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Abstract

We investigate the structural, energetic, electronic, and magnetic properties of newly designed
and realistic Ti,C MXene flakes models using Density Functional Theory (DFT) calculations.
By means of Wulff construction procedure, we model flakes that closely resemble

experimentally synthesized structures, exhibiting a hexagonal morphology dominated by the

thermodynamically stable (1120)-nonpolar surface. As the flake size increases, structural
parameters and relative stability converge toward periodic Ti,C slab behaviour, with
diminishing quantum confinement effects. Electronic structure calculations reveal a gapless
nature across all sizes, with negligible confinement effects on optical properties, even under
different magnetic configurations. Hybrid HSE06 calculations predict a slight increase in the
band gap compared to PBE, yet this gap vanishes in larger flakes, aligning with periodic slab

behaviour, while the band edges energy decreases as the flake size increases. Spin-polarized

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

calculations confirm an antiferromagnetic (AFM) ground state for all flakes, with energy

differences between AFM, nonmagnetic (NM), and ferromagnetic (FM) states increasing with

Open Access Article. Published on 05 September 2025. Downloaded on 9/21/2025 8:26:34 PM.

increasing size. Notably, for smaller (Ti,C), flakes (n < 90), AFM and FM configurations are

(cc)

nearly degenerate, whereas for larger flakes (n > 90), AFM becomes the definitive ground state.
Functionalization of the basal plane with oxygen stabilizes Ti,CO, flakes, inducing structural
edge bending, suppressing magnetism, and favouring an NM ground state. The band gaps in
functionalized flakes exhibit size-dependent narrowing due to the presence of edge surfaces,
diverging from periodic slab trends due to the change of energy of the electronic states. This
work provides more realistic, physically meaningful models that offers new insights beyond

conventional periodic approaches.
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1. Introduction
MXenes constitute a class of two-dimensional (2D) transition metal carbides, nitrides, and
carbonitrides. This low-dimensional family was discovered back in 2011 by Naguib et al.! who
were able to synthesize Ti3C,, the first MXene prototypical example, containing five atomic
layers only —excluding terminations, see below. Since then, the number of MXenes has
considerably grown and many applications such as in catalysis, biomedicine, and energy
storage were envisaged.”* MXenes are generally synthesized through the selective chemical
etching of three-dimensional (3D) ternary layered MAX phases with general M,.;AX,
chemical formula, where M represents an early transition metal, A is an element from groups
XIII or XTIV, X is either carbon (C) and/or nitrogen (N), and n (ranging from 1 to 4) determines
the thickness of the resulting material.>-7 After the etching process, the formed MXene chemical
formula becomes M, X, T,, where T, represents surface termination groups (functional
groups) attached to the MXene basal plane arising from to synthesis conditions. Termination
groups typically include—F, —H, —O, and —OH when using as etching agent hydrofluoric acid
or in-situ HF .3 Note that additional processing or alternative etching can further remove these

groups,®? resulting in pristine MXene surfaces, denoted by M, X,,.310

From the point of view of physical and chemical properties, MXenes stand out from other
2D materials due to their wide and vast range of properties. Most of them present a metallic
character with no band gap in their electronic structure.!!-'* Nevertheless, as expected, their
properties strongly depend on their composition, thickness, and surface terminations.> Among
the different applications of MXenes, the most relevant ones are as an electromagnetic
interference shielding materials,'>-!” their use in lubrication,'®!° in alkali-ion batteries,!%-20-22

thermo-, electro-, and photo-catalysis,'#?3-?7 and gas- and bio-sensors.?8%°

From the theoretical and modelling point of view, the vast majority of studies regarding
MXene properties represent these materials by means of periodic models, with a perfect,
infinite surface free of defects, except if they are introduced ad-hoc in the unit cell. While this
type of model has provided invaluable physical and chemical insights, one must realize that
experimentally synthesized MXenes possess finite sizes and exhibit different morphologies
where edges are always present. In fact, only a few works deal with the importance of MXenes
edge effects. Some authors used models featuring edges through considering large unit cells
representing MXene nanoribbons (1D),3%-32 and there is at least one example of using quantum
dots (0D)3? obtained via cutting the periodic model as usually made to study graphene

structures. These previous works studied the edge effects on some MXene physical properties,
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including the importance of edges on the hydrogen evolution reaction by means of NXene: 505 s

