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Effects of surface functionalization and size of
MXene-based quantum dots on their optical
properties: the exciton confinement matters
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In this study, we explore the influence of surface functionalization and quantum dot size on the electronic
and optical properties of MXene quantum dots (MXQDs) using time-dependent density functional theory.
Our findings demonstrate that surface terminations have a significant influence on the electronic and
optical properties of Ti,CT, (T = O, F, OH) MXQDs. Different functional groups induce notable shifts in
both the energy gap and the absorption spectrum. The oxygen termination yields the highest stability and
the largest energy gap, while hydroxyl and fluorine terminations shift absorption toward the visible and
near-infrared regions. The study also reveals a pronounced blue shift in the absorption spectrum as the
Ti,CO, QDs shrink. In addition, small quantum dots with a lateral size of ~1-2 nm exhibit strong quantum
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coupling effects, accompanied by an increase in exciton binding energy with delocalization across the
quantum dot. The binding energy of the first exciton in MXQDs can achieve up to 75% of its energy gap
(in corresponding 2D materials, the typical value is around 25%), which critically influences (increases and
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1 Introduction

In 2011, Gogotsi and Barsoum® discovered a novel class of 2D
materials known as MXenes, synthesized by selectively etching
the Alayer atoms from the MAX phase. These materials are
described by the general chemical formula M,,,;X, T (1 < n < 4
and x < 2), where M denotes a transition metal atom (e.g., Ti, V,
Sc, Mo, Ta, or Nb), X denotes carbon or nitrogen atoms and T rep-
resents surface terminal groups like -O, -OH, -F and/or atoms
from groups 16 and 17 of the periodic table.” MXenes exhibit a
planar morphology with remarkable surface properties, high
structural stability, excellent electrical conductivity, and tunable
thermal, mechanical, optical, and chemical characteristics.
Despite the emergence of interesting phases such as semi-
conductors,® excitonic insulators,’ and antiferromagnets,” the
majority of MXenes exhibit metallic conductivity without an
intrinsic energy gap. This behavior is largely attributed to the
presence of end groups (e.g., -F and -OH) that close the energy
gap and restrict their tunability, thereby limiting their use in opto-
electronic and photonic devices.°® One promising strategy to
address this limitation involves reducing the lateral dimensions
of MXenes to form nanoribbons or quantum dots (QDs)."* ">
Quantum dots (QDs), classified as zero-dimensional
materials with sizes typically ranging from 1 to 10 nm, can
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exhibit small dimensions that introduce spatial constraints,
potentially limiting exciton behavior depending on their size
and material composition. This unique characteristic gives
rise to a broad range of properties, notably the quantum con-
finement effect, visible-light absorption, and diverse surface-
active sites, making them promising candidates for appli-
cations in catalysis and energy conversion.”*™** The quantum
confinement effect arises when the size of a QD approaches or
becomes smaller than the exciton radius, i.e., the characteristic
distance between an electron and a hole separation, in the
corresponding 2D material. Under such conditions, carrier
motion is restricted in all three spatial directions, producing
discrete quantum states rather than the continuous bands of
an extended 2D system. As a result, the band gap increases
and the electronic/optical properties become strongly size-
dependent.'®'” This size dependence allows precise tuning of
absorption and emission wavelengths simply by adjusting the
particle size.">'®'® Smaller quantum dots, where confinement
is strongest, typically display a blue shift in their absorption
spectra, while larger dots behave more like the parent 2D
material.?°® The blue shift observed in smaller QDs is a
direct consequence of the confinement effect, where excitons
generated by electron-hole pairs are more delocalized across
the quantum dot compared to the corresponding 2D material,
impacting the optical properties of nanostructures.”’>° For
example, Drissi et al.>® have demonstrated a significant effect
of particle size on the optoelectronic properties of graphene,
graphene-based silicon, and diamond quantum dots. They
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observed a redshift of absorption peaks with increasing par-
ticle size, accompanied by a decrease in exciton binding
energy. Madden and Zwijnenburg®” also found that in hydro-
genated silicon nanoparticles, fundamental, optical gaps, and
exciton binding energy increase with reduced particle size,
while excitons remain delocalized within the particle. At the
same time, they showed that the average distance between the
hole and the electron increases in proportion to the particle
size. Elward and Chakraborty®® have investigated the influence
of CdSe quantum dot size on exciton binding energy and the
electron-hole recombination probability. Their findings show
that both the exciton binding energy and the probability of
electron-hole recombination decrease significantly with
increasing quantum dot size. All these findings point to the
key role of quantum confinement in modulating the properties
of quantum dots, especially in the case of electronic and
optical properties.

