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Two-dimensional transition metal carbides and nitrides (MXenes) are a promising group of materials with
a broad palette of applications. Surface terminations are a result of MXene preparation, and post-
processing can also lead to partial coverage. Despite applicability and fundamental properties being
driven by termination patterns, it is not fully clear how they behave on MXene surfaces with various
degrees of surface coverage. Here, as the first step, we used density functional theory to predict
possible patterns in prototypic Ti,C MXene, demonstrating the different behavior of the two most
frequent terminal atoms, oxygen, and fluorine. Oxygen (with formal charge —2e) prefers a zigzag line
both-side adsorption pattern on bare Ti,C, attracting the next adsorbent at a minimal distance. Oxygen
defects in fully O-terminated MXene tend to form similar zigzag line vacancy patterns. On the other
hand, fluorine (with a formal charge of —1e) prefers one-side flake (island) adsorption on bare Ti,C and a
similar desorption style from fully fluorinated Ti,C. The magnetic behavior of the MXene is subsequently
driven by the patterns, either compensating locally and holding the global magnetic state of the MXene
until some limit (oxygen case) or gradually increasing the total magnetism through summation of local
effects (fluorine case). The systematic combinatoric study of Ti,CT, with various coverages (0 < x < 2)
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1 Introduction

In 2011, a new class of 2D materials named MXenes was
discovered’ with the general chemical formula M,,,;X,,T,, where
M is a transition metal atom (e.g., Ti, V, Sc, Mo, Ta, or Nb),
X can be carbon or nitrogen atoms and T stands for the
terminal atom/group (which includes groups 16 and 17 of the
periodic table or hydroxyl and imido groups). In general,
MXenes are produced by selectively etching “A” layers from
the M,,.1AX,, phases (where A is mainly the IIIA or IVA group
of elements) using an acid solution."” During the process,
the M,,,;X,, MXenes are completely surface-terminated.”” The
content of the attached functional groups depends upon the
etching chemicals that have been established experimentally
and significantly influence the physical properties of MXenes.*
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i Electronic supplementary information (ESI) available: Detailed data for the
structures of Ti,CT, MXenes: calculated cohesive energy, structure parameters,
and Bader charges; spin density distribution of selected MXenes; calculated
structures with different surface coverages and patterns of terminal atoms and
their relative energies with total magnetic moments; dependence of cohesive
energy on the coverage by terminal atoms. See DOI: https://doi.org/10.1039/
d4cp01319k
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provides useful guidance for its modeling towards electronic nanodevices.

Unlike most 2D layered materials, the functional group can be
chemically modified at many locations on the layers of MXenes.
Thermal and environmental processing can also lead to the
removal of a significant number of terminal groups.®
Taking into account the number of transition metals, carbon,
and nitrogen, the four M,,,; X,/ T, (n = 1-4) structures of MXenes,
and the known mono-atomic surface terminations, at least a
thousand stoichiometric compositions may be possible.” The
choice of different surface groups for selective termination on
MXenes offers remarkable properties and makes them suitable
for many potential applications including energy storage,
supercapacitors, and photocatalysts.”® Previous studies have
shown that surface functionalization is a key factor in modify-
ing the fundamental properties of MXenes and has a decisive
influence on the electronic, magnetic, and optical properties of
MXenes.®° In this context, several studies have been carried out
considering the effect of surface functionalization on electronic
properties,’®™* optical properties,'*'® magnetic,"®"” and thermo-
electric properties,’®'? in different types of MXenes.

It was revealed in previous studies that the bare Ti,C mono-
layer acts as a conductor, whereas the structure with full
saturation of oxygen atoms Ti,CO, presents a semiconducting
behavior.""'” In contrast, Champagne et al.”® showed in their
study that in the case of V,C MXene, a metallic character can be
observed for both the bare structure and the fully saturated one,
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which is present for all surface terminal groups. Furthermore,
several studies point to the magnetic nature of pure carbide
monolayer MXenes, while functionalization is done to remove the
magnetism.?* Zhang et al.?®* showed that the magnetic ground
state of Mn,C can be switched from the antiferromagnetic
(AFM) to ferromagnetic (FM) state by complete hydrogenation/
oxygenation. Similarly, Bae et al.>* found the existence of magnetic
states in other types of MXenes: V,CO,, V,CF,, and Mo,CF,.
Several later studies also showed that bare Ti,C MXenes are AFM
semiconductors***> and surface termination by the oxygen atoms
modifies it from the AFM to nonmagnetic (NM) phase.”**® Like-
wise, He et al.*’ revealed that the magnetic properties of Mn,CT,
(T = O, F, OH, Cl, and H) can be modulated by the surface
functional group depending on their electronegativity. They
showed that Mn,CT, retains the FM ground state upon surface
functionalization by groups with a formal charge of —1e (T = F,
Cl, and/or OH), whereas functional groups with a formal charge
of —2e (T = O) and +1e (T = H) change the magnetic ground state
to AFM.