nanoribbon models.3*

Clearly, the possible MXene edge role is still in its infancy, and a more systematic
approach is needed to provide more realistic atomistic models from a well-defined procedure.
To this end, we propose here a new approach to model pristine MXene flakes more similar to
those observed in the experiments. The approach is based on the well-known Wulff
construction®> which takes into account materials crystal structure, symmetry, and superficial
energies to define likely shapes minimizing the overall model surface energy. This approach
has been successfully used by different authors to model oxide nanoparticles of CeO,, TiO,
and ZnO, either anhydrous or hydroxylated,’¢-*! and metallic systems.*>** From the initial
Wulff construction-based flake models, a more realistic atomic structure can be obtained by
means of the Density Functional Theory (DFT) optimizations, and subsequently used to study
the effect of the quantum confinement and size-dependent properties of interest such as the
relative stability, energy formation, and the electronic structure. In the present work, this

approach is applied to build and analyse Ti,C flakes with a broad range of increasing sizes.

2. Building MXenes flakes models and computational details
To investigate the effect of size and morphology on MXene flakes, we take Ti,C as a case,
prototype example. This selection is motivated by i) composition, Ti-derived MXenes

constitute the workhorse in atomic modelling, and i7) due to this 3-layer system behaves similar

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

to its S-layer (Ti;C,) counterpart from a physical and chemical point of view, allows us to

reduce the dimensionality optimizing the computational cost. The workflow starts by

Open Access Article. Published on 05 September 2025. Downloaded on 9/21/2025 8:26:34 PM.

optimizing the structure of the ¢(1x1) conventional unit cell of the ABC-stacked bare Ti,C
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featuring two basal planes with (0001) Miller indexes (see Fig. 1a). Next, to obtain the surface
energies necessary to model the Wulff construction, the ¢(1x1) has been expanded to a c¢(3x3)
and optimized again. From this supercell, several stoichiometric nanoribbons were created
along the only two sets of non-equivalent crystallographic planes, {1010} and {1120}. Due to
the inherent ABC stacking of the bare Ti,C, there are two non-equivalent types of parallel (1120
) planes. By cleaving the MXene through this plane, two different surfaces can be generated,
differing in the atoms they expose. These are a non-polar surface exposing Ti and C atoms and
a polar surface exposing C atoms on one side of the cut and only Ti atoms on the other side
(see Fig. 1¢). In the following, these surfaces are denoted as (1120)-nonpolar and (1120)-polar,

respectively. As a result, three different nanoribbons are possible among which one
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corresponds to cutting along the (1010) plane with a width of 5.7 A (see Fig. 1d)and w05

cutting along the (1120), both with a width of 14.5 A (see Figs. le,f). Once the atomic structure
of the three nanoribbons is obtained from geometric optimizations as indicated in the next
section, the required surface energy () values relative to the periodic MXene model are

calculated as

7= (Enanorip —N * ETiZC—slab)/ZS (1),

where Eqnorip 1S the total energy of the modelled nanoribbon; E7i,c—siap is the energy of the
T1,C c(1x1) cell; n stands for the number of Ti,C units of the nanoribbon relative to the Ti,C
c(1x1) unit cell, and S is the surface area created by the cutting of the (1010) and (1120)

surfaces. Note in passing by that in order to calculate the (1120)-polar surface energy, a dipole
correction has been considered in the calculations.

To build binary nanoparticles with defined stoichiometry, one can make use the freely
available computer code developed by Gonzalez et al.®¥ or rely on the WulffPack python
library,*¢ the latter being chosen here. Both make use of symmetry and surface energies which
are the necessary ingredients when applying the Wulff construction theorem.?> A home-made
program, using the WulffPack python library, has been developed to generate a series of bare
Ti,C flakes with different sizes, ranging from 18 to 168 units of Ti,C. At this point, one must
realize that the flakes constructed may not exhibit the proper (Ti,C), stoichiometry. To this
end, a number of isomers have been built removing a C atom from each initial MXene flake
model. Due to symmetry reasons, different C atom can be removed from each flake, and thus,
the most stable one should be selected. The different isomers considered for each (T1,C), flake,
and their relative stabilities, are shown in Fig. S1 and Table S1, respectively, of the Electronic
Supplementary Information (ESI) file. Notably, for all (Ti,C),, flakes, the most stable isomer
corresponds to the one from whose C atom is removed from flake vertex position.
Consequently, this isomer is chosen to carry out all present studies of the size-dependent
properties for all flakes.

