to
CO; [4], [5]. The understanding of CO oxidation is
not limited to the strength of the bond between
oxygen and the metal surface, but also involves the
dissociation of O, and the diffusion of adsorbates on
the surface [6]. Co-adsorption properties of CO and
oxygen are crucial for studying catalytic CO
oxidation [4], [7], [16]-[18], [8]-[15].

Prior research has provided evidence of size effects
in CO oxidation reactions on single-crystal surfaces
and supported clusters, highlighting the intrinsic size
dependence of palladium [18], [19]. Experimental
studies have shed light on the molecular
understanding of size effects for CO oxidation by
palladium, with scanning tunneling microscopy
revealing enhanced reactivity of adsorbed oxygen
due to co-adsorption of CO [10]-[12]. Investigation
of the reactivity of different Pd-O species has shown
a decrease in reactivity with increasing oxidation
state [13]. Furthermore, studies on supported Pd
clusters have reported the oxidation of CO using
various experimental and theoretical techniques
[13], [15]-[17].

Carbon monoxide (CO) chemistry is of great
importance due to its toxicity and presence as a
subproduct of automobile exhausts. CO conversion
to non-toxic CO; is desirable, and in the context of
fuel cells, CO poisoning is a major catalyst
deactivation mechanism [20], [21]. The interaction
between CO and various metallic systems, such as
metal surfaces, nanoparticles, and single atoms, has
been extensively investigated in terms of adsorption
energy and CO molecule activation [22]-[24]. Small
cluster model systems have proven to be valuable in
understanding the microscopic details of this
interaction [25], [26].

Pt; clusters, composed of three platinum atoms,
exhibit unique properties that make them highly
effective catalysts. Their high catalytic activity,
attributed to a high surface area and distinctive
electronic structure, has been observed in various
chemical reactions, including the oxygen reduction
reaction (ORR) in fuel cells and the hydrogenation
of unsaturated hydrocarbons [2], [3]. Pds clusters,
consisting of three palladium atoms, also possess a
high surface area and serve as efficient catalysts in
the hydrogenation of unsaturated hydrocarbons [2],
[3]. Pt-doped Pd, clusters and Pd-doped Pt, clusters
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show enhanced -catalytic activity and modified
electronic structures, making them promising
candidates for various reactions, including the
hydrogenation of unsaturated hydrocarbons [2], [3].
This study aims to investigate the adsorption of CO
on Pt3, Pd3;, Pd doped Pt,, and Pt doped Pds clusters
using density functional theory (DFT) calculations.
By examining the CO adsorption properties of these
clusters, we seek to gain insights into their catalytic
behavior and provide a deeper understanding of the
CO oxidation process. The findings of this study
may contribute to the development of more efficient
catalytic systems and advance our knowledge in the
field of CO adsorption on metal clusters.

2. Background Theory:

2.1. Background Theory and Principles of DFT:

Density functional theory (DFT) is a powerful
tool in bioinorganic chemistry, condensed matter
physics, materials science and superconductivity for
modeling structures, properties, and processes
related to photosynthesis. It replaces the many-body
wavefunction with the electronic density as the basic
quantity, making it computationally efficient. DFT
is based on the principles established by Hohenberg
and Kohn, which state that the ground-state electron
density uniquely determines the electronic
wavefunction and energy of the system [27]. The
Kohn-Sham (KS) approach, a variant of the Hartree-
Fock method, is commonly used in DFT to construct
a noninteracting system with the same density as the
original problem. Various approximations, such as
local-density approximation (LDA), generalized
gradient approximation (GGA), and hybrid
functionals, are used to approximate the exchange-
correlation functional, which is the main challenge
in DFT calculations [28]. While DFT has limitations
and uncertainties, it offers a close connection
between theory and experiment and continues to be
a valuable tool in bioinorganic chemistry research.
2.2. Properties and Applications of DFT:

DFT has found numerous applications in
bioinorganic chemistry, offering insights into
molecular  properties, reaction mechanisms,
vibrational frequencies, optical spectra, and
exchange couplings. It provides reliable predictions
for molecular geometries, with optimized structures
closely matching experimental data [29]. Energetic
predictions and the study of reaction mechanisms
are also important applications of DFT, although the
accuracy can vary, especially for complex systems.
Vibrational frequencies can be calculated with
reasonable accuracy, particularly for strong metal-
ligand bonds [30]. Optical spectra predictions using
time-dependent DFT (TD-DFT) calculations can be
useful but require caution and validation against
experimental data [31]. DFT also plays a role in
determining exchange coupling constants in systems
with interacting magnetic ions, although careful

analysis and comparison with experimental
observations are necessary [32]. While DFT has
shown success in bioinorganic chemistry, it is
important to consider its limitations and to
continuously improve its accuracy and applicability
in future developments.

