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ploration of structural, electronic,
and optical properties of M2XT2 (M = Hf, Zr; X = C;
T = O, F) MXenes for photovoltaic applications

Wassila Derafa,a Iftikhar Ahmed,b Asif Saeed,c Nada Alhathlaul,a Khawar Ismail,d

Hassan Ali,c Calvyn T. Howells,b Rasheed Ahmad Kherae and Muhammad Faizan *fg

MXene compounds are promising candidates for energy-related applications because of their tunable

electronic and surface properties. In this work, we explore structural, electronic, and optical features of

M2XT2 (M = Hf, Zr; X = C; T = O, F) using density functional theory (DFT) within the WIEN2k

computational framework. These compounds show non-magnetic behavior and exhibit a hexagonal

geometry (space group# 194). Phonon dispersion analysis confirms that these compounds are

dynamically stable. Hf2CO2 and Zr2CO2 exhibited indirect bandgaps of 1.1 and 1.12 eV, respectively,

classifying them as solar absorber materials. Conversely, Hf2CF2 and Zr2CF2 are semimetals because of

the small energy interband overlapping. Their optical properties were explained in terms of optical

conductivity, loss parameter, extinction coefficient, refractive index, reflectivity, absorption coefficient,

and dielectric function. Our findings indicate that M2XT2 materials are suitable for sustainable energy

technologies, including photovoltaic cells and other optoelectronic applications.
1. Introduction

The energy requirements increase day by day due to the large
consumption driven by human activity.1–4 The world is grap-
pling with a severe energy crisis because traditional fossil-fuel
based resources are nite, contribute signicantly to climate
change and are oen concentrated in politically unstable
regions. This overreliance on fossil fuels has led to geopolitical
tensions, environmental degradation, and economic vulnera-
bilities. Thus, researchers are trying to nd new sustainable and
eco-friendly energy sources that do not harm the environment.5

Solar energy stands out as one of the most promising solutions
to today's energy and environmental challenges. It is abundant,
renewable, cost-effective, and environmentally friendly.
Through photovoltaic cells, solar panels convert sunlight
directly into electricity, offering a clean and sustainable alter-
native to fossil fuels. Unlike conventional energy sources, solar
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power generates electricity without releasing harmful gases,
helping to mitigate the effects of climate change. To keep up
with the growing global demand for green energy, it has become
essential to explore and develop novel materials that can
enhance the performance of photovoltaic technologies and
optoelectronic devices.

Over the last decade, two-dimensional (2D) materials have
gained signicant attention as fundamental building blocks for
a wide range of applications, from electronic devices to energy
storage and catalysis. The distinctive planar geometry of 2D
materials allows for their integration into numerous techno-
logical devices.6 The optical properties of 2D materials indicate
that they are suitable for solar energy absorption and trans-
parent heat mirrors. The dimensions of nanocrystals and thin
lms signicantly inuence their electronic and optical
behavior, leading to the development of innovative devices such
as photodiodes, photovoltaic cells, and light-emitting diodes.7

The 2D graphenematerial discovered in 2004 ignited signicant
concern in two-dimensional (2D) materials.8,9 Its exceptional
electronic, optical, and mechanical properties inspired
researchers to explore further 2D materials,10,11 namely
TMDCs12 and hexagonal BN.13

The novel family of 2D MXene nanomaterials discovered by
the Gogotsi group in 2011 14,15with the potential to revolutionize
various elds: water purication,16–18 biomedical elds,19–21

light-emitting diodes,22 catalysis,23,24 energy storage25–27 and
electromagnetic applications.21,28 Moreover, they have demon-
strated excellent results in the eld of solar cell technology. The
rst stated MXene, titanium carbide (Ti3C2), emanates from
Nanoscale Adv., 2026, 8, 623–634 | 623
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Drexel University research.15 Their journey begins with MAX
phases, three-dimensional layered materials with a specic
formula Mn+1AXn (where M = Hf, Zr, Ti, X = N or C and A = Al,
Si, S).29 A strong covalent bond is present between M and X,
whereas a relatively weak bond exists between M and A, so the A
layer can be removed by the etching method to form Mn+1Xn as
a 2D nanomaterial.14 MXenes are a class of exciting 2Dmaterials
represented by the general formula Mn+1XnTx. M denotes an
early transition metal, M =Hf, Zr, Ti, and X = N or C. n denotes
an integer, typically extent from 1 to 4, that denes the number
of M atoms presents in a single repeating unit within theMXene
structure and Tx represents the surface terminations, which are
essentially functionalized groups such as O, Br, I, and F
attached to the surfaces of the atomic layers of MXenes.30,31