Once the bare Ti,C flakes have been modelled, the effect of the surface functionalization
with O atoms is further explored. Note in passing that MXenes synthesized via HF etching can
typically feature mixed terminations, including —OH and —F, however, we choose the most
common —O termination as a case of study. To this end, we selected (Ti,C)s, (Ti,C)go, and
(Ti,C)146 as representative cases. For these three flakes, adsorbed O atoms were placed at each

hollow metal site of (0001) surfaces, as this is the most favourable adsorption site, always

R02231B
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assuring the global stoichiometry, leading to a CABCA stacking.!34” We note that fyll oxy/geh ;5 ss
termination represents an idealized model, while partial or mixed terminations are more
realistic under experimental conditions. Our aim here was to isolate the intrinsic effects of pure
oxygen functionalization. Next, the structure of the resulting (Ti,CO;)3, (T1,CO;)¢, and
(Ti,CO;,) 26 flakes has been optimized, with the final structures displayed in Fig. 3. To study
possible size-dependent properties of the (Ti,CO,), flakes, the periodic Ti,CO, slab model (see
Fig. 1b), with the same CABCA stacking, has also been considered as a reference of infinite
size. It is worth pointing out that the present study focuses on the convergence of flake
properties to the periodic slab model limit. Therefore, edge functionalization has not been
considered. Note also that, as the flake total surface area is dominated by the basal plane,
especially for the large flakes, the effect of the edge functionalization is likely to represent a
small perturbation of the reported trends. Nevertheless, one must also point out that edge
functionalization can affect the overall stability of the flakes, as previous experimental findings
reveal that flakes can take a maximum of oxygen before they decompose.*® The study of edge
functionalization represents an open front worth of future studies specifically addressing the
coverage limit.

The atomic and electronic structure of Ti,C and Ti,CO, periodic slabs, as well as of the
(Ti,C), and (T1,CO,), flakes, plus their relative stability, have been assessed by means of all
electron, DFT based calculations, carried out with the Fritz-Haber Institute Ab Initio Materials

Simulation (FHI-AIMS) package.*® The Perdew-Burke-Ernzerhof (PBE) form>° of the

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Generalized Gradient Approximation (GGA) density functional was chosen and scalar

relativistic effects included through the Zeroth Order Regular Approximation (ZORA).3!-32

Open Access Article. Published on 05 September 2025. Downloaded on 9/21/2025 8:26:34 PM.

This code numerically solves the Kohn-Sham equations by expanding the electron density in a
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basis set of Numerical Atomic-centred Orbitals (NAOs). From the different sets of NAOs
provided by FHI-AIMS, we selected the tier-1/light-grid>® one which has a quality similar to
that of a triple-C plus polarization Gaussian Type Orbitals (GTO) basis set.>* The lattice vectors
forces were optimized with analytical stress tensor.>>

In all calculations, a 10> eV threshold of self-consistent charge density convergence
criterion is used, and all structural optimizations were reached when atomic forces were below
1073 eV/A, using a sigma value of 0.01 eV of Gaussian broadening for partial occupancies to
speed up convergence. Only for periodic slab calculations, a 7x7x1 k-point mesh>® was used,
dense enough to sample representatively the Brillouin zone, along with a vacuum space of 30

A in the normal direction to the MXene (0001) surface —z direction—, large enough to avoid
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interaction between slab replicas. These periodic calculations were performed, to, as§6$8
convergence trends.

In spite of the fact that previous studies have predicted that the bare Ti,C material exhibits
a magnetic ground state with two ferromagnetic layers coupled antiferromagnetically,’’ all
geometry optimizations have been performed without accounting for spin-polarization as this
has been shown to have a negligible effect on the structural parameters in MXenes.!>
However, for a more accurate description of the properties of the investigated flakes, the
relative stability and formation energies are studied with and without spin-polarization. Note
also that when the periodic Ti,C(0001) surface is functionalized, the inherent magnetism of

Ti,C is removed.!2:578

To investigate the effect of the Quantum Confinement (QC) in the properties of these
systems, we focus on the averaged coordination number for each species in each MXene flake,
the relative stability with respect the periodic slab, the formation energy, the overall energy
gap —estimated as the difference between the Kohn—Sham orbital energy of Highest Occupied
Molecular Orbital (HOMO) and Lowest Unoccupied Molecular Orbital (LUMO)—, the band
edges energy, and the possible magnetism of their electronic ground state. The averaged
coordination number for each species in each MXene flake has been determined by means of
a home-made program that employs the well-known Atomic Simulation Environment (ASE)*®
python library. The relative stability with respect the periodic slab (AE) per formula unit is
computed following Eq. 2.

