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ABSTRACT: This research examines the structural and electrical characteristics of
Cd-doped ZrsC2 MXenes by density functional theory (DFT). Results from structural
optimization show that Cd doping changes the lattice properties, which is a sign of
local atomic distortions. Calculations of cohesive energy and formation enthalpy
show that both pure and Cd-doped structures are thermodynamically stable.
Electronic band structure and density of states (DOS) investigations show that adding
Cd to Zr3Cz adds more electronic states close to the Fermi level while keeping the
metallic properties of ZrsCz. Partial DOS shows that the d-orbitals of Cd and Zr, as
well as the p-orbitals of C, make considerable contributions. These results indicate
that the addition of Cd improves the electronic properties of ZrsCz MXenes,
positioning them as viable candidates for practical applications in nanoelectronic
(e.g., transistors and interconnects), chemical sensors, and energy storage devices,

including batteries and supercapacitors.

Keywords: Cadmium (Cd) Doping; ZrsC2 MXenes; DFT; Advanced Materials; Energy
Storage; Catalysis

1. Introduction

2D materials have attracted great interest in materials research owing to their
unusual qualities and likely uses in several sectors including electronics,
energy storage, and catalysis [1-3]. Among all these choices, the group of
molecules known as MXenes has shown especially great promise [4].
MXenes are compounds produced by removing A elements from MAX
phases, in which M is an early transition metal, A is an element from groups
13 to 16, and X is either nitrogen or carbon [5, 6]. MXenes have a broad
spectrum of characteristics that one may accurately modify by varying
structure and content [7, 8]. The adaptability of MXenes qualifies them for

creative applications in advanced materials and systems [9].
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Member of the MXene family, the ZrsC> stands out for its remarkable

properties including mechanical resilience, great electrical conductivity, and
chemical stability [10]. Nevertheless, the introduction of various elements via
doping has been proposed and investigated to help Zr3C2 MXenes to
develop and increase its capacities [11]. Doping can change surface
chemistry, modify band structures, and add new electronic states, therefore
customizing the material for particular applications. Within this specific
paradigm, doping cadmium (Cd) into ZrsCz provides an interesting route for
more study. The special electronic qualities of cadmium might provide ZrsCz
with fresh electronic and structural traits, which would be advantageous for
its use in sophisticated technologies. The need to find materials with
remarkable performance qualities for next uses drives research on Cd-doped
Zr3C> MXenes after electrical devices, materials with tailored band gaps,
enhanced carrier mobility, and unique surface properties are much sought
after [12-15]. Likewise in energy storage devices, materials with superior
electrical conductivity, suitable intercalation potential, and structural
stability are absolutely vital [16, 17]. MXenes, especially Cd-doped ZrsC>, are
under much research focus as it is possible to control their properties by
doping. Cadmium (Cd) was chosen as a dopant for ZrsC2 MXenes because its
unique electrical and structural properties make it a good choice for
changing the properties of materials. As a post-transition metal with a filled
4d'0 shell and moderate electronegativity, Cd may add more electronic states
around the Fermi level without making magnetic instabilities worse. Also, its
atomic radius is bigger than Zr's, which is likely to create localized lattice
distortions that change the charge distribution and bonding environment.
These things can change the density of states a lot and make electronic transit
work better. Doping with Cd is a smart way to improve the performance of
Zr3C> MXenes in electronic and energy-related uses. Atomic level material
analysis now depends critically on DFT [18]. The DFT provides a consistent
structure for predicting and understanding the electrical configuration, total
energy, and many properties of materials, thereby guiding experimental
activities [19]. This work uses DFT to explore, structurally and electrically,
Cd-doped Zr3C2 MXenes. Finding alterations in the electronic band structure,

density of states, and their consequences for device uses takes front stage.

The effects of Cd doping on the structural and electronic characteristics ZrsCz
are systematically investigated in this work. DFT computations are applied
for the analysis. First, we maximize the atomic structure of both pure and
Cd-doped ZrsC2 so that we take most stable configurations into account.
Further electronic structure simulations clarify the effect of Cd incorporation

on the band gap, electronic states close to the Fermi level, and the general
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electronic behaviour. By means of a comparison of these properties with

undoped Zr3Cz and the detection of any developing trends, our aim is to get
a better knowledge of the possible applications of Cd-doped ZrsC2 MXenes

in several sophisticated technologies.