Moreover, a few of the defective MXenes become magnetic
due to the presence of unpaired electrons in the spin-split
d-orbitals. In 2D MXene exfoliation, etching with the MAX
phase leads to the inevitable formation of defects, whose
concentration can be controlled by adjusting the concentration
of the etching chemicals during preparation.”® The defects
can significantly affect the structural stability, electronic, and
magnetic properties. Sang et al.>® experimentally showed that
Ti vacancies affect the surface morphology and terminal groups
and could be controlled by the etchant density. It was found
that C vacancies increased the electronic conductivity®® and
also induced the magnetism.*" Bandyopadhyay et al.** theore-
tically demonstrated that point defects can be considered as a
potential way to tune the magnetic and electronic properties of
Ti,XT, MXenes. Finally, Persson et al.® experimentally achieved
the removal of a significant number of terminal groups from
the surface of Ti;C,T,. Thermal and environmental processing
led to zero fluorine content and subsequently to a decreasing
Ti: O ratio of up to 3:0.6 (i.e., a surface coverage of ca. 30%).
Thus, it is evident that intrinsic point defects and terminal
atom removal in MXene can emerge as a potential tool to
modulate the properties of 2D layered MXenes toward promis-
ing device applications. All the aforementioned findings sug-
gest that understanding the effect of functionalization as well
as defect/desorption engineering on the unusual properties of
MXenes materials is crucial to introducing their novel proper-
ties and extending their future applications. Although several
theoretical studies have pointed to possible magnetic proper-
ties of MXenes and despite some of their parent MAX phases
being magnetic (as Mn,GaC, (Cr,Mn), AIC, or (Mo,Mn),
GaC),”** these properties are largely unexplored experi-
mentally. A breakthrough occurred in 2020 when experimental
evidence of a magnetic transition in Cr,TiC,T, was obtained.®®
Subsequently, magnetic behavior was also observed in the case
of Ti;C,T, doped with Nb, La, or Gd atoms.?”° These findings
pave the way for further studies of magnetism in this large
family of 2D materials. The desired magnetic properties can
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potentially be achieved by tuning the transition metal, includ-
ing C/N ratio, and/or surface terminations in MXenes. This
multi-level control of magnetic properties is a unique advan-
tage of MXenes compared to other existing 2D magnets.

Therefore, in this work, we have focused on the investigation
of the pattern of adsorption as well as the desorption (or
vacancy defects) of the terminal groups on the Ti,C MXene
surface. Afterward, we investigate the effect of terminal groups
with different surface coverages and adsorption/vacancy
patterns including linear, local, and partial patterns on the
structural and magnetic properties of Ti,C MXenes. We have
found that the pattern of adsorption/vacancy depends on the
electronegativity of terminal groups. Interestingly, the magnetic
properties of Ti,CT, MXene depend not only on the character of
the surface functional group, but also on the pattern of the
vacancy (partial, local, and/or linear), and these properties can
be chemically tuned for specific applications. In the context of
these results, we were able to predict the dependence of the
magnetic behavior on the surface coverage of functional groups
on the Ti,C MXene surface.