AE = (Eflake —nx ETiZC—slab)/n (2),

where E'fqke is the total energy of each (Ti,C), flake. On the other hand, the formation energy
per formula unit, Ef, is calculated with respect to the most stable bulk phase of each

component, as

2
Ef = (Eflake - % Egraphite - Tn ETi—hcp)/n 3),

where E grapniteand E7i_pcp are the total energies of the unit cells of graphite and Ti metal with
a hexagonal close-packed (Acp) crystal structure, respectively, and m and / correspond to the

number of atoms in each unit cell of graphite and Ti-Acp, respectively.

To estimate the optimal band gap, we use the difference between the HOMO and LUMO
states. The limitations of GGA functionals in predicting accurate band gaps arise from their

tendency to excessively delocalize electrons.®®®! Therefore, single-point calculations at the
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PBE-level relaxed structures were carried out with the hybrid Heyd-ScuseriasEmnzethofis s s
(HSE06) functional,52-63 with a 25% of non-local Fock exchange, and a 0.2 A-! range-separation
parameter to account for the short-range interaction term. Previous studies have shown that this
hybrid functional is more reliable describing the electronic structure of these systems than

PBE.12.14,57.64

Finally, to study the effect of the QC in the inherent magnetism, the relative stabilities of
each non-spin polarized and spin polarized solutions are assessed. In particular, we focus on
energy differences between the non-spin polarized, with a closed-shell configuration (NM or
non-magnetic), the antiferromagnetic (AFM), and the ferromagnetic (FM) solutions. Note that
previous studies have shown that the ground state of the Ti,C MXenes is magnetic with one
unpaired electron per magnetic centre mainly localized at surface Ti atoms and with an
antiferromagnetic coupling of the two ferromagnetic layers of Ti atoms; for more details, see

Refs. 12, 57, and 64.

3. Results and Discussion

3.1. Bare (Ti,C), flakes with 18 <n < 168.

From the calculated relative surface energies, 7, of 4.93, 4.63, and 5.79 J/m? for the (1010), (

1120)-nonpolar, and (1120)-polar surfaces, respectively, and employing the Wulff

construction, a series of (Ti,C), flakes with 18 <n < 168 flakes have been constructed. Note

that, apart from the most stable (0001) surface corresponding to the MXene basal plane, the (11

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

20)-nonpolar surface emerges as the most thermodynamically stable one with respect the

Open Access Article. Published on 05 September 2025. Downloaded on 9/21/2025 8:26:34 PM.

periodic Ti,C model, followed by the (1010) and (1120)-polar surfaces. Then, from a

morphological point of view, the resulting structure acquires a hexagonal shape as shown, for

(cc)

instance, in the optimized (Ti,C)eo flake with the exposed surfaces appropriately labelled in

Fig. 2. From it, and according to the Wulff theorem, it is clear that the most stable (1120)-
nonpolar surface promotes the largest surface exposure perpendicular to the basal plane,
providing a global hexagonal shape to the flake, whereas the expression of the (1010) surface
is less prominent, just trimming the hexagon vertices.

Fig. 3 gathers all optimized (Ti,C), flakes, including side and top views and their size in
nm. After optimization, all (Ti,C), flakes remain flat and preserve the ABC stacking as in the
periodic slab models without atoms changing plane and with an average Ti—C distance of ~2.1
A regardless of the flake size. Interestingly, this value matches the one obtained when using a

periodic slab model.>7:93-67 Here, the size of each (Ti,C), flake has been estimated using the
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planar diameter, &, estimated as the distance of opposing (1010) surfaces. Theo diametersaosss.s

shown in Fig. 3 indicate (Ti,C), flake sizes ranging from 1.01 to 3.65 nm.

On the other hand, the (Ti,C), flakes size influences directly the average atom
coordination as shown in Fig. 4, which necessarily will have an impact on their chemistry as
evident from experimental evidence that capping the MXene edge flakes with polyanionic salts
reduces the oxidation rate of the synthesized flakes in aqueous solution.®® It is worth
highlighting that in the periodic Ti,C slab, due to the Acp arrangement of Ti atoms, each Ti
atom has six Ti in-plane neighbours and three Ti out-of-plane neighbours, with C atoms
occupying the octahedral holes in the /cp lattice, hence the coordination number of Ti and C
atoms in the periodic slab is 12 and 6, respectively. For a better visual understanding of the
atomic coordination, a simplified scheme is shown in Fig. S2 in ESI. The larger the size, the
closer is the average coordination of Ti and C atoms slowly converging to the periodic slab
values.

Regarding the relative stability of the (Ti,C), flakes with respect to the periodic slab
model, Fig. 5 (left panel) reports the trend as a function of the flake size. This Fig. 5 shows a
characteristic asymptotic trend, decreasing the total energy per formula unit towards the total
energy of the periodic slab as the Ti,C size flake increases. To better understand the energetic
stability of a (Ti,C), flakes, AE, relative to that of the periodic slab, ET;,c—sian, We rely on the
Spherical Cluster Approximation (SCA),%° where in principle one can approximate the relative
stability of a cluster with respect to the bulk as

AE = Epyk + Di=1 ai:(n™%)" 4).