2. Computational Methodology

Cd-doped ZrsC2 MXene was computationally analyzed using first-principles
calculations inside the framework of density functional theory (DFT). The
CASTEP [20] algorithm was used to conduct all simulations, employing a
plane wave pseudopotential technique. The exchange-correlation effects
were treated using the Generalized Gradient Approximation (GGA) with the
Perdew—Burke-Ernzerhof (PBE) functional. A plane-wave cutoff energy of
600 eV was employed to ensure the convergence of total energies and forces.
For Brillouin zone integration, a 5 x 5 x 2 Monkhorst-Pack k-point grid was
used, which provided a good balance between computational cost and
precision in sampling reciprocal space. These parameters were tested for
convergence prior to the structural and electronic calculations to ensure the
reliability of the results.We optimized the ion positions using the conjugate
gradient method. This approach guarantees that the buildings reach their
most ideal energy configurations and is quite successful in reducing the
general energy of the system. The energy stability was found using a
convergence threshold of 1x10-%eV; the Hellmann-Feynman forces on every
atom were maintained below 0.02 eV/A to guarantee structural stability of
the system. We used the PBE to give a precise account of the magnetic and
electrical characteristics of Cd-doped ZrsCz [21] within the GGA [22]. This
functional is highly recognized for providing a consistent balance between
computation efficiency and accuracy in electronic structure simulations.
Considering the transition metal character of the Zr atoms and the possible
complexity generated by Cd doping, the Hubbard U correction was
employed to explain the notable correlation effects in the d-orbitals. In our
calculations, the Hubbard U parameter used for zirconium (Zr) was 2.00 eV,

which corresponds with values reported in literature for like systems.

The structural optimization guaranteed the attainment of the most stable
arrangement of Cd-doped ZrsC2 by means of a rigorous evaluation of the
lattice parameters, bond lengths, and bond angles. Following structural
optimization, the electronic characteristics were evaluated by means of
electronic band structure computation and DOS. Particularly with relation to

the band gap, electronic states close to the Fermi level, and general electronic
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properties, the simulations produced useful information concerning the

changes induced by Cd doping.
3. Result and Discussions
3.1 Structural properties

Thoughtful the stability and possible uses of pure and Cd-doped ZrsC:
MXene depends on their structural features. Fig. 1 shows the ideal 2x2x2
super cell comprising pure and doped materials. We thus go over here the
structural properties of these materials, including their lattice parameters,
symmetry, space group, and atomic locations. The pure ZrsC: MXene
structure has hexagonal symmetry distinguished by the space group
P63/mmc (No.194). Typical for MXene materials, this symmetry is absolutely
essential for their special mechanical and electrical characteristics. Whereas
carbon is situated (0.666, 0.333, 0.914), the Zr atoms are found at locations (0,
0, 0) and (0.333, 0.666, 0.843). With a=b=3.51 A and c=11.22 A, the lattice
factors for the pure ZrsC» are Crucially important for determining the
structural framework of the material, these lattice parameters reflect the
distances between atoms in the crystal lattice. Four Cd-doped ZrsC2 MXene
substitutes Cd atoms for four Zr atoms. This substitution influences the
lattice properties and general structure: At the designated Zr places inside
the hexagonal structure, Cd atoms replace Zr atoms. The lattice parameters
c=10.00 A and a=b=6.14A define the 4 Cd-doped ZrsC>. The expansion of the
lattice shown by the increase in the a and b lattice parameters over the pure
structure results from Cd's higher atomic radius than Zr. The little drop in
the ¢ parameter points to a contraction along the c-axis most likely resulting
from changes in bonding and atomic interactions brought about by Cd
doping. More noticeable structural changes result when further doping 9 Zr
atoms with Cd atoms substituting Zr atoms at the designated Zr sites in the
hexagonal configuration. For the 9 Cd-doped ZrsC> MXene, a=b=7.21 A,
c=10.79 A.

This more notable expansion of the lattice in the hexagonal plane is shown
by an increasing in a and b parameters. The little change in the ¢ parameter
indicates that the general lattice structure is getting more complicated with
increasing Cd concentration, maybe by means of the creation of novel
bonding environments and interactions. Understanding how the integration
of Cd atoms influences the characteristics of the material depends on these
structural changes during Cd doping. Particularly in a and directions, the
increase of the lattice parameters shows that Cd doping greatly changes the

structural framework of ZrsC> MXenes, hence affecting their mechanical and
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electrical characteristics. It is important to realize that, demonstrating their

chemical stability, all the MXenes under investigation have optimum
energies with negative values. In addition to this, we computed the cohesive
energy of these compounds in order to assess the structural stability of these
molecules. A compound's cohesive energy is a measurement of the amount
of energy that is necessary to shatter the ionic bonds and dissolve the atoms
that make up the complex. This energy is quantified as the cohesive energy.
This happens when the atoms in the molecule are so far apart from one
another that they cannot be possibly connected. Using the following
computation, the coherent energy for pure ZrsC2 may be determined [23-25] :

