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Abstract

The development of effective and efficient sensors is crucial in facing the challenge of antibiotic resistance.
Gold and palladium nanoclusters show enormous potential in antibiotic sensor applications. This study aimed
to analyze the electronic properties, specifically the Density of States (DOS) and Partial Density of States
(PDOS), and the optical properties, such as X-ray Absorption Near Edge Structure (XANES), of Pd@Aul2
and Aul3 as materials for antibiotic sensors. Calculations were performed using Density Functional Theory
(DFT) with the GGA-PBE functional approach and the PAW scalar relativistic method for the interaction
between valence electrons and the atomic core. The optimization results of the Pd@Aul12 and Aul3 structures
maintained a stable icosahedral structure with a size of 0.468 nm. The Density of States analysis consistently
showed metallic characteristics for both Pd@Au12 and Aul3, with the Fermi energy of Pd@Aul?2 at -4.738
eV, slightly higher than that of Aul3 at -5.2663 eV, indicating increased reactivity. The Partial Density of
States revealed the hybridization of the Pd 4d orbital with the Au 5d orbital. The Pd K-edge XANES spectra
indicated the availability of unoccupied 4p orbitals in the Pd atom, confirming its central role in reactivity.
All these properties indicated a strong potential for these materials as sensors. This study laid a solid
foundation for understanding nanocluster interactions in the future development of antibiotic sensors.
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INTRODUCTION

Antibiotic resistance represent one of the most pressing global health threats of the 21st century,
challenging the efficacy of treatments for bacterial infections and leading to increased morbidity
and mortality (Chinemerem Nwobodo et al., 2022). This crisis, exacerbated by the misuse and
overuse of antibiotics, necessitates the development of innovative strategies for the early
detection and monitoring of resistant pathogens (Elbehiry et al., 2025). Consequently, the
creation of effective and efficient sensors is crucial for mitigating this threat. Such sensors,
capable of the rapid and accurate detection of antibiotics or resistant bacteria, can facilitate
improved diagnostics and curb the spread of resistant strains (Guliy et al., 2022).

In the pursuit of advanced sensors, nanoscale materials, particularly metallic nanoclusters,
have garnered significant attention owing to their unique electronic and optical properties,
which hold immense promise for biosensing applications. Gold (Au) and Palladium (Pd)
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nanoclusters, in particular, have emerged as excellent candidates for the core sensing material
(Du et al., 2020; Kumar et al., 2017). Their distinct characteristics stemming from quantum size
effect, such as a high surface area to volume ratio and enhanced reactivity, make them ideal
platforms for antibiotic detection (Draviana et al., 2023; Nasrollahpour et al., 2023a). However,
an atomic-level understanding of bimetallic nanoclusters such as Aul3 and Pd@Aul2 remains
limited. This knowledge gap impedes the rational design and optimization of nanocluster-based
sensors. (Chu et al., 2025).

This study aims to bridge this gap by conducting a comprehensive analysis of the electronic
properties, specifically the Density of State (DOS) and Partial Density of State (PDOS) and
optical properties, characterized by the X-ray Absorption Near Edge Structure (XANES) of
Aul3 and Pd@Aul?2 nanoclusters. Our analysis employs Density Functional Theory (DFT)
calculations, utilizing the GGA-PBE functional for the exchange correlation energy and the
scalar relativistic Projector Augmented Wave (PAW) method. A fundamental understanding of
these properties is crucial for predicting and elucidating the nanoclusters behavior upon
interaction with antibiotic analytes. Ultimately, these findings are expected to provide a robust
theoretical foundation to guide the future development of more sophisticated and efficient
antibiotic sensors, thereby contributing to the global effort against the antibiotic resistance
crisis.

METHOD

This study employed a theoretical computational approach based on first-principles quantum
mechanics. This ab initio methodology was selected to facilitate an in-depth, atomic-scale
analysis of the nanoclusters electronic and optical properties without the need for physical
laboratory experiments (Tran & Guidez, 2020). All simulations were executed using the
Quantum Espresso software package, with calculations performed on the Mahameru BRIN
high-performance computing (HPC) system.