In the SCA framework, where one is interested on the convergence of AE of finite clusters
or nanoparticles to the 3D bulk limit, one has o = !/3, reflecting the area to volume ratio,” a;
being the fitting parameters, with the first term (i = 1) dominating the fit and the rest of terms
(i> 1) accounting for the particularities of each system, such as surface stress and edge energies
contributions.’”!-73 In the present case, the periodic limit is a 2D systems and, thus, a. = % and
here Ej,,;x corresponds to the energy of the periodic slab, Eri,c—siap. Further details and the
fitting parameters of the trends from the plot in the left panel of Fig. 5 are provided in Table
S2 from SI.

Note that, to avoid any bias arising from the choice of a particular solution in the DFT
calculations, the relative stabilities are calculated for the NM and AFM flakes with respect the
NM and AFM periodic slab, respectively, and both results are included in Fig. 5. This figure

clearly shows that including or not spin polarization, leads to the same trend. Nevertheless,


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nr02231b

Page 9 of 27 Nanoscale

except for the smallest (Ti,C)s flake, the relative stability of AFM flakes is systematiCally o sis
closer relative to that corresponding to the AFM ground state solution for the periodic than the

one for the NM solution. It is worth highlighting that for the (Ti,C);g flake, due to the QC
effect, the relative stability with respect the periodic slab when the AFM solution is taken into
account lies above the NM one by 0.1 eV per formula unit. Note also that for » > 18, this energy
difference per formula unit increases as flake size increases.

Similar trends are found for the formation energy of the most stable isomer per chemical
unit as shown in Fig. 5 (right panel). The formation energy decreases towards the periodic slab
value with an asymptotic behaviour. Note that the fitting curves are also based on the SCA.
This formation energy has also been calculated for NM and AFM solutions, the AFM E being
systematically more stable than the NM one for all-size (Ti,C), flakes. Here, the QC effect for
the (Ti,C),s flake is not large enough to position the NM E ¢ below the AFM one. In addition,
the difference of formation energies between the AFM and NM solutions becomes larger as
the flake size increases. Again, the general trend of the formation energies remains qualitatively
the same regardless of the magnetic solution. We find that the formation energy of the periodic
Ti,C value is -0.16 eV (AFM) and -0.01 eV (NM) per Ti,C unit. The formation energies of the
flakes converge toward these values as the size increases, deviating by approximately 0.2—0.3
eV for the largest systems studied, indicating progressive stabilization with increasing size.

The fitting parameters corresponding to the formation energies in the right panel of Fig. 5 are

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

reported in Table S2 in the SI.
Next, we analyse the effect of flake size on the electronic structure. The energy gap is

calculated from the HOMO-LUMO difference as computed with the PBE and HSEO06

Open Access Article. Published on 05 September 2025. Downloaded on 9/21/2025 8:26:34 PM.

functionals. Both AFM and NM solutions have been considered in the calculations with the
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PBE functional and in both cases the electronic gap is zero except for the (Ti,C)s flake for
which the that the QC effect opens a nearly negligible gap of 0.1 eV in the AFM solution. This
finding is in agreement with the gap of the AFM solution for periodic slab also leading a null
value.!? This is also the case for the NM solution where PBE results are also in line with the
estimated zero energy gap of the NM periodic slab. Overall, all calculations indicate that the
QC effect do not have a noticeable effect on the electronic structure of Ti,C flakes. To further
confirm this conclusion, calculations have been carried out using the hybrid HSE06 functional
and considering the NM solution. In all cases, the energy gap becomes of at most 0.1 eV.
However, as the flake size increases, the QC effects decrease and, as a consequence, the energy

gap becomes zero thus matching the value obtained for the periodic slab with the HSE06
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functional which is zero for both NM and AFM solutions.!? For a more visual depjctions theq; sss

Open Access Article. Published on 05 September 2025. Downloaded on 9/21/2025 8:26:34 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

representation of the charge density of the HOMO and LUMO levels in Fig. S3 from ESI.
These results show a delocalized character of the charge density, delocalized on the centre and
edges of the flake.