These terminations can inuence the properties of the material.
Ti3C2Tx MXenes offer excellent features such as maximum

carrier mobility, electrical conductivity, tunable work function,
and transparency, which make them promising materials for
photovoltaic cells.32–34 Starting in 2018, Ti3C2Tx was rst incor-
porated into perovskite solar cells based on the photoactive
layer of MAPbI3.35 Ti3C2Tx has been successfully integrated into
different parts of solar cells, such as electrodes, hole and elec-
tron transport layers, as well as additives within these layers.
Building on early MXene research, Naguib et al.14,30,31 expanded
the scope to include other transition-metal carbides, particu-
larly hafnium carbide Hf2C and zirconium carbide Zr2C. Their
ndings highlighted the strong potential of these materials for
thermoelectric and optoelectronic applications. Upon oxida-
tion, Hf2C and Zr2C transform into Hf2CO2 and Zr2CO2, which
exhibit semiconducting behavior with tunable band gaps,
making them promising candidates for photodetectors and
related electronic devices.36 When functionalized with uorine,
these carbides form Zr2CF2 and Hf2CF2, which display semi-
metallic properties with excellent electrical conductivity, posi-
tioning them as efficient charge transport layers or electrodes in
next-generation devices.37

Most current studies depend on theoretical predictions of
MXenes with mixed terminations (–O, –F, and –OH), which
makes it challenging to determine the role of a single termi-
nation. One of the main gaps in this area is the absence of
reliable synthesis routes for obtaining fully O-terminated
(Hf2CO2 and Zr2CO2) or fully F-terminated (Hf2CF2 and
Zr2CF2) structures. The novelty of the present work lies in
addressing this limitation by focusing on such pure termina-
tions and performing a direct comparative analysis. The class of
M2XT2 MXenes, such as, Hf2CO2, Zr2CO2, Hf2CF2, and Zr2CF2
materials, has emerged as promising candidates with adjust-
able surface terminations, chemical stability, and diverse elec-
tronic characteristics. Density Functional Theory (DFT) serves
as an effective tool to probe their electronic structure, optical
behavior, and charge transport, providing valuable predictions
where experiments face limitations. A systematic DFT investi-
gation of these understudied materials claries how the surface
termination groups oxygen and uorine (O and F) and transi-
tionmetal species hafnium and zirconium (Hf and Zr) inuence
their functional properties. The incorporation of relatively
under-investigated MXene compounds Hf2CO2, Hf2CF2, Zr2CF2,
624 | Nanoscale Adv., 2026, 8, 623–634
and Zr2CO2 into solar cell designs shows strong promise for
improving both device efficiency and stability. These materials
stand out owing to their excellent electronic conduction,
modulation in band gaps, and strong light-absorbing capabil-
ities, all of which can enhance charge carrier transport and
reduce recombination losses, thereby boosting photovoltaic
performance. In this research work, DFT calculations within the
WIEN2K framework are employed to investigate the structural,
electronic, and optical properties of M2XT2 systems (M =Hf, Zr;
X= C; T=O, F). The results reveal that both Hf2CO2 and Zr2CO2

possess an indirect bandgap of ∼1.15, making them highly
suitable contenders for solar absorbers and photo-detection
applications. In contrast, the uorinated variants, Hf2CF2 and
Zr2CF2, exhibit semimetallic behavior. Total and partial density
of states (TDOS and PDOS) analyses conrm their favorable
charge transport characteristics. Moreover, optical studies
demonstrate strong absorption in the visible range, high
reectivity, and low energy loss. Collectively, these features
highlight the considerable potential of these understudied
MXenes for advancing next-generation solar cell technologies.