2 Computational methods

The structural and magnetic properties of all considered sys-
tems were investigated using spin-polarized density functional
theory (DFT) implemented by the Vienna ab initio simulation
package (VASP).*>*' The exchange—correlation potential energies were
described using the generalized gradient approximation (GGA) of the
Perdew-Burke-Ernzerhof (PBE) functional.*” In addition, we used the
Hubbard-like U correction (GGA+U)*® because the simulations con-
cerning correlation effects in transition metal systems were
carried out. The U-value for Ti atoms was chosen as 4 eV based
on a previous study®' in which this value was confirmed for
Ti,CO, MXene and is also a commonly used value for Ti
oxides.***> For validation, the meta-GGA strongly constrained
and appropriately normed (SCAN) density functional® was also
used for the selected structures, especially in the case of Ti,CF,,
where the selected structures were also verified using the PBE+U
approach with a U-value of 2 eV. The calculations are performed
with full structural optimization, where all atoms are relaxed in
all directions using a 5 x 5 x 1 supercell Ti5C,5T, (n = 0-50,
T =0 and F (or exceptionally OH)). For simplicity, we will use the
abbreviation Ti,C — n-T for the n adsorbed T atoms in the rest of
the text. The vacuum spacing was selected to be 15 A between
two adjacent layers to avoid interactions between the periodic
images of slabs in the z-direction. A plane-wave basis set (energy
cutoff value of 400 eV) and the projector-augmented-wave (PAW)
method were used.”” 2 x 2 x 1 and 4 x 4 x 1 grids for k-point
sampling were used for the structural optimization and electro-
nic properties, respectively. Gaussian smearing of a maximum
width of 0.005 eV was used. To ensure optimization and self-
consistent convergence, the energy and force criteria are set to be
1077 eV and 10~* eV A, respectively. The optimized structures
and spin density distribution were visualized using the VESTA
code.*® Relative energy AE is defined as the difference between

Phys. Chem. Chem. Phys., 2024, 26,18500-18509 | 18501


https://doi.org/10.1039/d4cp01319k

Published on 11 June 2024. Downloaded on 7/31/2025 4:42:16 PM.

PCCP

the total energy of structures with higher energy and lower
energy (assumed ground state). To investigate the stability of
the adsorption of the atoms onto the surface of MXenes, the
adsorption energies are calculated using

Epq = Evixa — (EMX + ET)7 [1)

where Eyx denotes the total energy of the supercell of mono-
layer MXene (Ti,C — n-'T), Eyxa represents the total energy of
the MXene monolayer after the adsorption of the one addi-
tional terminal atom (T) onto the surface of MXene (Ti,C —
(n +1)-T), and E are the total energies of isolated single atoms
T (T = O, F or O + H) obtained from the same computational
supercell.

3 Results and discussion

Before the adsorption of terminal groups on Ti,C MXene, we
started by optimizing the position of the atoms and the lattice
parameters of the bare Ti,C MXenes. To verify the ground state
of the bare structure, the optimization was performed for
the corresponding possible nonmagnetic (NM), ferromagnetic
(FM), and antiferromagnetic (AFM) configurations. The AFM
configuration of the spin density on Ti atoms was selected
based on the literature results.>**° The relaxed unit cell has a
lattice constant of 3.07 A, and each C atom is covalently bonded
to six neighboring Ti atoms with a bond length d(Ti-C) of
2.14 A. These results were in agreement with previous theore-
tical studies corresponding to a lattice constant value between
3.01 and 3.08 A and a bond length of approximately
2.10 A.2>?%*1 Table 1 shows the positive relative energy values
for the FM and NM states, namely 0.06 and 0.28 eV, as
compared to the AFM state, which is thus considered the
ground state in agreement with the available literature.>**>*°

The self-consistent calculation after the structural optimiza-
tion for the AFM configuration shows the partial magnetic
moment on titanium atoms of value 1.36uy and —1.36up
(subsequently only the magnitude will be reported), while equal
magnetic moments of each Ti atom of 1.03ug is observed for
the FM solution (the small compensation of —0.16uz on the C
atom leads to the total magnetic moment of 1.90up per unit
cell; Table 1).

On the other hand, in the case of fully covered surfaces, the
Ti,CT, MXenes (T = O, F, or OH), the magnetic states (AFM, FM)
converge to a nonmagnetic solution during atomic relaxation
and thus a nonmagnetic state is defined as the ground state.