Additionally, further insights into the electronic structure can be obtained by analysing
the energy of the band edges. Fig. 6 presents the estimated band edge positions for all flakes,
calculated using Kohn-Sham values. These values were determined for both PBE and HSE06
functionals. For the former, antiferromagnetic (AFM) and non-magnetic (NM) solutions have
been taken into account whereas for the latter only NM solutions were considered for HSE06.
Although QC does not affect the energy gap, it significantly influences the positions of the
Kohn-Sham energy levels. Specifically, these levels become increasingly negative as the size
of the (Ti,C), system grows, approaching the slab limit which, for the Valence Band Maximum
(VBM), are -3.7 eV (AFM at PBE), -4.0 eV (NM at PBE), and -4.3 eV (NM at HSE06), and
for the Conduction Band Minimum (CBM) become -3.5 eV (AFM at PBE), -4.0 eV (NM at
PBE), and -4.0 eV (NM at HSE06). Note that for the PBE-AFM band edges (middle panel from
Fig. 6), a small deviation of the data is observed due to the excessive electronic delocalization
typical of the GGA functionals when dealing with some d electron localization in the AFM
solution as previously reported.'?>7-64 A more detailed picture of the described electronic
structure can be obtained from the Density of States (DOS) plots gathered in Fig. S4 from ESI.
While the DOS in 0D systems consists of discrete energy levels rather than a continuous
distribution, we present these plots to monitor the emergence, broadening, and shifting of edge-
related states as the flake size increases. This approach allows us to qualitatively assess trends
in electronic structure evolution and compare them to periodic behavior. Analysis of these plots
shows that all the bare (Ti,C), exhibit a general gapless metallic electronic structure regardless
of the functional used (PBE or HSE6). On the other hand, (Ti,CO,), flakes display a small
energy gap, again regardless of the functional used.

For each flake, we inspect the energy difference between the three magnetic
configurations as done for the bare periodic Ti,C MXene in previous studies.!>37:%4 Table 1
summarizes the normalized PBE energy differences (AE apm—nMm and AE pgpm—pm) per number
of Ti,C units for each Ti,C flake. The results reveal that for all modelled flakes, AE spm—nMm
consistently adopt negative values, indicating that the AFM solution lies below the NM one.
This clearly shows that the magnetic ground state of the periodic Ti,C slab is preserved even
after edges cutting leading to finite flakes. Despite these Ti,C flakes possess a magnetic ground

state, the influence of the QC on the magnetic properties is noticeable promoting a size-
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dependent behaviour on the AE ppy_nM, monotonically increasing the relative stability, of theéc5oss
AFM solution relative to the NM one as flake size increases and nicely converging towards the
periodic slab value of -143 meV/n.'257:%* Further analysis of the AE sgpm_pMm values in Table 1
also shows a size-dependent behaviour due to the QC. For flakes with n < 90 Ti,C units, the A
Earm—rMm values are less than |10] meV/n, indicating a negligible energy difference. This
suggests that, at these sizes, AFM and FM configurations are energetically competitive. On the
other hand, for flakes with n > 90 Ti,C units, the AE sgm_pm Values are negative and indicate
that the AFM solution lies below the FM one, being energetically favoured, and flakes beyond
this size adopt an AFM electronic ground state. Again, these AE pv_pMm Values converge
towards the value -28 meV/n corresponding to the periodic slab model.!?37-64 These findings
shed light on the size-dependent magnetic properties of Ti,C flakes and provide insights into
the retention of AFM behaviour in reduced-dimensional MXene systems.

Finally, electrostatic potential isosurfaces were computed employing the HSE06
functional to assess spatial variations in reactivity of flakes with size. As shown in Fig. S5 in
the ESI, highly negative potential regions are found at the edges, consistent with enhanced

chemical reactivity of the edges.
3.2. Effect of O-termination on the basal plane

Hereby, we explore effect of the basal plane functionalization by O atoms on the properties of

the Ti,C flakes. To this end, (Ti,CO,)s, (Ti,CO;)60, and (Ti,CO,) 26 have been selected as

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

representative examples. The O atoms have been placed on both sides of the flake basal planes

and initially at hollow-metal sites. After geometry optimization, the CABCA stacking remains

Open Access Article. Published on 05 September 2025. Downloaded on 9/21/2025 8:26:34 PM.

unchanged. However, the side view in Fig. 3 shows a clear bending deformation of the plane

(cc)