2. Computational method

The structural, electronic, optical, and thermoelectric features
were calculated with the help of the computational tool, which
is density functional theory (DFT).38 In the present work, we
employed DFT based on the full potential linear augmented
plane wave (FP-LAPW) approach that was implemented within
the Wien2k computational code.39 In order to minimize inter-
atomic forces and stabilize the structures, the crystal structures
were optimized using the TB-mBJ approximation.40,41 The Trans
and Blaha modied Becke–Johnson potential (TB-mBJ)40 was
employed to determine the electronic and optical characteris-
tics because the Perdew–Burke–Ernzerhof for solids (PBEsol)
exchange–correlation functional analyses the ground state
properties more precisely but underestimates the electronic
band gap. In order to increase the band gap accuracy, the TB-
mBJ potential has been used instead of the PBEsol
approximation.42

The phonon dispersion curves were obtained using the
Phonopy package, a reliable tool commonly employed for
analyzing vibrational properties and assessing dynamical
stability. Moreover, the electronic system's solution is assumed
as circularly harmonic in the muffin-tin area and plane wave-
like in the interstitial zone. The initial parameters in the
reciprocal lattice were set as follows: the radial wave function is
expanded to lmax = 10, the Gaussian parameter Gmax = 12, and
the product of the wave vector and muffin radius, KMAXRMT =

10. A k-mesh of size 12 × 12 × 12, corresponding to 1000 k-
points in the irreducible Brillouin zone, was selected as it
ensures the convergence of the system's total energy. This is the
upper threshold of the convergence criteria for achieving high
precision results. The charge convergence criterion is set to
0.00001 Ry. In order to measure the frequency-dependent
parameters, the Kramers–Kronig dispersion relation is used.
Furthermore, the BoltzTraP code,43 based on the classical
Boltzmann transport theory, has been utilized to calculate the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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transport properties using the converged total energy and the
optimized electronic structures obtained with the TB-mBJ
potential.44
3. Results and discussion
3.1 Structural properties

The basic information of a compound can be described from its
crystal structure. The MXene under study, with the formula
M2XT2 (where M = Hf and Zr, X = C, and T = O and F), reveals
a hexagonal close-packed (hcp) layered crystal lattice, with
carbon (C) atoms positioned at the octahedral sites between the
layers. The conduction gap from layer 1 and layer 2 is the van
der Waals gap.43 The layers are arranged along the c-axis with
van der Waals gaps between them, which makes exfoliation into
single- and few-layer nanosheets relatively easy, as illustrated in
Fig. 1. The layer of carbon atoms (C) is sandwiched inside the
Zr/Hf layers and surface termination T is attached at the upper
and lower surfaces of the Zr/Hf layers represented as a single
layered structure view, as shown in Fig. 1, and the top view of
the hcp crystal structure is given in Fig. 2.

In the top views of the understudied MXenes, the red balls
indicate oxygen atoms and light blue and light green balls
represent uorine atoms, whereas the yellow balls indicate
Fig. 1 Layered structures of Zr2CO2, Hf2CO2, Zr2CF2 and Hf2CF2.

© 2026 The Author(s). Published by the Royal Society of Chemistry
carbon atoms. The green and grey balls indicate hafnium
atoms, and the grey balls indicate zirconium atoms in different
structures. The metal atoms Zr/Hf form a closely packed
hexagonal lattice, resembling a honeycomb pattern similar to
graphene, and serve as the backbone of the MXene layers. The
carbon atoms occupy the centers of these hexagons, bonded to
six surrounding metal atoms. This arrangement involves
a combination of metallic and covalent bonds. The surface
termination atoms (T) are attached to the MXene layers, inu-
encing conductivity, hydrophilicity, reactivity, and overall
chemical behavior. The hexagonal lattice is interpreted by
parameters a, b, and c, with a and b being equal (a = b = 3.3 Å)
and c varying depending on the specic MXene composition
(e.g., 18.52 Å for Hf2CO2, 19.58 Å for Hf2CF2, 17.99 Å for Zr2CO2,
and 19.05 Å for Zr2CF2), as shown in Table 1. The lattice angles
a and b are 90° and g is 120°, as determined by X-ray diffraction
techniques. Their lattice parameters were calculated using TB-
mBJ potential exchange–correlation functionals.45 Eqn (1)
gives the formation energy DEf of terminated MXenes (M2CT2),
determined from the reference energies of their constituent
elements (M = Hf/Zr, C, T = O/F). Table 1 indicates that the
understudied MXenes possess negative formation energy, con-
rming their thermodynamic stability and suggesting their
potential for experimental synthesis. The bulk modulus and its
Nanoscale Adv., 2026, 8, 623–634 | 625
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Fig. 2 Top view of Zr2CO2, Hf2CO2, Zr2CF2 and Hf2CF2.
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derivative are obtained by tting the Murnaghan equation of
state (EOS) (2).36