In recent years, MXene quantum dots (MXQDs) have
emerged as a topic of considerable interest due to their intri-
guing photoluminescent and absorption properties, which
differ significantly from those of 2D MXenes. MXQDs exhibit
absorption across a wide range of the electromagnetic spec-
trum, from UV to near-infrared (NIR), with their electronic
structure being highly tunable via surface functionalization as
well as the size of the MXQDs.'**! For example, Xue et al.>?
synthesized Ti;C, MXQDs with lateral sizes of 2.9, 3.7, and
6.2 nm, observing typical absorption of these MXQDs with
maxima at 260 and 320 nm. Xu et al.,*® observed a size-depen-
dent shift in the absorption spectrum, with Ti;C,T, MXQDs of
1.8, 2.5, and 3.3 nm showing absorption maxima at 324, 271,
and 262 nm, respectively. Moreover, the introduction of hetero-
atom doping has further expanded the optical tunability of
MXQDs. Xu et al.** reported co-doped S, N-TizC,T, QDs with
sizes in the range of 2 and 17 nm, which exhibited multicolor
luminescence in the blue, yellow, and orange regions. The
absorption spectra, peaking below 360 nm, were strongly influ-
enced by the type of doping heteroatom and the size of the
QDs (with strong absorption peaks at 300 nm and 240 nm).
Isapour et al.>® likewise confirmed that different heteroatoms
(N, S, and N + S) significantly affect the UV-Vis absorption of
MXQDs, leading to distinct shifts of absorption peaks
(317-338 nm) and broader absorption bands compared to
undoped MQDs. Ramirez et al*® have experimentally and
theoretically explored the impact of particle size, transition
metals, and surface terminations on the energy gap and
absorption spectra of MXQDs. Several analytical techniques,
such as X-ray photoelectron spectroscopy (XPS), can character-
ize the type of functional groups on the surface. The type of
attached functional groups depends on the etching chemicals
used during the synthesis of the 2D MXenes. However, in most
cases of MXQDs, the groups observed on the surface are -O,
-F, -OH, -Cl, and/or -NH, where -O and -F groups predomi-
nate. The effect of the size of MXQDs on the electronic pro-
perties was also observed in the case of Tiz;C, QDs, where it
was revealed that with increasing lateral size, the energy gaps
with H passivation range from 2.76 eV (449.22 nm) to 1.14 eV
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(371.21 nm).*” In addition, Feng et al.’® revealed that decreas-
ing the size of Ti,C-MXene quantum dots leads to a significant
increase in absorption due to a stronger quantum confine-
ment effect. They observed that Ti,C MXQDs with lateral sizes
of 2.2 and 3.9 nm exhibited absorption in the IR region
around 1500-1600 nm. Furthermore, our previous studies have
also revealed a significant effect of size on the electronic as
well as magnetic properties of MXQDs.>® We have discovered
that the energy gap in the non-magnetic Ti,CO, QDs varied
from 4.89 eV (253.55 nm) to 3.34 eV (371.21 nm) with particle
size, and also that the electronic properties can be tuned by
modifying the MXQDs edge. While several experimental
studies have demonstrated the strong dependence of the opto-
electronic properties of MXQDs on several factors such as size,
surface termination, and transition metal composition,***>
the theoretical understanding of the microscopic mechanisms
underlying these phenomena remains limited. However, for its
usefulness, the calculations should be both precise and com-
putationally tractable for nanostructures of at least 1 nm in
size. A suitable methodology in terms of tractability could be
time-dependent density functional theory (TDDFT).

To the best of our knowledge, no study has so far provided
a detailed theoretical investigation of the optical properties of
MXQDs using TDDFT, nor has the effect of surface functionali-
zation on their optical response been systematically explored.
In this context, we decided to investigate the effect of functio-
nalized atoms/groups Ti,CT, QD (where T = O, F, and -OH) as
well as size (in the case of Ti,CO, QD) on their electronic and
optical properties using this method. In this work, we con-
structed MXene quantum dots (MXQDs) with different surface
saturation (without edge functionalization, partially saturated,
and fully saturated) to verify the stability of the investigated
models. Specifically, we explore how variations in surface ter-
mination and MXQD size influence the energy gap, optical gap
(the first optical transition), and exciton binding energy in
these MXQDs. For all groups studied, stability was confirmed
by binding and Gibbs energies, with the most stable structure
observed at the fully saturated edge for all surface termin-
ations. In the case of the effect of functionalization, we
observe a significant decrease in the energy gap from 4.89 eV
for Ti,CO, to 4.49 and 3.90 eV for Ti,CF, and Ti,C(OH),,
respectively. At the same time, a significant shift in the absorp-
tion spectrum was observed, where for F and OH functionali-
zation, we observe absorption with a maximum in the visible
region (around 320 nm) and the first clear optical transition in
the near-infrared (NIR) region. On the contrary, in the case of
Ti,CO,, the dominant absorption is in the near UV region with
an absorption maximum of around 200 nm, while the first
transition is observed around 750 nm (visible region). The
study further reveals a clear size dependence of the optical pro-
perties of MXQDs, with larger quantum dots exhibiting a pro-
nounced redshift in the absorption spectrum (around 900 nm
for the biggest quantum dots) due to reduced quantum con-
finement effects. In addition, this work provides a deeper
understanding of excitons in MXQDs and their relation to the
optical response. We show that O-terminated MXQDs favor
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more delocalized, charge-transfer-like excitons, while F- and
OH-terminations promote localized excitons with stronger
electron-hole overlap. We further find that the exciton binding
energy decreases with increasing quantum dot size,
accompanied by a larger average electron-hole separation, con-
sistent with quantum confinement. Taken together, these find-
ings highlight the tunability of the optical properties of
MXQDs, where both surface functionalization and quantum
dot size serve as effective parameters to control their optical
behavior.

2 Computational methods

Ground-state optimal geometries and subsequent excited-state
energies (in the ultraviolet and visible ranges) were simulated
using density functional theory (DFT) and time-dependent
DFT (TDDFT), employing the long-range hybrid «B97XD*?
exchange-correlation functional and the 6-31G** ** Pople basis
set, as implemented in the Gaussian 16 software package.*’
The suitability of the 6-31G** basis set was validated in a pre-
vious study, where we demonstrated that this computationally
efficient basis set produces an energy gap comparable to that
obtained with the larger and more computationally demand-
ing Dunning basis sets (e.g., polarized valence triple-zeta cc-
pVTZ).>° Furthermore, this approach - including the choice of
the ®B97XD functional - has been confirmed as adequate for
modeling vertical absorption spectra, including charge trans-
fer transitions.’®™*® Vibrational frequency calculations were
performed on the optimized geometries to confirm they
correspond to true minima on the potential energy surface.
The RMS gradient strength criterion for geometry optimization
was set to 3.0 x 10~ in atomic units in the geometry optimiz-
ation case. To assess the thermodynamic stability of the inves-
tigated Ti,CT, quantum dots (QDs) and to compare the stabi-
lity of different shapes (varying in the number of terminal
atoms), the binding energy (E,), the zero-point energy-cor-
rected binding energy (E,), and the Gibbs free energy (G) were
calculated using the following equations:

Epjo = (Emxqp — (Es + nEr))/N (1)
G = (Gmxqp — (G +nGr))/N (2)

where subscript MXQD denotes the Ti,CT, (with functionali-
zation), subscript B corresponds to the bare Ti,C QD without
functionalization, subscript T denotes isolated terminal atoms
and/or group (O, F and/or OH), n is the number of isolated
terminal atoms/groups (24, 30 or 36 atoms/groups) and N is
the total number of atoms in MXQDs. The Gibbs free energies
were calculated using Gaussian 16 with default settings at a
temperature of 298.15 K. The energy gap A, [eV] is defined as:

Ay = eLumo — €HOMO; 3)

where e ymo and exomo correspond to the eigenvalues of the
lowest unoccupied molecular orbital (LUMO) and the highest
occupied molecular orbital (HOMO), respectively. The nature
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of the excited states predicted by TDDFT was analyzed in
terms of the most prominent natural transition orbitals
(NTOs),® calculated using Gaussian 16. NTOs provide a
compact representation of the transition density matrix, isolat-
ing each optical transition to one or two key particle-hole
pairs that describe the main features of the excitation. This
transformation is performed by applying a singular value
decomposition to the transition density matrix D%, connecting
the ground state (0) with the Ith excited state (I):

D" = Udiag(\/21,4s,...)V" (4)

where U denotes a set of initial (hole) orbitals, and V denotes
the final (particles/electrons) orbitals. The 4; reflects the con-
tribution of a specific particle-hole transition to the overall
excitation. Higher values correspond to dominant transitions,
indicating that a particular particle-hole pair contributes more
significantly to the electronic excitation. By focusing on the
largest eigenvalues, the NTO framework reduces the transition
density matrix to a minimal set of significant particle-hole
pairs, offering a clear and concise depiction of the excited-
state character and facilitating the interpretation of complex
electronic excitations. Visualizations of the natural transition
orbitals were generated using GaussView, version 6.°* In
addition, hole-electron distribution analysis was performed
with the Multiwfn program (version 3.8), providing comp-
lementary insight into the spatial localization of the electron
and hole.*** Further quantitative analysis of the excited
states, in particular in terms of the average hole-electron dis-
tance, was performed using the software TheoDORE.>® Using
TheoDore, it was possible to calculate an average hole-electron
distance, defined as the root-mean-square separation between
the electron and hole positions, quantified through the one-
particle transition density matrix (1TDM). This approach esti-
mates the spatial extent of the exciton by summing over all
pairs of atoms M and N, weighted by the probability 2, that
the electron and hole are localized on these atoms, respect-
ively. This average hole-electron distance is constructed for a
particular optical transition as:

e = > O /2 (5)

where dyy represents the distance between atoms M and N on
which the electron and hole are localized, and £ is the norm
of the exciton wavefunction, representing the overall prob-
ability distribution of the exciton, and this result is expressed
in A. However, it should be noted that this value will be signifi-
cantly smaller than the real size of the exciton.

To verify and confirm the presence and the location of exci-
tons in MXQDs, we performed additional TDDFT and GW +
Bethe-Salpeter equation (BSE) calculations using the plane-
wave Vienna ab initio simulation package (VASP) with the pro-
jector augmented wave (PAW) method.>">> These calculations
and follow-up exciton wavefunction visualizations (by VESTA
software®®) were carried out firstly for the two-dimensional
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Ti,CO, MXene sheet as a reference system and subsequently
for the smallest Ti,CO, QD.

3 Results and discussion

In studying the optical properties of MXene quantum dots
(MXQDs), we build on a previous study that revealed the
effects of edge functional groups as well as the size of MXQDs
on their electronic properties.>® Therefore, in this study, we
investigate for the first time the influence of surface termin-
ation and MXQD size on the optical properties of MXQDs
using time-dependent density functional theory (TDDFT).
Given the tendency of 2D MXenes to terminate with O, F, or
OH groups,®®>” we have selected surface oxygenation, fluori-
nation, and hydroxylation as the primary functional groups. To
further distinguish and characterize the studied MXQDs, the
following notation is used: Ti,CT, (T = O, F, OH) denotes the
surface functionalization of MXQDs. Due to computational
limitations, the smallest MXQD size with lateral sizes of
11.3-12.0 A, containing 24 Ti atoms, 7 C atoms, and 36 func-
tional atoms/groups, was selected for functional group ana-
lysis. In the part of the study on the size-dependence, Ti,CO,
QDs were selected from the previous study®® and hereafter
referred to as QD1, QD2, and QD3 with lateral sizes of 11.3,
13.3, and 17.5 A, respectively. QD2 was constructed as an inter-
mediate (asymmetric) geometry between the two symmetric
QDs (QD1 and QD3) in order to enable comparison of
different sizes within computationally feasible models. It
should be noted that in a previous study,> a magnetic state
was identified as the ground state of the smallest MXQDs
(QD1); however, strong spin contamination was observed in
the case of edge fluorination and hydroxylation, which compli-
cates the accurate determination of the ground state. At the
same time, the magnetic character disappears with increasing
lateral size, and in the case of QD3, the ground state is a
singlet with zero magnetic moments. Therefore, given the
experimental average size of MXQDs (approximately 5 nm), we
restrict our investigation to singlet (non-magnetic) states for
all QDs considered in this study.