Ti,C flake due to the functionalization effect. The calculated deformation energy with respect
to the planar geometry of Ti,CO, flake per formula unit is the same for the three considered
flakes and around -0.3 eV/n. The bending observed in O-functionalized Ti,C flakes (Ti,CO,)
could be attributed to surface stress introduced by the terminal oxygen atoms. These groups
distort the local bonding geometry, especially at the edges, and generate an internal strain that
favors non-planar geometries. Additionally, the electronegativity imbalance between Ti and O
atoms could induce a small surface dipole, which can further destabilize the flat configuration
and promote the bending as the flake minimizes its electrostatic energy. This effect is absent
in pristine Ti,C flakes, which maintain planar structures due to their higher structural symmetry
and lack of dipolar interactions. Consequently, the bending deformation stabilizes the

(Ti,COy,), flake regardless its size. The average interatomic distances resulting from geometry

11
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optimization is of 2.1, 2.1, and 2.2 A for (Ti,COy)5, (Ti2CO,)s0, and (Ti,COx) 126, teSPECHYRIS e Shore

These values are similar to the one corresponding the Ti,CO, periodic slab which is of 2.2 A.
Similarly, the Ti—O averaged distance for the three slabs is 1.9, 2.0, and 2.0 A for (Ti,CO,);3,
(Ti,CO,)0, and (Ti,CO,) 126, respectively, again, similar to the periodic slab value of 2.0 A. It
is worth noting that even though this structural bending is not captured by the averaged
interatomic distances, it extends upward towards the surface where the O-termination is
exposed, and by symmetry and inherent stacking, downward towards the surface where the O-
termination is exposed on the opposite surface. In fact, the highest (lowest) vertical position of
aOatomis0.4,0.7,and 1.0 A (-0.3,-1.2, and -1.2 A) above (below) the O-plane for (Ti,CO,);3,
(T1,CO3)e0, and (Ti,CO,)126, respectively.

The effect of O functionalization on the electronic structure is noticeable even if the PBE
ground state is NM as in the periodic slab. In fact, the PBE calculated energy gap values for
the NM solution are of 0.1, 0.1, and 0.0 eV for (Ti,CO;)13, (T1,CO5)60, and (T1,CO;);26,
respectively, which are significantly different from the 0.4 eV value corresponding to periodic
slab model, as estimated in previous works."? Since the PBE functional is known to
significantly underestimate the band gap of insulator, the NM solution has been also computed
using the HSEO06 functional. The HSE06 values show the same trend with decreasing values of
0.7,0.2,and 0.1 eV for (Ti,CO,)13, (T1,CO,)g0, and (Ti,CO, )26, respectively. This implies that,
as the Ti,CO, flake size grows, the energy gap closes itself which unexpected as the QC effect
decreases with increasing the size. The reason behind this behaviour is not simple since the
optical band gap for the periodic slab predicted by the HSE06 functional is 1.0 eV. Therefore,
other effects beyond QC must be playing a role. In fact, the divergence between electronic gap
of the finite-size flakes and the reference periodic slab models have been documented in
previous studies by Hong et al.3! and Zhou et al.’? using MXene nanoribbon models. These
authors unveil the influence of the edge effects on the electronic structure of Ti,CO,
nanoribbons, with the appearance of electronic states in the middle of the band gap. These
energetically downshift the conduction band minimum, narrowing the band gap as the
nanoribbon width decreases. Notably, we represented the charge density of the HOMO and
LUMO eigenstates (see Fig. S3 in the ESI). These states appear to be delocalized over the
centre of the flake and not localized in the edges, implying that the edge surface formation only
influences the energy position of the HOMO and LUMO orbitals and not the nature of these
orbitals, narrowing the gap as the flake increases. In addition, a comparison between the
pristine Ti,C and Ti,CO, flakes shows that the HOMO and LUMO levels from Ti,CO, flake

seem to be more localized than Ti,C ones.
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Finally, regarding the magnetic properties of the considered Ti,CO, flakes, Table, J. 416
gathers the AE papm_nm and AE apm_pMm values for these flakes as obtained from calculations
with the PBE functional. All these calculated values are zero, inferring that each Ti,C flake
losses its magnetic ground state when O atoms functionalize both (0001) surfaces, acquiring a
NM ground state, which fully agrees with the results obtained for the periodic Ti,CO, slab
model, either using PBE or HSE06 functionals.>”-38

4. Conclusions

We have investigated the properties of realistically shaped Ti,C MXene flakes, constructed via
Wulff construction to reflect experimental morphologies, using DFT-based calculations.
Structural, energetic, electronic, and magnetic features were analyzed for flakes of increasing

size, including oxygen-functionalized variants. The flakes adopt a hexagonal shape dominated

by thermodynamically stable (1120)-nonpolar surface with a few (1010) surfaces trimming the
hexagon vertices. Indeed, all flakes approach the structural characteristics of the periodic slab,
with consistent Ti~C distances of ~2.1 A across all sizes. The relative stability of the bare flakes
approaches that of the infinite slab with increasing size, and the AFM configuration remains
the ground state, especially for flakes with n > 90, where it becomes more energetically favored
over NM and FM solutions. Quantum confinement (QC) has a marked influence on smaller
flakes, affecting their stability and magnetic properties, but in larger systems its impact

diminishes.