— 1 Zr3Cz ZTatom Catom
Econ = NoiN [Etot - (NZTEtot + NCEtot )]
Zr c

Nz: and Nc are the symbols that represent the number of Zirconium and
carbon atoms that are present in the ZrsCo. The ZrsC: tot is a representation
of the total energy of materials that are pure ZrsC2 MXene samples. The total
energies of a single isolated Zr atom and a single isolated C atom are
represented by the symbols Ef:t‘"‘"" and Etcl;‘t“"". Through the use following
formula, the computation of cohesive energy for doped MXenes was carried
out [26-29].

1

Zr3—xCdyC Zr, cd C
[Etot3 xb2 (NZTE atom + NCdE atom + NCE utnm)]
Nzy+Ncqa+ Nc¢

Ecoh = tot tot tot

E[137%¢%% i the total energy of the Cd-doped ZrsC2 MXene unit cell, E//atom
, Etcodt““’m and E %°mare the total energies of isolated Zr, Cd, and C atoms,
respectively. Nz;, Nca and Ncrepresent the number of Zr, Cd, and C atoms in
the structure. Table 1 shows the respective computed values of Econ for ZrsCz
(pure), ZrsC2 (doped 4-atoms) and ZrsC: (doped 8-atoms): — 6.2 eV/atom, —
5.4 eV/atom, and - 5.07 eV/atom, correspondingly. There is no text supplied.
In every single one of these instances, the values of cohesive energy that
were computed were negative, which indicates that the molecules that were
investigated have structural stability. For the purpose of gaining a deeper
comprehension of the structural stability, we have performed calculations to
determine the formation energy AH: for both the pure and doped compound
that are being discussed. The next formula enables one to obtain the enthalpy

of formation [30]:

1 Zr3C ZTatom Catom
AH; = Nzr+N¢ Eeol ™ = (NzrEgyg™ + NcE g™l

In the Zr3C2 unit cell structure, the number of Zirconium and carbon atoms is

represented by the symbols Nz and Nc accordingly. The over-all energy of
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the ZrsC2 material is described by the expression EtZ:t"CZ. Both E;:‘:{‘"" and

Eg;:;’"‘ are examples of the optimized ground state energies that have been

determined for single isolated Zirconium and carbon atoms. The
computation of AHt for doped compound were performed with formula [26,
27].

1

Zr3—xCd,C YA cd, C
[E r3—xtdyCz (NZrE Tatom + NCdE atom +NCE atam)]
Nzr+Nca+ N¢

AHI = tot grd grd grd
Where Nz:, Nca and Nc represent the number of zirconium, cadmium, and

carbon atoms, respectively. Etzart”_xc'i"c2 denotes the total DFT-calculated

energy of the doped MXene supercell and E;:‘;‘”"‘ E;f,‘;‘”"‘ and E;ﬁf{’" refer to

the optimized ground-state energies of the isolated Zr, Cd, and C atoms,

respectively. The values of AHf that were computed are presented in Table 1;
for ZrsCa (pure), Zr3Cz (doped 4-atoms) and Zr3Cz (doped 8-atoms) as — 1.47
eV/mol, — 1.82 eV/mol, and -2.08 eV/mol, respectively.

Fig.1: Computed super cell (2x2x2) of ZrsC2 compounds
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Table 1: Optimized Structural properties

Materials Ao Vo Eo Econ AHt
(A) (A (eV) (eV/atom) (eV/mol)