Ef ¼ EM2CT2 ; M¼Hf; Zr; and T¼O; F
tot �

h
2EM¼Hf; Zr

f þ EC
f þ 2ET¼O; F

f

i
(1)

EðVÞ ¼ E0 þ 9V0B0
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V

�2
3

3
775
9>>=
>>; (2)
Table 1 Lattice parameters a, b, c (Å), band gap Eg (eV), and formation
energy DEf of Zr2CO2, Hf2CO2, Zr2CF2 and Hf2CF2

Compound a = b (Å) c (Å) Eg (eV) DEf

Zr2CO2 3.3 17.99 1.15 −9775.6944
Hf2CO2 3.3 18.52 1.16 −20 362.7283
Zr2CF2 3.3 19.05 0 −10 252.8254
Hf2CF2 3.3 19.58 0 −20 838.1861
3.2 Electronic properties

The electronic characteristics of an understudied material are
dened by the band gap structure and the density of states.46

3.2.1 Band structure. The electronic properties of the
under-investigated material were examined using the band
structure, which provides information about its bandgap type
and classication as a semiconductor, insulator, or metal.47

This study employed the Perdew–Burke–Ernzerhof generalized
gradient approximation (PBEsol-GGA) to investigate the elec-
tronic band structure (EBS) of hexagonal M2XT2 (M=Hf, Zr; X=

C; T = O, F) MXenes as shown in Fig. 3. The EBS outlines energy
626 | Nanoscale Adv., 2026, 8, 623–634
regions where electrons can (energy bands) and cannot
(bandgap) exist. The Fermi level, represented by dashed lines,
separates the conduction and valence bands at zero energy.
Energy levels above the Fermi level belong to the conduction
band, while those below constitute the valence band. By
analyzing the band structure within a−5 to 5 eV energy range, it
was determined that Hf2CO2 and Zr2CO2 exhibit indirect
bandgaps, characteristic of semiconductors. Conversely, Hf2CF2
and Zr2CF2 show a small energy overlap between the minimum
and maximum of the conduction and valence bands, indicating
semimetal behavior. Because of this small energy overlap (band
gap) of Hf2CF2 and Zr2CF2 materials, the photo-generated
electrons and holes will likely rejoin rapidly in the visible
portion before they can participate in photocatalytic reactions.
So, they may not be ideal for photocatalytic applications
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Band structures of Zr2CO2, Hf2CO2, Zr2CF2, and Hf2CF2.
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because the recombination rate of photo-induced charge
carriers is higher. Therefore, for use in solar cells, the surface
chemistry of M2XT2 MXenes plays a crucial role. Oxygen-
terminated materials such as Hf2CO2 and Zr2CO2 have a semi-
conducting nature, which makes them effective at absorbing
light and creating electron–hole pairs. Conversely, uorine-
© 2026 The Author(s). Published by the Royal Society of Chemistry
terminated MXenes such as Hf2CF2 and Zr2CF2 are highly
conductive, allowing them to efficiently move photo-generated
charges to electrodes. The calculated band gaps for Hf2CO2

and Zr2CO2 are 1.1 eV and 1.12 eV, respectively, so both mate-
rials are suitable for visible-light-driven photocatalysis due to
their potential to absorb visible light. Furthermore, Hf2CO2 and
Nanoscale Adv., 2026, 8, 623–634 | 627
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Zr2CO2 possess indirect band gaps situated at distinct k-points.
This characteristic can help to reduce the rejoin of photo-
generated hole–electron pairs. These results are approximately
consistent with previously reported results.48–52

3.2.2 Density of states. Density of states (DOS) analysis was
performed to investigate individual electron contributions and
the composition of hybrid states. This characteristic is impor-
tant for determining whether a material is metallic or semi-
conducting and provides detailed insights into its band
structure.53 To complement the electronic band structure
calculations, the total density of states (TDOS) and partial
density of states (PDOS) for Zr2CO2, Hf2CO2, Zr2CF2, and Hf2CF2
were computed and are presented in Fig. 4. The energy range for
both TDOS and PDOS was set from −5 to 5 eV, and zero energy
illustrated by a vertical dashed line indicates the Fermi level.
Maximum occupied TDOS states were found to be 13.5, 18, and
15 states per eV for Hf2CO2, Hf2CF2, and Zr2CF2, respectively, in
the valence band, while Zr2CO2 exhibited a maximum occupied
state of 10.7 states per eV in the conduction band. The elec-
tronic band structure results are aligned with these results.