Electronic structure calculations show that all Ti,C flakes remain gapless within the PBE
approach, with minimal size-dependent QC effects. On the other hand, calculations with the
hybrid HSE06 functional yield small band gaps that vanish with size, reproducing the metallic
character of the periodic model. Notably, band edge positions shift with size, suggesting
tunability for optoelectronic applications. In addition, the electrostatic potential isosurface
predicts that the edges formation promotes enhanced reactivity along the edges. Upon O-
functionalization, flakes become non-magnetic and slightly bent, with narrowing size-

dependent band gaps that deviate from slab behavior due to edge-induced state shifts.

Overall, the study highlights the relevance of flake size and edge effects on the stability
and electronic behavior of MXene materials. We hope that the realistic, physically meaningful,
models presented in this work will contribute to better understand the properties of the

experimentally synthesized MXene flakes as well as to unveil new aspects of the chemistry of
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these materials not easily reachable by periodic models, either of extended syrfaces ot

nanoribbons.
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Table 1. Energy difference between the AFM and either NM or FM solutions (AE gpmeenpscdiiingsssis
AE ppm—_ru, Tespectively) per formula unit, n, for the scrutinized (Ti,C), and (Ti,CO,), flakes
in meV/n as predicted from calculations with the PBE functional. AE ppy_nm Negative values
indicate a magnetic ground state; AE gpm—_pMm Negative values denote that the AFM solution is

more stable than the FM one.

Flake n AEprpm—Nm AEppm—rM
Ti,C 18 -18 1
36 -30 4
60 -43 -5
90 -57 -12
126 -67 -14
168 -74 -19
Ti,CO, 18 0 0
60 0 0
126 0 0
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Fig. 1. Top (left panel) and side views (right panel) of (a) bare Ti,C and (b) Ti,CO, gl featufing ;55
basal planes with (0001) Miller indexes and the ¢(1x1) cell marked with black lines. Panel (c)
displays the top (left) and side (right) views of the cuttings to generate (d) Ti,C(1010), (¢) Ti,C(
1120)-nonpolar, and (f) Ti,C(1120)-polar surfaces, which include arrows showing the direction
on which the width has been measured. Note that even if the Ti,C(1120)-nonpolar and Ti,C(11

20)-polar are parallel, they are not equivalent as, due to the ABC stacking of the atomic layers,
the atoms they expose are different. The Ti atoms are represented with blue spheres, while the
C and O atoms are represented with brown and red spheres, respectively. For (a) and (c), the
c(1x1) cells and the supercells for the rest of Figs. are marked with black lines.

a) T12C

b) Ti,CO,

)

(1120)- nonpolar | (1 120)-polar
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Fig. 2. Top view of (Ti,C)g flake made from cuts made along the (1010) and (1129)-nonpolataosss:s
planes represented by orange and black dashed lines, respectively, according to the Wulff

construction. Colour-coding as in Fig. 1.

\ (1070)

(1120)-nonpolar *
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Fig. 3. Top and side view of each optimized and stoichiometric (Ti,C), n=18-168, including ;55
their planar diameter, &, in nm, and of the O-covered (Ti,CO,);35, (T1,CO»)e0, and (Ti,CO») 126

flakes. Colour-coding as in Fig. 1.
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Fig. 4. Average Ti coordination (top panel) and C coordination (bottom panel) for each stud

Ti,C flake as a function of Ti,C units, n. The dashed black lines correspond to the periodic

model values.
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Fig. 5. Relative stability of the most stable isomer to the periodic surface per formyla Wit tngsss s
AFE in eV/n, thus given per chemical unit (left panel) and formation energy, Ef in eV/n, (right
panel) at the NM and AFM solution of each (Ti,C), n=18-168 flake, as a function of Ti,C
units, n. The AE and E ¢ have been calculated following Eq. 2 and 3, respectively. The dashed
lines correspond to fitting curves of SCA, whose fitting parameters are gathered in Table S2

from SI.
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Fig. 6. Band edges for the most stable isomer of each (Ti,C), n=18-168 flake, evplytioti of
Valence Band Maximum (VBM) and Conduction Band Minimum (CBM), for the PBE NM
(left panel) and AFM solution (central panel) and at HSEO6 NM solution (right panel), as a

function of n.
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