3.1 Simulated MXQDs structures and optimization

Before discussing the optical properties of MXQDs, we con-
ducted a comprehensive stability analysis of the MXQD struc-
tures with different MXQD surface termination models. The
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hexagonal structure Ti,,C, represents the bare model without
surface functionalization (see Fig. S1), Ti,,C,T,, represents the
model without edge functionalization, Ti,4C,T3, represents
the partially saturated, and Ti,,C,T3e represents the fully satu-
rated models and optimization was performed for all models
(see Fig. S2-S4). The optimization procedure included a sub-
sequent frequency analysis to ensure all Hessian eigenvalues
were positive, verifying dynamic stability. Thermodynamic
stability was further assessed through binding energy calcu-
lations and application of the maximum hardness principle.®
To evaluate the thermodynamic stability of the investigated
Ti,4C,T, with a different number of terminal atoms/group (T,
where x = 24, 30 and 36), the binding energy E;,, the binding
energy corrected to the zero-point energy E,, and the Gibbs
free energy G were calculated according to eqn (2) and (3)
given in the section 2. Based on these definitions, negative
values of E,, and G represent a spontaneous reaction that leads
to higher stability of the product as a reactant, and a more
negative value indicates a more energetically favorable (spon-
taneous) reaction. Table 1 shows that all investigated struc-
tures of Ti,,C,T, QDs are thermodynamically stable (negative
values of E, and G for all structures). The negative Gibbs
energy also indicates that MXQD formation is an exothermic
(spontaneous) reaction for all types of functionalization. At the
same time, it is evident that the fully saturated (Ti,4C,T36) QDs
are more stable for all types of functionalization (T = O, F, and/
or OH). The stability is also confirmed by the maximum hard-
ness principle, based on which a molecule with a higher
HOMO-LUMO energy gap is associated with greater stability.
From Table 1, it is evident that saturated systems increase A,
compared to the corresponding bare structure (3.31 eV), with
the highest value corresponding to fully saturated MXQDs. It is
also worth noting the pronounced deformation of Ti,,C;T,,
QD (without edge functionalization), and partially saturated
(TipsC;T3) of the structures where the Ti-T bonds are
elongated on the side of the QDs and subsequently shifted to
the edge (see Fig. S2-S4). This appears to be an attempt to
compensate for the lack of electrons on the edge after 0D
reduction, suggesting a more likely full functionalization of
the QD edge. In contrast, we observe that in the case of fully
saturated QDs, there is no significant disruption of the hexag-
onal structure of the 2D Ti,CT, monolayer and only a slight
elongation of the Ti-T bond on the lateral side occurs after
shrinkage to QDs. Based on these results, only fully saturated
MXQDs structures were considered in the following part of the

Table 1 Binding energies E;, [eV per atom], zero point corrected relative energy Eg [eV per atom], G Gibbs free energy change [eV per atom], and
energy gap 4, [eV] of the Ti»4C;T, of the various number of surface terminal atoms (T = O, F, and OH, x = 36, 30 and 24)

O36 O30 O24 Fs6 F3o Fay (OH)s6 (OH)30 (OH)4
Ey, —4.42 —4.18 —3.84 -3.78 —3.41 -3.09 -3.25 —2.72 —2.63
E, —4.37 —4.21 -3.81 -3.76 -3.39 -3.07 -3.11 —2.63 —2.56
G —4.15 —4.01 —3.62 -3.53 -3.18 —2.89 -2.93 —2.39 -2.35
A,y 4.89 4.58 4.02 4.48 4.46 4.03 3.90 3.70 3.51

The label in the table represents the type and number of terminal atoms.
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Ti,C(OH),

Fig.1 Optimized structure of fully saturated Ti,CT, MXQDs with
different functionalization (T = O, F and OH). Titanium, carbon, oxygen,
fluorine, and hydrogen atoms are shown in light grey, dark grey, red,
blue, and white, respectively.

study (see Fig. 1), which will be hereafter denoted as Ti,CT,
(QD1) where T represents O, F, and/or OH.

Subsequently, the stability of different functional groups
and their influence on the electronic properties of MXQDs
were investigated. From the relevant values of Ey, and G, it is
clear that oxygen saturation is the preferred termination since
the order decreases with the terminal group and the sequence
is in the order Ti,CO, < Ti,CF, < Ti,C(OH), (see Table 1). The
lowest values of Ej, and G for the Ti,CO, QDs may be due to
the stronger interaction between the O and Ti atoms resulting
from the shorter bond length of Ti-O, which ranges from 1.77
to 2.05 A, than those of Ti-F from 1.90 to 2.22 A and Ti-OH
from 2.03 to 2.30 A. Furthermore, in the context of the
maximum hardness principle, where the molecule with the
highest A, can be considered the most stable, these results
confirm previous findings, i.e., that oxygenation can be con-
sidered the most probable surface termination. Our results
reveal that the change in surface termination leads to a
decrease in A, from 4.89 eV for oxygenation to about 4.49 eV
for fluorination and 3.90 eV for hydroxylation, as shown in
Table 1 and Fig. 2. Note that although the infinite Ti,CF, and
Ti,C(OH), sheet is a gapless conductor,®® their quantum dots
have a non-zero energy gap, which is due to the quantum con-
finement. This result proves that the energy gap can be signifi-
cantly tuned by chemical modification of Ti,CT, QDs with
different atomic and molecular groups. Our results are consist-
ent with a previous study by Ramirez et al.,>® which suggests
that changing the functionalization on the surface of MXQDs
causes a significant improvement in electronic properties.

Last but not least, in order to investigate the dependence of
the electronic properties on the QDs size, we analyzed the
Ti,CO, MXQDs with a lateral size ranging from 11.3 to 17.5 A
(see Fig. 2). As expected, the energy gap decreases with increas-
ing MXQDs size, while the HOMO and LUMO energies
decrease and increase, respectively, consistent with the
quantum confinement theory. A more pronounced decrease in
the energy gap (approximately 1.5 eV) was observed between
the smallest (QD1) and largest (QD3) QDs, as shown in Fig. 2.
Interestingly, the change in the energy gap between QD1 and
QD2 was relatively small (0.30 eV), probably due to the asym-
metric growth of QD2, which did not significantly change the
edge-to-area ratio (16% compared to 18% for QD1). This
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Fig. 2 Energy diagram of the occupied (green lines) and lowest unoc-
cupied (orange lines) molecular orbital of the MXQDs model (a) with
different surface functional groups and (b) with different lateral sizes.
The Aq (in eV) values indicate the difference between the LUMO and
HOMO.

suggests that the edge-to-area ratio plays a relevant role in
determining the electronic properties of MXQDs.