To elucidate orbital contributions, PDOS analysis was con-
ducted for each atom. Additionally, PDOS calculations were
performed for all understudied materials to correlate band
characteristics with surface group types and geometries, as
depicted in Fig. 4. In Zr2CO2, oxygen and zirconium atoms
signicantly impact the TDOS, particularly within the valence
band. The contributions of oxygen and zirconium are high-
lighted to represent the Fermi level's proximity to the valence
Fig. 4 Total density of states and partial density of states of (top left pa
(bottom right panel) Hf2CF2.

628 | Nanoscale Adv., 2026, 8, 623–634
band. A more detailed analysis of the PDOS reveals that the
valence band is composed of carbon s-states, oxygen p-states,
and zirconium p- and d-states. This combination of states
contributes to the Fermi level's position near the valence band,
as depicted in Fig. 4(a) and (b), which illustrates the electronic
structure of Hf2CO2. The Fermi level is positioned near the
valence band, primarily because of the signicant contributions
from the p-states of carbon and oxygen and the d-states of
hafnium. Conversely, the contributions from other atomic
states are less. While oxygen p-states display a notable partici-
pation in the valence band, oxygen's overall contribution to the
TDOS is signicant, as depicted in Fig. 4(b). For oxygen-
terminated MXenes Hf2CO2 and Zr2CO2, the density of states
(DOS) displays a bandgap of 1.1 eV and 1.12 eV, conrming
their semiconducting character. The PDOS shows that this gap
originates from the interaction between metal Hf and Zr d-
orbitals and oxygen p-orbitals, giving rise to electronic struc-
tures favorable for light absorption. In Zr2CF2, zirconium,
carbon, and uorine atoms signicantly impact the electronic
band structure of both the valence and conduction bands near
the Fermi level, as observed in the TDOS. A closer examination
of the PDOS shows that zirconium d-states primarily contribute
to the DOS in the conduction band and carbon p-states
contribute to the DOS within the valence band. At very high
magnication, the p-states of zirconium, carbon, and uorine
are also seen to contribute to the conduction band suggesting
that these elements may also have conductive properties as
shown in Fig. 4(c) In Hf2CF2, hafnium, carbon, and uorine
nel) Zr2CO2, (top right panel) Hf2CO2, (bottom left panel) Zr2CF2 and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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atoms signicantly inuence the electronic structure of both
the valence and conduction bands around the Fermi level, as
observed in the TDOS. A more detailed examination of the
PDOS reveals that hafnium d-states dominate the DOS in both
the valence and conduction bands around the Fermi level and
carbon p-states contribute to the DOS within the valence band,
as shown in Fig. 4(d).54 Conversely, uorine-terminated MXenes
Hf2CF2 and Zr2CF2 exhibit semi-metallic behavior, as evidenced
by a DOS at the Fermi level. So, the PDOS highlights signicant
contributions from carbon p-orbitals and metal Hf and Zr d-
orbitals around the Fermi energy, resulting in high electrical
conductivity. An important distinction also arises between Hf-
and Zr-based MXenes. Due to lanthanide contraction, Hf atoms
are slightly smaller than Zr, leading to stronger orbital overlap
and minor shis in the electronic structure.55 As a result, Hf-
containing MXenes oen present a marginally larger bandgap
or a shied Fermi level compared to Zr. These variations, tied to
the role of metal Hf and Zr d-orbitals in the DOS, inuence
optical transition energies and consequently affect the mate-
rials’ potential efficiency in photovoltaic applications.
3.3 Optical properties

MXene materials exhibit unique optical properties that are
necessary for the advancement of photovoltaic cells and opto-
electronic devices. The optical behavior of M2XT2 MXenes
(where M=Hf, Zr, X= C and T= O, F) is inuenced by the light
frequency.52 The dielectric function 3(u) = 31(u) + 32(u) is an
optical parameter that characterizes a material's response to an
electric eld. The real part 31(u) provides information about
material polarization and the imaginary part 32(u) relates to
light absorption, determined using the Kramers–Kronig
relation.56

32ðuÞ ¼ 2pe2

U30

X
k;v;c

��jc
kku$rkjv

k

��2d�Ec
k � Ev

k � E
�

(3)

In the above expression, u denotes the polarization vector, U
represents the unit cell volume, and e represents the elementary
charge. The parameter u corresponds to the frequency of the
incoming photon. The wave functions jc

k and jv
k describe the

electronic states in the conduction and valence bands with their
associated energies given by Eck and Evk. The Dirac delta function
d(Eck − Evk − E) enforces the principle of energy conservation
during optical transitions. Finally, the term u$r corresponds to
the dipole (or momentum) matrix element.