Z13C2 (pure) a=b=351 13823 -7324.94 -6.2 -1.47

present study c=11.22

ZrsC2 (doped 4- a=b=6.14 37699 -6542.69 -5.4 -1.82

atoms) c=10.00

present study

ZrsC2 (doped 9- a=b=721 56091 -6389.23 -5.07 -2.08

atoms) c=10.79

present study

ZrsC2 [31] a=b=3.16 180.78 -8283.86 - -1.95
c=20.89

MosC: [31] a=b=3.16 159.09 -1948.05 - -1.58
c=18.39

TisN2[23] a=b=3.07 153.07 -5464.10 -8.4 -4.38
c=18.73

HfsNz2 [23] a=b=3.14 168.14 -5597.86 -9.2 -4.60
c=19.66

ZrsN2[23] a=b=3.01 187.18 -4460.88 -8.7 -4.28
c=20.60

3.2 Electronic properties

The electronic characteristics of pure ZrsC2 MXene make it evident that it is a
metal. The electronic band structure demonstrates that the material doesn't
have a band gap because there are states that bridge the Fermi level. The
Zr3C2 has a high electrical conductivity, which makes it a good choice for
applications that need to move charges quickly. The DOS studies show that
there are important electronic states at the Fermi level that come largely from
the d-orbitals of Zr atoms and the p-orbitals of C atoms. The overlapping
states at the Fermi level provide further evidence of the metallic nature of
pure ZrsC2 MXene. A close look at the band structures (Fig. 2) shows that
both pure and Cd-doped ZrsC2 MXenes still have their metallic properties, as
shown by the continuous bands that cross the Fermi level. When Cd is
added, the bands' dispersion properties change in important ways. Partial
band flattening is also noticeable near the Fermi level in the doped systems,
especially in the 9-Cd-doped setup. This flattening indicates a rise in the
effective mass of carriers and potential localization of electronic states, which

could affect carrier mobility. Furthermore, more band crossings emerge close
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to the Fermi level because the Cd d-orbitals and the Zr/C orbitals mix

together. This means that the material has more metallic character. Even

while there is no direct opening or closing of the bandgap, the appearance of
pseudo gap-like features—areas of lower band density at the Fermi level
suggests that states are being redistributed, which could change how
electrons move through the material. These changes become more noticeable
as the concentration of Cd rises, which shows how important Cd is in

changing the electrical structure of ZrsC2 MXenes.

Four Cd atoms dope ZrsCz and clearly changes in the electrical properties are
observed. Incorporation of Cd atoms, with different electronic configurations
than Zr, results in changes in band structure and density of states (DOS).
Although the material keeps its metallic qualities, it gains new energy levels
at the Fermi level without band gap. The hybridization between the d-
orbitals of Cd and the orbitals of Zr and C explains the existence of these
additional states mostly. The enhanced number of states at the Fermi level
might increase the conductivity of the material and maybe influence its
electrical behaviour depending on the conditions. Extra bands crossing the
Fermi level in the band structure of the 4 Cd-doped ZrsC2 MXene point to an
elevated density of accessible electronic states. The electrical properties show
more notable change by raising the doping level and adding nine Cd atoms
into the ZrsCz structure. Comparatively to the four Cd-doped counterparts,
the band structure shows a much higher density of states inside the band gap
region. This pattern implies that the number of electronic states in close
proximity to the Fermi level increases concurrently with increasing
concentration of Cd. Upon examination of the DOS graph, it is evident that
there is a greater concentration of states in the vicinity of the Fermi level.
This indicates that the amount of electronic activity is increased due to the
presence of Cd doping. In uses connected to catalysis or energy storage, this
change might be beneficial as it improves electronic states and consequently
helps charge transfer mechanisms. Still, the material keeps its metallic

qualities free from band gap widening, therefore keeping a zero band gap.
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Fig. 2: Band-structure of ZrsC2 compounds

A basic metric of great relevance for understanding the electrical properties
of materials is the DOS. It indicates the number of electronic states at every
energy level that electrons might find to inhabit. We investigate in this work
the DOS for both pure ZrsC2 MXene and its Cd-doped forms in great detail.
We especially pay attention to spotting and talking about the main DOS
peaks and their related effects. Two clear peaks show in the DOS for pure
Zr3Ca. The lowest energy range of the valence band suggests the presence of
core states mostly derived from the bonding of Zr and C atoms, thereby
proposing the peak at -25.93 eV. These states mostly limit a given area and
have little effect on the conductivity of the material in general. When the
peak at 4.49 eV occurs in the conduction band, it signifies the empty states
that are possible locations for electrons to be identified. The position of this
peak captures the energy level at which several empty states become

reachable.

Four Cd atoms introduced as dopants to ZrsCz causes notable changes in the
density of states (DOS), including new peak emergence and changes in
current ones. The peak at -26.15 eV is somewhat pushed towards lower
energy, implying that the presence of Cd doping influences the core states in
line with the unadulterated form. Comparatively to pure ZrsCz, the second
peak at 4.23 eV likewise occurs in the conduction band and moves somewhat
towards lower energy. Cd adds more states, therefore increasing the density
of states close to this energy level. The enhanced number of peaks in the DOS
spectrum suggests the development of extra electronic states arising from
hybridizing Cd and Zr/C orbitals. This suggests more electronic complexity
and more opportunity for changes in electronic properties. The density of