3. Methodology:

In this study, computational techniques based
on density functional theory (DFT) were employed
to investigate the adsorption energies of CO on Pt3,
Pd;, Pd-doped Pt,, and Pt-doped Pd, clusters. The
calculations were performed using the DMol?
software package (DMol®) developed by Materials
Studio [33].

To begin, the initial structures of CO, Pt;, Pds, Pd-
doped Pt;, and Pt-doped Pt, clusters were
constructed using the Material Studio software [33].
The geometries of these structures were then
optimized within the Material Studio environment to
obtain stable and relaxed configurations.
Self-consistent field (SCF) procedures were
performed with a convergence criterion of 1107 Ha
for the total energy and 10° Ha for the electron
density, ensuring accurate results.

For the basis set, we utilized the double-numerical
with polarization (DNP) basis set available in DMol?
[33]. This basis set consists of a double set of
numerically tabulated basis functions, which
enhances the accuracy of the calculations. The DNP
basis set includes higher angular momentum valence
polarization functions and core polarization
functions, making it more complete compared to
linearly independent Gaussian function sets. The
exchange-correlation functional chosen for our
calculations was the generalized gradient
approximation (GGA), specifically the B3LYP
functional. The B3LYP functional combines the
exchange functional developed by Becke [34] with
the gradient-corrected correlation functional of Lee
et al. [35]. Additionally, spin-polarized calculations
were performed using the spin-interpolation method
of Vosko et al. [36].

To locate the transition state structures, the transition
state search option available in DMol® [33] was
utilized. The search for transition states was based
on the linear (LST) and quadratic synchronous
transit (QST) methods proposed by Halgren and
Lipscomb [37]. In the LST approach, a series of
single point energy calculations were performed on
a set of linearly interpolated structures between the
reactant and product configurations. The maximum
energy structure along this path provided an initial
estimate of the transition state structure. A single
refinement step in an orthogonal direction to the
LST path was then performed, resulting in an
intermediate structure that defined the QST
pathway. This procedure yielded a further refined
estimate of the transition state geometry, allowing
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for rapid and accurate location of the transition
states.
Finally, the adsorption energies (Eags) of CO on Pts,
Pds, Pd-doped Pt», and Pt-doped Pd, clusters were
calculated using the following equations:

Eads(Pt3) = E(Pt3 - CO)

- (EPt3 + Eco) (1)
Eads(PdS) = E(Pdg — CO)
- (Epd3 + ECO) (2)
E,as(Pd — Pt;) = E(Pd — Pt, — CO)
- (EPd—PtZ + Eco) T—_— (3)
E,as(Pt —Pd,) = E(Pt—Pd, — CO)
- (EPt—PdZ + ECO) [T (4)

In these equations, E(Pt;-CO), E(Pds-CO), E(Pd-
Pt,-CO), and E(Pt-Pd»,-CO) represent the total
energies of the respective CO adsorbed clusters,
while Ep,, Epq,, Epa-pt,, and Epi_pg, denote the
total energies of the unadsorbed clusters. Eco
corresponds to the total energy of an isolated CO
molecule.

By employing the above computational techniques
and calculations, we aimed to gain insights into the

adsorption energies of CO on different clusters and
their implications for catalytic processes.

4, Results and Discussion:

4.1. Adsorption Energies and Structures of CO
on Clusters:

We investigated the adsorption energies of CO
on Pt3, Pds, Pd-doped Pt,, and Pt-doped Pd> clusters
using computational techniques based on DFT. The
calculated adsorption energies and structures for CO
on each cluster are summarized in Table-1.

4.2. Cluster Properties and Electronic
Structure:
Table-1 (see below) presents the total energy, total
binding energy, HOMO and LUMO energies,
bandgap, and dipole moment of CO, Pts;, Pds, Pd-
doped Pt;, and Pt-doped Pd, clusters. These
properties provide insights into the stability,
adsorption strength, electronic structure, and
polarity of each system.
Table 1: Total energy, Total binding energy, HOMO
and LUMO energy, Band gap and Dipole moment
of CO, Pts, Pds, Pd doped Pt2, Pt doped Pda.

Eromo ELumo Bandgap
Molecule

(eV) (eV) AE (eV)

CO -10.35 -0.90 -9.45

Pts -5.39 -4.07 -1.32

Pds -4.09 131 -2.78

Pd doped Pt -5.21 -4.18 -1.03

Pt doped Pd: -5.15 -4.13 -1.02

4.3. Electronic Properties and Reactivity:

The HOMO and LUMO energies of CO and the
clusters were determined, providing insights into the
electron distribution, reactivity, and energy levels of
the systems. The bandgap values indicate the energy
range for electronic transitions. The dipole moments
characterize the polarity and charge distribution of
each cluster.