3.2 Optical properties of MXQDs

In the second part of this study, we investigated the effect of
surface functionalization and quantum dot size on the optical
properties of selected MXQDs. Singlet excitation energies and
optical spectra within the visible and near-UV regions (UV/Vis
spectra) were computed using time-dependent density func-
tional theory (TDDFT) at the ®B97XD/6-31G** level of theory,
which was previously used to optimize the studied structures.
However, for the larger quantum dot (QD3), due to the
increased computational demands, the LanL2DZ basis set
with effective core potentials (ECPs) was employed. This
choice allowed us to reduce the computational cost while still
maintaining the necessary accuracy to capture the relevant
electronic and optical properties of the system (see Fig. S5). To
ensure comprehensive coverage of the absorption spectrum at
least accurately capture the A, region (derived from the
ground-state DFT calculations), an initial convergence analysis
was conducted on the number of excited states in the TDDFT
calculations. This step was crucial to ascertain that a sufficient
range of electronic excitations is included, thereby providing a
reliable representation of the absorption features. The analysis
revealed that capturing the full absorption spectrum and accu-
rately representing optical transitions around A, for most
quantum dots required at least 600 excited states. This level of
excitation effectively covers the range of interest and captures
optical transitions well beyond the A, values observed at
254 nm, 277 nm, 318 nm and 274 nm for Ti,CO,, Ti,CF,, Ti,C
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(OH), and QD2, respectively (see Fig. S6-S13). For QD3, which
presents a notably lower energy gap (371 nm) and diminished
excitonic effects (as elaborated in the following section), 200
excited states proved sufficient to comprehensively characterize
its electronic (optical) transitions and capture the complete
absorption spectrum (see Fig. S14 and S15).

3.2.1 Various surface functionalization of MXQDs. The cal-
culated absorption spectra of MXQDs with different surface
functionalizations (with a lateral size corresponding to QD1)
are shown in Fig. 3.

These theoretical absorption spectra reveal a clear depen-
dence on functionalization with distinct red shifts observed
for Ti,CF,, Ti,C(OH), compared to Ti,CO,. Fig. 3 indicates
that both groups exhibit an absorption onset around 800 nm,
with maximum absorption peaks at approximately 340 nm for
Ti,CF, and 320 nm for Ti,C(OH),, respectively. It is clear that
the absorption maximum is near the energy gap in the case of
Ti,C(OH),, while in the case of Ti,CF, it is prior to the energy
gap. In contrast, the Ti,CO, begins to absorb light around
400 nm, with its absorption maximum at 220 nm, significantly
beyond its energy gap. These results indicate that its absorp-
tion primarily occurs in the UV region, with only a limited
impact on the visible spectrum (see Fig. 3). Further differences
arise in the near-infrared (NIR) region, where the Ti,C(OH),
displays a prominent absorption peak around 1250 nm, with
an oscillator strength of approximately 9% of the maximum
value, indicating a strong NIR response (see Fig. 3 and S18). In
contrast, both Ti,CO, and Ti,CF, show only a weak optical
transition with a low oscillatory strength, which reaches
approximately 3% of the maximum value (see Fig. S16 and
S17). Due to the low value of the oscillatory strength, it is negli-
gible and is not observed in the total absorption spectrum (see
Fig. 3). Therefore, in the following analysis, only those tran-
sitions with oscillator strengths exceeding 3% of the
maximum value are considered bright transitions.

A detailed description of the optical transitions is provided
by Fig. 4, where, in addition to the bright optical transitions,
we can also observe the presence of a dark optical transition.
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Fig. 3 Calculated absorption spectra (a molar absorption coefficient ¢)
of the QD1 with different surface functional groups. The envelope func-
tion assumes Gaussian broadening of peaks with ¢ = 0.15 eV.
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Excitation energies (eV)

0.5

Ti,CO, Ti,CF, Ti,C(OH),

Fig. 4 Excitation energy levels for Ti,CO,, Ti,CF,, Ti,C(OH), QDs. Dark
optical transitions (gray markers) indicate states with limited interaction
with light, while bright optical transitions (colored markers) highlight
states with strong optical activity.

From Fig. 4 it appears that a significant number of bright
optical transitions with relatively high oscillatory strength in
the case of Ti,C(OH), can be observed in the whole VIS and
NIR (1.0-3.1 eV) region. Conversely, in the case of Ti,CO,, the
first bright optical transition is observed at 1.62 eV (760 nm),
although an increase in optical transitions with significant
oscillatory strength (above 45% of the maximum value) is
observed in the near-UV region between 3.2 and 6 eV
(200-400 nm) (see also Fig. S10 and S21). The most interesting
situation is observed in the case of Ti,CF, QD, where the first
bright excitation transition is observed in the visible range
around 1.71 eV (720 nm). However, in contrast to Ti,CO, QDs,
a significant number of dark optical transitions are observed
in the NIR region, suggesting the presence of hidden states
that could influence the exciton dynamics and potentially
transform into bright states under certain conditions. From
the obtained results, it is evident that the optical properties of
Ti,C-based MXQDs are strongly dependent on the surface
functional groups, and the calculated absorption spectra
clearly show that functionalization plays a key role in tuning
absorption in both the UV/Vis and NIR regions.

3.2.2 The size of MXQDs. The effect of MXQDs’ size on the
optical properties of oxygen-functionalized Ti,CO, QDs was
subsequently investigated. The calculated optical absorption
spectra in Fig. 5 follow the trends observed above for the
energy gap. The spectra show a pronounced blue shift with
decreasing MXQDs sizes, with an onset at approximately
400 nm and a pronounced absorption peak at 220 nm for the
smallest Ti,CO, QDs (hereafter referred to as QD1), as
described above. In contrast, in the case of the largest
quantum dot (QD3), we observe a prominent absorption peak
around 1200 nm that extends into the near-infrared region

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Calculated absorption spectra (a molar absorption coefficient ¢)
of the Ti,CO, QDs with different lateral sizes. The envelope function
assumes Gaussian broadening of peaks with ¢ = 0.15 eV.