31ðuÞ ¼ 1þ 2

p

ðN
0

u
0
32
�
u

0�
u02 � u2

du
0 (4)

The refractive index, extinction coefficient, optical conduc-
tivity, absorption spectrum, reectivity, and loss parameter can
be measured from a given set of mathematical equations.44

nðuÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

312ðuÞ þ 322ðuÞ
p þ 31ðuÞ

2

s
(5)
© 2026 The Author(s). Published by the Royal Society of Chemistry
kðuÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
312ðuÞ þ 322ðuÞ

p � 31ðuÞ
2

s
(6)

sðuÞ ¼ u

4p
32ðuÞ (7)

fðuÞ ¼
ffiffiffi
2

p
u

c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
312ðuÞ þ 322ðuÞ

p
� 31ðuÞ

q
(8)

RðuÞ ¼ ðn� 1Þ2 þ k2

ðnþ 1Þ2 þ k2
(9)

LðuÞ ¼ 32ðuÞ
312ðuÞ þ 322ðuÞ (10)

Fig. 5(a) illustrates the measured real part of the studied
material with a photon energy range of 0 to 4 eV. The static real
part 31(u) can be determined for the M2XT2 compounds
(where M = Hf or Zr, X = C, and T = O or F). Specically,
Hf2CO2, Zr2CO2, Hf2CF2, and Zr2CF2 exhibit static 31(u) values
of 3.5, 4, 30, and 12, respectively. Notably, Hf2CF2 exhibits the
highest static 31(u), suggesting superior dielectric properties
compared to the other materials. Higher 31(u) values are
generally associated with reduced charge carrier recombination
rates. The 31(u) values of Hf2CO2, Zr2CO2, Hf2CF2 and Zr2CF2
decrease with increasing photon energy. Specically, 31(u) rea-
ches zero at 2.8, 3, 1.51, and 1.5 eV for Hf2CO2, Zr2CO2, Hf2CF2
and Zr2CF2, respectively. While 31 is initially constant and then
decreases for Zr2CO2 and Hf2CO2, 31(u) initially increases and
then decreases for Zr2CF2, whereas Hf2CF2 shows a rapid
decline. These ndings suggest that the investigated materials
Hf2CO2 and Zr2CO2 have larger 31(u) in the visible region, which
makes them excellent candidates for photovoltaic cells to store
maximum energy with reduced charge carrier recombination
rates as compared to Hf2CF2 and Zr2CF2. The imaginary part
32(u) is associated with electronic transitions between energy
bands. Fig. 5(b) illustrates the imaginary part 32(u) revealing
absorption characteristics for each material. Zr2CO2 and
Hf2CO2 exhibit zero absorption in the energy range of 0 to
1.3 eV, indicating transparency in this portion. Conversely, non-
zero 32(u) values signify absorption within specic energy
ranges. Peak absorption for Hf2CO2, Zr2CO2, Hf2CF2, and
Zr2CF2 occurs at 2.9 eV, 2.5 eV, 0.2 eV, and 1.35 eV, respectively.
All of these understudied materials show excellent absorption
in the visible portion, which helps them to use these materials
in photovoltaic cells. Additional optical features, such as the
reectivity parameter, optical conductivity, reectivity, etc., can
be derived from 32(u). The refractive index is a fundamental
optical property that quanties the fraction of the speed of light
in a vacuum to the speed of light within a material. This
parameter inuences light refraction and transmission prop-
erties. For the studied material, the values of static refractive
index are 1.9 for Hf2CO2, 2.0 for Zr2CO2, 5.5 for Hf2CF2, and 3.4
for Zr2CF2, as shown in Fig. 5(c). Generally, the refractive index
initially increases and then followed by a decrease with
increasing energy for Zr2CO2, Zr2CF2, and Hf2CO2. In contrast,
Nanoscale Adv., 2026, 8, 623–634 | 629
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Fig. 5 (a) Real part 31(u) and (b) imaginary part 32(u) of the dielectric function, (c) refractive index n(u) and (d) extinction coefficient k(u).
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Hf2CF2 shows a more abrupt decline. Across all compounds, the
refractive index is higher at lower energies and decreases
progressively at higher energies. The extinction coefficient k(u)
is closely comparable to the imaginary part and provides
information about light absorption within a material. The