states (DOS) spectrum gets somewhat more complex by rising the doping to
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9 Cd atoms. The -26.41 eV peak moves towards lower energy, implying more
marked interactions and changes in the electronic structure brought about by
the higher Cd concentration. In the valence band, a clear peak at -8.54 eV
indicates the presence of additional states brought on by Cd doping. This
implies major changes in the electrical configuration, which can influence the
properties of the material.
Peaks in the conduction band at 1.53 eV and 7.76 eV point to the existence of
other states that electrons can inhabit. This could raise the conductivity and
electrical characteristics of the material. The rather high density of states at
these energy levels points to a large number of electronic states inside the
conduction band those are accessible. The higher DOS (density of states) can
improve the electronic properties, therefore making the material more

suitable for uses requiring dynamic electronic behaviour and strong

conductivity.
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Fig. 3: DOS of ZrsC2 compounds

The PDOS provides a more detailed image of the individual contributions of
certain atomic orbitals (s, p, and d) in overall electronic assembly of the
compound. This picture is more complicated than the one that previous
descriptions presented. By use of the PDOS analysis, we may gain a better
knowledge of the particular participation of the distinct orbitals in the
valence and conduction bands as well as their change in contribution by

doping. Characteristics of pure ZrsC: MXene shown by the PDOS study
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reveal with a little contribution from p and d orbitals, the valence band is

essentially composed of electronic states arising from the Zirconium and
carbon atoms. Usually found far in the valence band, these states have little
effect on the conductivity of the material. Strong contributions from the Zr d-
orbitals and C p-orbitals show in the conduction band. Since they define the
states that electrons can inhabit at higher energy levels, these states are very
important in defining the electrical properties. Though in less degree than
the p and d states, the s-orbitals contribute somewhat to the conduction

processes.

Four Cd atoms cause notable changes in the PDOS. Comparatively to the
pure ZrsCz, the material's valence band shows a somewhat higher fraction of
both s and d orbitals presently. This implies that the introduction of Cd
doping produces either the displacement of current energy levels or the
generation of new ones, hence boosting the interaction of these electron
orbitals in the valence band. Greater concentration in the conduction band of
both the d-orbitals of Zr and Cd atoms points to an increased number of
electron occupancy options. This could raise the electrical conductivity of the
component. Furthermore implying a more complex electrical structure is the
participation of p and s orbitals in the conduction processes. The partial
density of states (PDOS) becomes somewhat more evident by rising the
doping to 9 Cd atoms. The rather high concentration of states in the d-
orbitals of the valence band points to a significant density peak. These results
show that the electronic structure is much influenced by the presence of d-
orbitals from Cd and Zr atoms, thereby affecting the valence band mostly.
Moreover evident are contributions from both s and p orbitals, implying a
larger spectrum of orbital involvement in the valence band. A notable
departure from the pure and less substantially doped forms is the great
number of states in the conduction band shown by the p-orbitals. This
implies that the p-orbitals now significantly influence the conduction band,
thereby possibly improving the electrical properties of the material. The
conduction processes entail a complex interaction of multiple orbitals

including contributions from d and s orbitals.
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Fig.4: PDOS of ZrsC2 compounds

The electronic structure analysis shows that Cd-doped ZrsC. MXenes still
have metallic conductivity, but they have a higher density of states around
the Fermi level, which suggests that they can move charges better. These
materials have these features that make them good candidates for
nanoelectronic, such as high-speed transistors, interconnect, and conductive
electrodes. The capacity to change the electronic states by adding Cd also
makes chemical sensing possible, as the electronic environment can change
how sensitive the sensor is to adsorbents. The doped MXenes are also good
for electrocatalysis and energy storage devices like supercapacitors and
lithium-ion batteries because they are stable and conduct electricity well. Fast
electron transport and strong structural integrity are important for these
devices. These findings suggest that Cd doping may facilitate the
engineering of ZrsC2 MXenes for specific functional applications in advanced

materials and device designs.
4 Conclusion

Using first-principles DFT simulations, we have shown that adding Cd to
Zr3C2 MXenes changes their structure and electronic characteristics in a big
way. The doping causes the lattice parameters to get bigger while keeping
the thermodynamic stability, as seen by the negative cohesive and formation

energies. Electronic structure study shows that metallic behavior is still
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present and that the density of states at the Fermi level has increased. These

changes point to better electronic conductivity. The findings from this study
provide a theoretical foundation for subsequent practical investigations and
prospective applications of Cd-doped ZrsC: MXenes in nanoelectronic and

energy storage technologies.
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