The investigation focused on the bimetallic Pd@Aui2 core-shell and monometallic Auis
nanoclusters, chosen for their promising potential as advanced sensor materials for antibiotic
detection. The computational procedure began with the geometry optimization of both
nanoclusters to identify their most stable, lowest-energy configurations, maintaining an
icosahedral structure found to be stable at a size of 0.468 nm. All calculations were conducted
within the Density Functional Theory (DFT) framework (Zhu et al., 2022). The Perdew-Burke-
Ernzerhof (PBE) parameterization of the Generalized Gradient Approximation (GGA) was
utilized for the exchange-correlation functional (Khan et al., 2024). The electron-core
interactions were described using the scalar-relativistic Projector Augmented Wave (PAW)
method (Ciuk et al., 2024). Following optimization, we calculated the electronic properties,
including the Density of States (DOS) to ascertain the metallic character and the Partial Density
of States (PDOS) to delineate the specific contributions of Pd 4d and Au 5d orbitals and
investigate orbital hybridization (da Silva et al., 2024). Finally, the optical properties were
analyzed by computing the X-ray Absorption Near Edge Structure (XANES) at the Pd K-edge
to probe the unoccupied 4p states, a key indicator of chemical reactivity (Huang et al., 2021;
Iglesias-Juez et al., 2022; Orduz et al., 2024).

Post-processing and analysis of the simulation data were performed using specialized

visualization software (Mortensen et al., 2024). The DOS and PDOS curves were analyzed to
d
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identify the metallic nature, locate the Fermi level, and quantify the hybridization between Pd
and Au orbitals (Kushwaha & Goel, 2025; Wang & Zhou, 2022). The Pd K-edge XANES
spectra were interpreted to confirm the availability of unoccupied orbitals, which directly
correlates to the reactivity of the Pd atom (Westawker et al., 2023a). These collective findings
were then comprehensively interpreted to evaluate the potential of these nanoclusters as
antibiotic sensors, emphasizing how their intrinsic electronic and optical properties could
enhance sensory performance.

RESULTS AND DISCUSSION

Results

The geometries of the Aujz and Pd@Aui; nanoclusters with a size 0.468 nm were
optimized using Density Functional Theory (DFT). Following optimization, both nanoclusters
retained a stable icosahedral structure, as depicted in Figure 1. The Pd@Aui> nanoclusters
exhibits a core-shell architecture, with a central palladium (Pd) atom encapsulated by a shell of
12 gold atoms. For the optimized Pd@Aui> structure, the average Pd-Au bond distance was
determined to be 0.2751 nm, while the average interatomic Au-Au distance within the shell was
0.3943 nm.

Figure 1. Optimized geometric structures of (left) the Pd@Au,, core-shell and (right) the Au;; nanocluster

The total Density of States (DOS) for the Pd@Aui2 and Auis nanoclusters is presented in Figures
2A and 2B, respectively.

A 300 —— B 300 —
| — - [Fermi energy: -4.738 eV | — - Fermienergy: -5.2663 eV
250 | 250 1
] ]
200 i 200 :
]
§ 150 + ! § 150 :
100 100 | ’
i ‘U an 'LLILU“ | ‘
o i L LAl ol ]
-8 -6 -4 -2 0 2 4 -8 -6 -4 -2 0 2 4 3
E-Ef (eV) E-Ef (V)

Figure 2. The total Density of States (DOS) for (A) the Pd@Auy, nanocluster and (B) the Auy; nanocluster

The calculated energies of the Highest Occupied Molecular Orbital (HOMO), Lowest Unoccupied
Molecular Orbital (LUMO), and the Fermi level for the Pd@Aui2 and Auis nanoclusters are summarized
in Table 1.

d
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Table 1. Calculated HOMO, LUMO, and Fermi energies for the Pd@Au,, and Auy; nanoclusters

No. Parameter Nanocluster Value (eV) Description

1. Enowmo Pd@Aun 47311 ggﬁtecslflgcéﬁgiiteﬁ

2 Eumo Pd@Au, 13,2404 Molecular Orbital
3. Er(Fermi Energy) Pd@Aui, -4.738 rFeefl;:mrgn]iI;?;g]};g)Se;;ot)
4. Enomo Al -4.8907 idhfllzzecslflz?rc(c)lrlgiifﬁ