mathematical relationship between these parameters is
expressed as 32(u) = 2nk(u).57,58 Fig. 5(d) illustrates the k(u) as
a function of energy. Similar to 32(u), k(u) is zero for Zr2CO2 and
Hf2CO2 in the energy range of 0 to 1.3 eV, indicating trans-
parency in this region. Non-zero k values correspond to light
absorption. The static extinction coefficients for Hf2CO2 and
Zr2CO2 are zero, while those for Hf2CF2 and Zr2CF2 are 0.7 and
0.1, respectively. The extinction coefficient increases with the
increase of energy to reach peak values of 2.4 for Zr2CF2, 2.46 for
Hf2CF2, 1.7 for Zr2CO2, and 1.63 for Hf2CO2. The k(u) and 32(u)
of the understudied material show approximately similar
results in the visible region. Optical conductivity, s(u),
describes how well a material can carry an electric current when
it interacts with light. It quanties the connection between
incident light and the induced electrical current within the
material.59,60 Optical conductivity is zero for all the under-
studied compounds under static conditions, as shown in
Fig. 6(a). In the visible spectrum, both Zr2CO2 and Hf2CO2
630 | Nanoscale Adv., 2026, 8, 623–634
exhibit optical conductivities of 2.7 × 103 U−1 m−1 at 2.5 eV and
2.7 eV, respectively, while Zr2CF2 and Hf2CF2 show conductivi-
ties of 2.25 × 103 U−1 m−1 at 1.4 eV and 1.41 eV, respectively.
Zr2CO2 and Hf2CO2 are suitable for solar cells in the visible
region because they show excellent optical conductivity as
compared to Zr2CF2 and Hf2CF2. The conductivity plots reveal
peaks and valleys. Although Zr2CO2 and Hf2CO2 compound
groups exhibit a comparable peak within the studied energy
range, overall, photon absorption enhances the electrical
conductivity of these materials. Fig. 6(b) presents the investi-
gated compounds' absorption coefficient spectra as a photon
energy function. These data provide insights into the materials'
light absorption capacity, including their potential for solar
energy conversion. The absorption coefficient a(u) measures
how strongly a material absorbs light. It exhibits similar
behavior to the 32(u) and is mathematically related to k(u)
through the equation a(u) = 4pk/l.61,62 The absorption coeffi-
cient initially has a zero value and progressively increases with
rising energy values. In the visible spectrum, Hf2CO2, Zr2CO2,
Hf2CF2, and Zr2CF2 display absorption coefficients of 46.7 m−1,
45.0 m−1, 36.2 m−1, and 36.2 m−1, respectively, at energies of
3.0 eV, 2.5 eV, 1.5 eV, and 1.5 eV. Consequently, Zr2CO2 and
Hf2CO2 exhibit superior light-absorbed capabilities in the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Optical conductivity s(u), (b) absorption coefficient a(u), (c) reflectivity R(u) and (d) loss parameter L(u).
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visible portion compared with Hf2CF2 and Zr2CF2. The amount
of light that bounces off from a material's surface is measured
by the reectance parameter R(u). Fig. 6(c) illustrates the
studied compounds' reectance coefficient R(u). The static
reectance values R(0) for Hf2CO2, Zr2CO2, Hf2CF2, and Zr2CF2
are 0.1, 0.12, 0.49, and 0.29, respectively. Reectance generally
decreases with increasing energy.63,64 In the visible region at
3.3 eV, the minimum reectance coefficients for Hf2CO2,
Zr2CO2, Hf2CF2, and Zr2CF2 are 0.22, 0.11, 0.16, and 0.12,
respectively. These results indicate that Zr2CO2 and Zr2CF2
reect the minimum light in the visible portion at 3.3 eV,
compared to Hf2CO2 and Hf2CF2. The loss parameter, L(u),
quanties the energy dissipated when light interacts with
a material. This energy loss can occur through various
Table 2 Calculated optical properties of M2XT2 MXenes (M = Hf, Zr, X
= C and T = O, F) obtained using the PBEsol approximation. All values
are calculated at zero frequency