4.4. Complex Structures of CO and Clusters:
Figure 1(a) shows the structure of Pt; cluster,
consisting of three bonded platinum atoms. Figure

1(b) depicts the structure of Pd; cluster, composed
of three bonded palladium atoms. Figure 1(c)
displays the structure of the Pd-doped Pt cluster,
with two platinum and one palladium atom forming
the cluster. Figure 1(d) illustrates the structure of the
Pt-doped Pd; cluster, consisting of one platinum and
two palladium atoms. Figure 1(e) presents the
structure of carbon monoxide (CO), with a triple
bond between carbon and oxygen.
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Fig. 1: (a) Pts Cluster, (b) Pd; Cluster, (c) Pd doped Pt; Cluster, (d) Pt doped Pd», and (e) Carbon Monoxide
(CO).

4.5. Properties of CO-Cluster Complexes:
The total energies, binding energies, HOMO and LUMO energies, and dipole moments of the Pt;-CO, Pd3;-CO,
Pd-doped Pt,-CO, and Pt-doped Pd»-CO complexes are provided in Table-2 (see below). The dipole moments
reflect the changes in polarity upon CO adsorption. The calculated adsorption energy has good agreement with
previous report [38].
Table 2: Total energy, HOMO-LUMO energy, Bandgap, Dipole moment & Adsorption energy of Pt3-CO, Pds-
CO, Pd-Pt,-CO, Pt-Pd»-CO.

Total ener E E Bandga Eads
Molecule & e e ) o
co -3261.29 -10.347 -0.90 -9.45
Pts -1431154.32 -5.387 -4.07 -1.32 -0.8641
Pts-CO -1434416.48 -5.485 -4.06 -1.43
co -3261.29 -10.347 -0.90 -9.45
Pds -410030.69 -4.092 -1.31 -2.78 -0.898
Pds-CO -413292.88 -5.435 -4.08 -1.35
co -3261.29 -10.347 -0.90 -9.45
Pd-Pt; -1090779.82 -5.209 -4.18 -1.03 -0.885
Pd-Pt,-CO -1094042.01 -5.634 -4.24 1.39
co -3261.29 -10.347 -0.90 -9.45
Pt-Pd, -750405.26 -5.149 -4.13 -1.02 -1.278
Pt-Pd,-CO -753667.83 -5.582 -4.24 1.34
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4.6. OMO and LUMO Energies of CO-Cluster doped Pt;-CO, and Pt-doped Pd>-CO complexes.

Complexes: These figures highlight the electronic properties,
Figures 2 and 3 depict the HOMO and LUMO reactivity, and electron distribution within the
orbitals of CO, Pt3, Pds, Pd-doped Pt,, and Pt-doped systems.

Pd; clusters, as well as the Pt3-CO, Pds;-CO, Pd-

Fig. 2: HOMO orbitals of (a) CO, (b) Pts, (c) Pds, (d) Pd doped Pt,, (e) Pt doped Pd, clusters, as well as (f) Pt3-
CO, (g) Pd;-CO, (i) Pd-doped Pt,-CO, and (j) Pt-doped Pd>-CO complexes.

= ) | alie

Fig. 3: LUMO orbitals of (a) CO, (b) Pts, (c) Pds, (d) Pd doped Pt,, (e) Pt doped Pd, clusters, as well as (f) Pts-
CO, (g) Pd;-CO, (i) Pd-doped Pt,-CO, and (j) Pt-doped Pd,-CO complexes.
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4.7. Discussion of Differences and Implications:
The results indicate significant differences in the
adsorption energies and structures of CO on Pt3, Pd3,
Pd-doped Pt,, and Pt-doped Pd, clusters. These
differences can be attributed to the composition and
arrangement of metal atoms, which influence the
adsorption behavior of CO. The dipole moments and
HOMO-LUMO energies provide insights into the
electronic interactions between CO and the clusters.
4.8. Limitations and Considerations:
It is important to acknowledge the limitations of this
study, including the specific computational

5. Conclusion:

Our study utilizing density functional theory
calculations reveals that CO adsorption on Pt3, Pds,
Pd-doped Pt,, and Pt-doped Pd, clusters is favorable,
resulting in changes in bond length and binding
energy (Table-1). Pt-Pd, cluster exhibits the highest
adsorption energy, making it a promising candidate
for CO sensing and catalyzing CO oxidation. This
cluster can potentially replace pure platinum and
palladium in applications such as CO removal in
vehicles. Additionally, all clusters show potential for
CO sensing (Figures 2 and 3). These findings are in
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