5. Ewo Au 38418 Molecular Orbil
6. Er(Fermi Encrgy) Aur 52663 reference i DOS plo)

To elucidate the individual orbital contributions to the electronic structure, a Partial Density
of States (PDOS) analysis was performed. The resulting PDOS for the Pd@Aui> and Auis
nanoclusters are depicted in Figures 3A and 3B, respectively.
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Figure 3. The Partial Density of States (PDOS) calculated for (A) the Pd@Aus, core-shell and (B) the Auy; nanocluster

The calculated XANES spectrum of the Pd@Au2 nanocluster, depicted in Figure 4, is characterized
by an intense, sharp absorption peak at the absorption edge, commonly referred to as a "white line."
Following this prominent feature, the spectrum exhibits a series of well-defined post-edge oscillations
at higher energies.
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Figure 4. The calculated Pd K-edge XANES spectrum for the Pd@Au,, nanocluster
Discussion
The simulated Auiz and Pd@Aui2 nanoclusters both exhibited a stable icosahedral

geometry, which is consistent with previous findings that identify this as the most energetically
d
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favorable conformation for small d-metal nanoparticles (Wang et al., 2025). In the Pd@Au.2
core-shell structure, the average Pd-Au bond length of 0.2751 nm indicates a strong interaction
between the palladium core and the gold shell. This inherent structural stability provides a
reliable foundation for the subsequent analysis of their electronic properties.

The Density of States (DOS) analysis in Figures 2A and 2B confirms the metallic character of both
the Auis and Pd@Au:2 nanoclusters. This is evidenced by the continuous, non-zero density of states at
the Fermi level, a hallmark of metallic systems that facilitates electron mobility. Notably, the Fermi
level of the Pd@Auiz nanocluster is upshifted relative to that of the pure Auis nanocluster. This upward
energy shift suggests a higher population of available electronic states at the Fermi level, a feature
generally correlated with enhanced chemical reactivity. The sharp, distinct peaks observed in the DOS
plots are indicative of discrete energy levels, a hallmark of quantum confinement effects in nanoscale
materials.

For the Pd@Aui> nanocluster, the calculations in Table 1 reveal that the Highest Occupied
Molecular Orbital (HOMO) is nearly degenerate with the Fermi level, while the Lowest Unoccupied
Molecular Orbital (LUMO) is also energetically proximate. The sharp, distinct peaks observed in the
DOS plots in Figures 2A and 2B are indicative of discrete energy levels, a hallmark of quantum
confinement effects in nanoscale materials. The existence of substantial states both below and above the
Fermi level further corroborates the metallic nature of these nanoclusters. The density of unoccupied
states immediately above the Fermi level corresponds to the calculated LUMO, signifying the
availability of low-lying empty orbitals that can act as electron acceptors.

The subtle differences in the DOS near the Fermi level between Awis and Pd@Au.: are attributed
to the hybridization of Pd 4d and Au 5d orbitals, a conclusion supported by the PDOS analysis shown
in Figures 3A and 3B. Figure 3A reveals that the total DOS of Pd@Au.» is predominantly governed by
the d-orbitals of both Pd and Au atoms, which exhibit significant hybridization across a wide energy
range, particularly near the Fermi level. Conversely, the PDOS of pure Auis is almost exclusively
dominated by Au 5d orbitals, with only negligible contributions from the 6s and 6p orbitals, reflecting
its elemental character. The pronounced contribution from the Pd 4d orbitals near the Fermi level in the
bimetallic cluster underscores the pivotal role of the palladium dopant in governing the nanocluster's
reactivity compared to its monometallic counterpart. This hybridization creates a high density of
accessible electronic states at the Fermi level, priming the Pd@Au, nanocluster for interaction with
external molecules.

The Pd K-edge XANES spectrum for the Pd@Aui2 nanocluster, depicted in Figure 4, offers crucial
insights into the local electronic and structural environment of the central palladium atom (Marcella et
al., 2020). The prominent, sharp peak at the absorption edge, known as the "white line," arises from the
electronic transition of a 1s core electron to unoccupied states of p-symmetry (primarily 4p orbitals)
above the Fermi level (Henderson et al., 2014). Notably, our theoretically calculated absorption edge
energy is in good agreement with the reported experimental value of 24350 eV (Westawker et al.,
2023b). The intensity and position of this white line are directly correlated with the density of
unoccupied 4p states and the effective valence of the Pd atom. This finding corroborates the DOS and
PDOS analyses, which also indicated enhanced reactivity stemming from the electronic states near the
Fermi level.