Compound 31(0) 32(0) n(0) k(0) s(0), U−1 m−1 a(0), m−1 R(0) L(0)

Zr2CO2 4 0 2.0 0 0 0 0.12 0
Hf2CO2 3.5 0 1.9 0 0 0 0.1 0
Zr2CF2 12 0.5 3.4 0.1 0 0 0.29 0
Hf2CF2 30 6.6 5.5 0.7 0 0 0.49 0

© 2026 The Author(s). Published by the Royal Society of Chemistry
mechanisms, including dispersion, heating, or scattering.
Energy loss is zero under the static conditions L(0). The loss
parameter is zero in the visible region in the energy range of 1.3
to 1.7 eV for Hf2CO2 and Zr2CO2 as compared to Hf2CF2 and
Zr2CF2. So, Hf2CO2 and Zr2CO2 can be used in photovoltaic cells
in the energy range of 1.3 to 1.7 eV. However, the loss parameter
increases with higher energy levels, as illustrated in Fig. 6(d).54

Table 2 represents the calculated values of optical parameters
under static conditions.
3.4 Phonon dispersion

The phonon spectra of Zr2CO2, Hf2CO2, Zr2CF2, and Hf2CF2
show no imaginary frequencies (negative frequency), conrm-
ing their dynamical stability. This absence of unstable vibra-
tional modes ensures the structural robustness of the crystals.
Phonon dispersion relations were determined along the high-
symmetry paths of the Brillouin zone, with k-points serving as
reference vectors. These dispersion curves, which display
vibrational frequencies against the wave vector, provide essen-
tial information about phonon transport and their coupling
with electrons and photons. The maximum phonon frequency
range is ∼500–525 cm−1 for uorinated and ∼670–680 cm−1 for
oxygen-terminated MXenes, as depicted in Fig. 7, reecting
their structural stability and bonding strength.
Nanoscale Adv., 2026, 8, 623–634 | 631
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Fig. 7 (a) Phonon dispersion of Zr2CO2. (b) Phonon dispersion of Hf2CO2.
(c) Phonon dispersion of Zr2CF2. (d) Phonon dispersion of Hf2CF2.
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4. Conclusions

This study investigated the physical properties of Hf2CO2,
Zr2CO2, Hf2CF2, and Zr2CF2 for potential applications in
photovoltaics. The data of formation energies and phonon
632 | Nanoscale Adv., 2026, 8, 623–634
calculation analyses demonstrate that these compounds are
dynamically stable, suggesting they are suitable candidates for
experimental synthesis. The results indicate that Hf2CO2 and
Zr2CO2 possess indirect bandgaps of 1.1 eV and 1.12 eV, sug-
gesting them as excellent semiconductor materials. In contrast,
Hf2CF2 and Zr2CF2 exhibit small energy overlapping valence
and conduction bands, characteristic of semimetals. However,
oxygen-terminated compounds such as Hf2CO2 and Zr2CO2

have a semiconducting electronic structure that makes them
excellent light absorbers, capturing photons and generating
electron–hole pairs. In contrast, uorine-terminated
compounds, such as Hf2CF2 and Zr2CF2, are highly conduc-
tive, allowing them to serve as efficient charge transport layers
or electrodes that swily move the photo-generated carriers to
the external circuit. Moreover, the understudied materials
demonstrate promising optical properties in the visible region,
including high absorption coefficients of 46.7 m−1 and 45.0 m−1

for Hf2CO2 and Zr2CO2, reectivity, and refractive index,
coupled with low energy loss. These attributes show that
understudiedmaterials are excellent applicants for photovoltaic
cells. Overall, this study provides a theoretical base for exploring
the applicable implementation of these materials in advanced
technological devices. However, future research on MXenes
should move beyond the recent study of idealized MXene
structures to examine the role of defects such as oxygen,
bromine and uorine, variation in surface terminations (–O, –
Br, –I, and –F), and external inuences such as mechanical
strain, applied stress, and shis in temperature. Integrating
these factors with advanced computational methods such as
hybrid functional (HSE) and DFT+U can improve the accuracy of
electronic property predictions. Such efforts in defect engi-
neering and external modulation will be vital for realizing the
full potential of MXenes in next-generation sustainable
technologies.
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