(NIR) (see Fig. 5 orange line). These observations are consist-
ent with previous experimental work where absorption at
1500 nm was experimentally measured for Ti,C QDs with a
size above 2 nm.*® In the case of QD2, small shifts towards
higher wavelengths can be observed along with slight changes
in the shape of the absorption spectrum, where we observe an
increase in absorption at about 350 nm. In addition, upon
closer examination of the optical transitions, we can observe a
marked difference when comparing QD1 and QD3, as shown
in Fig. S22. In the case of QD3, we observe both light and dark
optical transitions already in the NIR region, ie., in the range
from 0.7 to 1.6 eV (1780-776 nm) with a significant oscillatory
strength (approximately 60% of the maximum value) (see
Fig. S15 and S22). On the contrary, in the case of QD1, as men-
tioned above, we observe a more pronounced increase in the
region above 3 eV with a maximum absorbance in the near-UV
region. When examining the optical transitions, there is also a
more pronounced similarity between QD1 and QD2, where we
see a marked similarity in the distribution of bright and dark
optical transitions. In the case of QD2, several dark optical
transitions can also be observed in the range of 1.5 to 2.0 eV
(826 to 413 nm), but the first bright optical transition is
observed at 1.88 eV (663 nm) (see Fig. S13). This may be due to
the lack of resizing (shape) of the QDs, as discussed above,
resulting in a negligible change in the optical properties of the
MXQDs. Our results are consistent with previous experimental
studies showing a blue shift when the size of QDs is
decreased.”®?” In addition, the similarity in optical response
between QD1 and QD2 suggests that small differences in size
may have a limited effect on optical properties, especially
when shape modifications are minimal.

3.3 Excitons in MXQDs

Excitons are electron-hole quasiparticles formed when an elec-
tron in the conduction band and a hole in the valence band
bind together through Coulomb attraction. In low-dimensional
materials and systems with weak dielectric screening, excitons
play a crucial role in light absorption, light emission, and
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charge transport. Their key parameter is the exciton binding
energy (Egp), defined as the difference between the fundamen-
tal gap (Ag) and the optical gap (45", the first bright tran-
sition). The fundamental gap is the difference between the
energy to create a hole (remove an electron, the ionization
potential) and the energy to add an electron (the electron
affinity), while the optical gap corresponds to the excitation
energy of a bound electron-hole pair (exciton) stabilized by the
Coulomb interaction. A large Egg indicates that excitons are
stable and more difficult to dissociate into free carriers, a
common feature of confined low-dimensional systems.>®

In this work, we approximate the fundamental gap using
the HOMO-LUMO gap (energy gap, 4,) derived from one-elec-
tron orbitals within the framework of hybrid density functional
theory. Based on our results, we find significant differences
between A, and A" in all studied MXQDs. This notable differ-
ence suggests the presence of excitons with total delocalization
across the molecule due to the quantum confinement effect.
Subsequently, the “approximate” exciton binding energy (Egs)
is calculated as the difference between the energy gap and the
optical gap. Despite these approximations, the approach pro-
vides valuable insights into trends in exciton and the influence
of factors such as quantum dot size and functional groups on
exciton binding energy. Table 2 summarizes the energy gap (4,
~ Ag, approximate fundamental gap), optical gap (first optical
transition, Agpt), and their associated values for the first
exciton binding energy (its difference, Egg) for all studied
MXQDs models. It is evident that in all the models investi-
gated, the first optical transition occurs at an energy signifi-
cantly lower than the electronic gap. We observe that the
exciton binding energy decreases with increasing MXQD size,
because the exciton is forced to remain delocalized throughout
the molecule due to its limited spatial dimensions in the case
of small quantum dot sizes. Using TheoDore software, it was
possible to calculate the average distance between the instan-
taneous position of the electron and the hole (dy). This ana-
lysis showed that the average hole-electron distance increases
proportionally with the size of the MXQD, as shown in Table 2.
This is expected based on previous findings showing that in
smaller quantum dots, the exciton is bound more tightly,
leading to a higher exciton binding energy.”” As the size of the
quantum dot increases, the exciton can occupy more space,

Table 2 The MXQDs radius ruxaps [Al, the energy gap Ag [eV], the
optical gap (frist bright optical transition) Agp' [eV], the exciton binding
energy Egg [eV], and the average hole—electron distance (d. [Al) for the
first bright optical transition of MXQDs with different surface

functionalization and size

'MXQDs Ay A gOPt Egg dhe Eggl. Ay
Ti,CO, (QD1) 5.66 4.89 1.62 3.27 4.34 67%
Ti,CO, (QD2) 6.55 4.51 1.87 2.64 4.56 59%
Ti,CO, (QD3) 8.73 3.25 1.04 2.12 5.40 65%
Ti,CF, (QD1) 6.00 4.48 1.71 2.77 3.37 62%
Ti,C(OH), (QD1) 6.02 3.90 0.91 2.92 3.50 75%
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which is reflected by a decrease in exciton binding energy and
a simultaneous increase in size.