Moreover, the extended energy range of the spectrum reveals detailed post-edge features, including
the characteristic oscillations of the Extended X-ray Absorption Fine Structure (EXAFS) region. These
oscillations arise from the backscattering of the emitted photoelectron by neighboring Au atoms in the
icosahedral shell, thereby indirectly validating the local coordination environment of the central Pd atom
(Sharma et al., 2023). Collectively, the Pd K-edge spectrum indicates that the central Pd atom possesses
unoccupied 4p states ready to accept electrons, which is a finding consistent with the nanocluster's
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metallic character and predicted reactivity, thereby affirming its role as a primary site for interaction
with target molecules.

While XANES is an X-ray technique that does not directly probe optical properties in the visible
range, the insights it provides into unoccupied electronic states and charge transfer are highly relevant
for predicting changes in optical behavior (Abrosimov et al., 2024). Any alterations to the white line
and other XANES feature upon interaction with an antibiotic molecule would signify modifications to
the electronic distribution around the Pd atom. These electronic modifications can, in turn, alter how the
nanocluster interacts with visible or ultraviolet photons, potentially leading to detectable shifts in its
absorption, reflectance, or fluorescence spectra. Such optical changes could then be exploited as the
transduction principle for an optical sensor. Thus, the XANES data not only confirms the nanocluster's
intrinsic electronic reactivity but also provides a fundamental rationale for its potential optical response
in sensing applications. Specifically, variations in the white line and post-edge features after analyte
interaction would serve as key indicators of charge transfer or valence state changes in the Pd atom,
thereby elucidating the underlying sensing mechanism.

For both Pd@Aui2 and Auis, while the DOS plots exhibit discrete peaks with apparent gaps
between them due to quantum confinement, it is crucial to clarify that these nanoclusters do not
possess a true band gap in the semiconductor sense. Instead, their Fermi level falls within a
continuum of accessible electronic states. This non-zero density of states at the Fermi level
ensures high electronic conductivity, which is the defining characteristic of their metallic nature
at the nanoscale.

The inherent metallic nature of both nanoclusters, characterized by a high density of states
at the Fermi level, is a crucial attribute for their potential in sensing applications (Nasrollahpour
et al., 2023b). This abundance of readily accessible electrons suggests a high reactivity towards
target molecules such as antibiotics. Specifically, the upward shift of the Fermi level in
Pd@Aui2, combined with the Pd-Au d-orbital hybridization, demonstrates that palladium
doping effectively tunes the surface electronic properties. This conclusion is further
corroborated by the Pd K-edge XANES data, which confirms the presence of unoccupied
orbitals on the Pd atom poised to optimize analyte interactions. This contrasts sharply with
semiconductor materials, which possess a distinct band gap between their valence and
conduction bands (Antoine et al., 2023). Such a band gap would impede electron mobility and
necessitate a higher activation energy for interactions, potentially compromising sensor
sensitivity and response time. Consequently, the metallic character of these nanoclusters,
particularly the fine-tuned electronic structure of Pd@Aui2 is expected to translate into superior
sensor performance, offering both enhanced sensitivity and faster response rates.

CONCLUSION

In conclusion, this comprehensive Density Functional Theory study suggests that Pd@Aui2 and
Auis nanoclusters have strong potential due to their electronic and optical properties for
antibiotic sensing applications. Both systems maintain a stable icosahedral geometry, which
underpins their intrinsic characteristics. The DOS analysis confirms a crucial metallic character
for both nanoclusters, with Pd@Aui> exhibiting an upshifted Fermi level that indicates
enhanced reactivity. This heightened reactivity is attributed to significant hybridization between
the Pd 4d and Au 5d orbitals, which creates rich electronic pathways for molecular interaction.
Furthermore, Pd K-edge XANES analysis points to the presence of available unoccupied 4p
orbitals, affirming the central role of the palladium dopant in the material's reactivity and
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marking it as a primary interaction site. Collectively, these results show that the unique
properties of the Pd@Aui2 nanocluster, engineered through palladium doping, fundamentally
enhance its sensing potential. This work provides a robust theoretical foundation for bimetallic
nanoclusters and recommends future studies involving direct simulations with antibiotic
molecules to validate the predicted performance and elucidate the detailed sensing mechanisms.
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