The optical transition can be expressed using a single pair
of orbitals by transforming the normal orbital representation
into a more compact form known as the natural transition
orbitals (NTOs). In Fig. 6, the dominant NTO pairs involved in
the first optical transition of MXQD are shown with their
respective probabilities. In Ti,CO,, the NTO analysis reveals
that in the largest quantum dot (QD3), the hole NTO is mainly
localized in the center of the structure, whereas with decreas-
ing size down to QD1, the hole NTO becomes delocalized
across the entire dot as a consequence of the confinement
effect. The particle NTO, in contrast, remains concentrated
near the edges for all sizes. In the smallest Ti,CO, QD1, the
strong confinement forces the exciton into a compact spatial
region, which enhances the Coulomb interaction and results
in a high exciton binding energy. These conclusions are
further supported by the charge-density difference (CDD),
which compares the first excited state with the ground state
and delineates spatial regions of electron-density accumu-
lation and depletion. To characterize the spatial co-localization
of the hole and electron, the overlap function S,(r) is used; its
integral yields the dimensionless S, index (0-1; lower values
indicate spatial separation, higher values strong local overlap).
A detailed description of definitions and computational pro-
cedures is provided in the literature Liu et al®® and the
manual for the Multiwfn 3.7 (dev) code®" (see Fig. S28 and
S29). For Ti,CO, QD1, the heat map shows that the hole is
strongly localized on the central carbon atom with partial con-
tributions from titanium atoms, whereas the electron is dis-
tributed over the edge carbons with a slight contribution on
oxygen and titanium atoms. As shown in Fig. 7, a slight elec-
tron-hole overlap is observed across the entire molecule, pre-
dominantly on carbon atoms, with partial contributions on
titanium and oxygen, consistent with a broadly delocalized
excitonic character in Ti,CO, QD1. In contrast, in Ti,CO, QD3,
both hole and electron are localized in the central region of
the quantum dot, predominantly on carbon atoms, leading to
a stronger overlap. This effect is quantified by the S, index,

Ti,CO,(QD3)

Ti,CO,(QD2)

Ti,CO,(QD1)  Ti,CF,(QD1)  Ti,C(OH),(QD1)

Fig. 6 Dominant NTO pairs involved in the first optical transition of the
MXQDs with different sizes and different functionalization. For this tran-
sition, the "hole” is at the bottom, and the “particle” (excited electron) is
at the top; values represent the percentage of the respective NTO pairs.
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O IANZI 7

0.791 0.515

Fig. 7 Spatial map of the hole—electron overlap S,(r) for the first optical
transition, together with the corresponding S, index, presented for the
selected QDs. The isosurface value is 0.001 e A=,

which increases from 0.515 in Ti,CO, QD1 to 0.791 in Ti,CO,
QD3 (see Fig. 7), directly reflecting the enhanced electron-hole
overlap in larger dots. The stronger overlap lowers the exciton
binding energy and stabilizes lower-energy states, thereby
explaining the redshift of the absorption spectrum into the
visible and NIR regions. Similar trends with a decrease in the
exciton binding energy and a concomitant increase in the
average hole-electron distance with increasing QD size have
been observed in previous studies, confirming the consistency
of our findings with the observed quantum confinement
effects.>”>°

Surface functionalization leads to pronounced changes in
the spatial distribution of the hole and electron for the first
optical transition. In Ti,CO,, the hole NTO is delocalized
across the dot, while the electron NTO extends over the carbon
framework and toward the edges, giving rise to a delocalized
exciton. In contrast, fluorine and hydroxyl terminations induce
stronger localization: in Ti,CF,, both hole and electron den-
sities cluster around central Ti atoms, producing a compact,
core-localized exciton, while in Ti,C(OH), they are predomi-
nantly concentrated on Ti atoms at the edges, yielding an
edge-localized exciton (Fig. 6). This localization shortens the
average hole-electron distance dj. (3.37 A for Ti,CF,, 3.50 A
for Ti,C(OH),) relative to oxygen termination (4.34 A for
Ti,CO,). In line with these observations, the exciton binding
energy is highest for Ti,CO, (3.27 eV) and lower for Ti,CF,
(2.77 eV) and Ti,C(OH), (2.99 eV) (Table 2). These trends are
consistently supported by the atomic-contribution heat maps
and CDD plots (Fig. 7, S28 and S29), which illustrate how
functionalization modifies the localization of hole and elec-
tron for the first optical transition. As noted above, for Ti,CO,
the electron-hole pair is distributed across the entire mole-
cule, with an overlap of S; = 0.515, predominantly on carbon
atoms and partly on titanium and oxygen. A different situation
arises upon changing the surface functionalization: in Ti,CF,,
both the hole and the electron are predominantly localized on
Ti atoms, yielding a large overlap of S, = 0.843. A similar situ-
ation is observed for the OH termination, where the overlap is
localized on Ti atoms at the edges of the molecule and attains
an intermediate value of S; = 0.697. In both cases, the elec-
tron-hole overlap is strongly localized on Ti atoms, whereas
the functional groups (F and OH) contribute to the first optical
transition only negligibly (see Fig. 7). This behavior originates
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from the high electronegativity of fluorine and the polarizing
effect of hydroxyl groups, which alter Ti-T bonds and draw
charge density toward Ti, thereby reducing delocalization.
Consequently, O termination favors delocalized excitons with
predominantly UV absorption, whereas F and OH terminations
promote localized states that shift absorption into the visible
and NIR regions.

Another view on the excitons can be provided by the ana-
lysis of the full excitonic wavefunction written as a function of
coordinates of two particles (r. for an electron and r, for a
hole) y, (re, 1) = 3" A% ¢, (xe) ¢, (1n), where the BSE (or TDDFT)
eigenvectors A, cofrespond to the amplitudes of free electron-
hole pair configurations composed of electron states ¢. and
hole states ¢, (v and ¢ means valence and conduction bands,
respectively). We therefore firstly performed a full Bethe-
Salpeter equation (BSE) calculation on semiconducting Ti,CO,
monolayer MXene, to check the natural behavior of excitons
without space limits. This type of accurate calculation on top
of the many-body perturbative GW method is possible only in
a small computational cell (here, the unit cell of 2D Ti,CO,
contains five atoms). We recently successfully applied such a
method to other semiconducting monolayer MXenes, and
also, comparisons to the independent FNDMC method were
done.®®>"®* The provided quantities are (among others) the fun-
damental gap, optical gap, and binding energy of the first
bright exciton.

When one iterates GW eigenvalues (evGW variant of GW
method), as discussed in our previous work,*® both direct and
indirect gaps are significantly opened: Adl, = 1.82 eV — 2.48
eV and Aldr = 1.32 eV — 1.82 eV, respectively. Further, the
optical gap from subsequent BSE is changed as ARy, = 1.26 eV
— 1.78 eV. We note that our GW calculations with a “standard”
setting®® were renormalized to well-converged, precise values
of GoW, of Ding et al.’” (as explained in Table S1 of SI). The
binding energy of the first bright exciton in 2D Ti,CO, is there-
fore Egp = Agw — Apey, = 0.69 €V which is approximately 28% of
fundamental gap Agw- This is in line with linear scaling in 2D
materials Egg ~ Agw/4, presented in ref. 66. Concerning the
size of the first bright exciton in 2D Ti,CO,, it is necessary to
consider at least 12 x 12 unit cells to fade out the wavefunction
signal (Fig. 8a and b), ie., we guess an excitonic radius of
about 24 A.

For QD, it is not possible to use the same GW-BSE approach
(at least not in plane-wave software forcing a big vacuum-con-
taining simulation box, here 21 A x 20 A x 15 A). We therefore
used our previous trick how to recover the behavior of the
accurate GW + BSE method: TD-HSE06 mimics quite well BSE
+ GoW, optical properties of 2D materials,®” including Ti,CO,
(TD-HSEO06 optical gap 1.20 eV (ref. 3) vs. BSE + GoW,, 1.26 eV
(ref. 37)). As BSE + evGW is more appropriate for MXQD, and
density functionals providing larger gaps than standard hybrid
density functionals, rather long-range hybrid ones should be
used for the modeling of Ti-based quantum dot systems, where
GW cannot be used.’* We therefore finally used TD-PBEO
implemented in VASP,*® which mimics a 2D system quite well
(BSE + evGW). Fig. 8 provides direct visual proof of artificial con-
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Fig. 8 The exciton wavefunction of the first bright exciton expressed as
the real space electron probability density (yellow surface), where the
hole is located at the top of Ti atom 1 A away in the z-direction. The
exciton in 2D Ti,CO, material in (a) top view, (b) side view, and (c) detailed
top view is compared to the (d) exciton in the Ti,CO, quantum dot.

finement of the Ti,CO, exciton in the space provided by QD. In
MXQD, the exciton is strongly limited in space; however, similar
blobs of electron density as in the corresponding 2D material
are visible (Fig. 8d, ¢f. to Fig. 8c). Such a confinement leads to
extreme bias of the binding energy of excitons in MXQD with
respect to its 2D counterpart. Despite we have only rough
guesses of energy and optical gaps in MXQD (from DFT and
TDDFT, respectively), the ratio Egpg/A, is extremely huge: from
59% to 75% depending on MXQD terminations, see the last
column of the Table 2. This is 2-3 times more than in corres-
ponding 2D materials (Egp/Agw ~ 25%).

4 Conclusions

In this work, we employed time-dependent density functional
theory (TDDFT) to systematically investigate the impact of
surface functionalization and quantum dot (QD) size on the
electronic and optical properties of Ti,C-based MZXene
quantum dots (MXQDs). Our results demonstrate clear size-
and termination-dependent trends in the absorption spectra,
energy gaps, and excitonic effects. By directly comparing
different surface terminations (O, F, and OH), we establish
functionalization as a key factor in tailoring the optical
response of MXQDs. Among the functionalizations investi-
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gated, oxygen-terminated QDs (Ti,CO,) exhibited the highest
stability and largest energy gap. In contrast, fluorine (Ti,CF,)
and hydroxyl (Ti,C(OH),) functionalizations reduced the
energy gap and shifted absorption into the visible and near-
infrared (NIR) regions. The largest Ti,CO, QD, with a lateral
size 17.46 A, shows pronounced absorption in the near-infra-
red (NIR) region, whereas the shrinking of quantum dots
results in a marked blue shift in the absorption spectrum due
to enhanced quantum confinement effects. The study also
revealed that exciton binding energy increases with decreasing
QD size, while the average electron-hole distance decreases.
Visualization of natural transition orbitals (NTOs) confirms
that quantum confinement in smaller MXQDs produces more
extended excitonic states. In larger QDs, both hole and elec-
tron densities localize with stronger overlap. Beyond size
effects, surface functionalization has an even stronger impact
on exciton character. O termination favors delocalized states
with limited electron-hole overlap, which correlates with
absorption predominantly in the UV region. By comparison, F
and OH terminations induce Ti-centered localization (either in
the core or at the edges), substantially enhancing electron—
hole overlap. These trends are consistently reflected in the S;
index, which exhibits low values for O termination and mark-
edly higher ones for F and OH. This directly links surface
functionalization to exciton localization and to systematic red-
shifts of the absorption spectrum into the visible and NIR
regions. In any case, the excitonic effects are extremely huge in
MXQD, much more than in 2D materials (which are also
strong), because of the space confinement (which we also visu-
ally proved from the exciton wavefunction). The binding
energy of the first exciton in MXQD can achieve up to 75% of
its energy gap (in 2D materials, the typical value is around
25%), which critically influences (increases and shifts) optical
absorption. These findings point to the significant tunability
of the optical properties of MXQDs through surface
functionalization and dimensional change. In terms of appli-
cations, O-functionalized MXQDs with large band gaps may be
suitable for photocatalytic processes.®® In contrast, OH-func-
tionalized systems, with broadband absorption extending into
the visible and NIR regions, show strong potential for photo-
detectors, solar cells, and bioimaging in the NIR biological
window.”® At the same time, further research should address
challenges such as the controlled synthesis of well-defined
MXQDs and the role of defects, which remain critical for fully
realizing their application potential. In addition, exploring
mixed functionalization strategies may provide further oppor-
tunities for optimizing and fine-tuning the optical properties
of MXenes. At the same time, further research should address
challenges such as the controlled synthesis of well-defined
MXQDs and the role of defects, which remain critical for fully
realizing their application potential.
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