Table 1 Magnetic state (NM = nonmagnetic, FM = ferromagnetic, and
AFM = antiferromagnetic), relative energy (AE in eV per unit cell), total
magnetic moment (m in ug per unit cell) and magnetic moments for Ti
atoms (M in pg) for the bare structure of Ti,C MXene. The most stable
geometry is highlighted in bold

Mag. St. AE m mri

NM 0.28 0.00 0.00
FM 0.06 1.90 1.03
AFM 0.00 0.00 1.36
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In the case of Ti,CO, MXene, we observe the equilibrium bond
length d(Ti-O) of 2.00 A, while in the case of Ti,CF, and
Ti,C(OH), MXene we observe bond lengths d(Ti-T) around
2.20 A. Moreover, after the adsorption of oxygen atoms (Ti,CO,),
Ti-C and Ti-Ti bond lengths are extended to 2.22 and 3.18 A,
which indicates a strong interaction between oxygen and the
surface of Ti,C MXene. Last but not least, the stability of the
structures was verified by calculation of the cohesive energy
according to eqn (S1) in the ESI:t negative cohesive energy was
observed for all terminal groups, indicating that all Ti,CT,
MXenes are stable and Ti,CO, is the most preferred (lowest
cohesive energy, see Table S1, ESIf). All the aforementioned
results are consistent with previous studies.?®*

Several studies suggest that terminal groups, along with
their vacancies, play a fundamental role in the properties of
MXenes and may influence their magnetic, optical, and elec-
tronic behavior.>**'*>°%>! For this reason, in the next part of
the study, we decided to investigate in more detail the different
adsorption patterns of the terminal groups as well as their
vacancy/desorption patterns. In line with this aim, the effect of
surface coverage and adsorption/desorption pattern on the
magnetic behavior of Ti,CT, MXenes was investigated.

3.1 Adsorption patterns

In the following, we systematically investigate the structural
and magnetic properties of Ti,C — n'T monolayers (using
supercell Ti5(C,5T, models, T = O, F). Different surface coverage
¢ of terminal atoms T were considered (where ¢ = 2-100% for
n = 1-50 atoms, respectively) and various adsorption patterns
including partial, linear, and local motifs were investigated.
First, the most probable adsorption position of the single
functional atoms was investigated (¢ = 2%, Ti5(C,5T; supercell).
In Ti,C MXene, there are three possible high-symmetric adsorp-
tion sites (models I, II, and III, see Fig. 1). In the first model (I),
the functional group is directly located on top of the titanium
atom (metal site, see Fig. 1a). In the second model (II), the
functional group is located above the carbon atom between the
three neighboring Ti atoms (carbon site, see Fig. 1b). Similarly,
in the third model (III), the functional group is located above
the bottom Ti atom (hollow site, see Fig. 1c). In the case of -OH
terminations, the H atom is placed on top of an oxygen atom,
making the functional group termination equivalent to mono-
atom termination. First, the relative stability of the optimized
MXenes with one terminal atom was verified for all the above
configurations and three different terminal atoms/groups (O, F,
and OH). In general, our results are consistent with previous
studies.*>>* The relative energies (AE) of the studied MXenes
are listed in Table 2. In the three geometries, the structures
with geometry III have the lowest total energy for all studied
terminal groups, demonstrating that geometry III is energeti-
cally more favorable than geometries I and II. Therefore,
position III can be assumed as the most favorable for the
formation of strong chemical bonds in MXenes. Subsequently,
according to eqn (1), the adsorption energy was calculated to
determine the stability and preference of the terminal groups.
The most stable terminal group is oxygen with the lowest Exg
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Fig. 1 Top and side view of the bare Ti,C MXene after adsorption of one
oxygen atom in 5 x 5 supercells on (a) metal site, (b) carbon site, and
(c) hollow site. Spin density distribution was added to the side view — green
and purple colors represent positive (spin up) and negative (spin down)
spin densities, respectively, and the isosurface values are 0.02e A~
Titanium, carbon, and functional oxygen atoms are represented in blue,
brown, and red, respectively.
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Table 2 Magnetic states (NM = nonmagnetic, FM = ferromagnetic and
AFM = antiferromagnetic), relative energies (AE in eV per 5 x 5 supercell),
and adsorption energy (Eaq in €V per atom) for the Ti,C — 1.T (T = O, F
and OH)

(0] F OH

I II II1 I II III I II III

Relative energies AE (in eV per supercell)

AFM® 231 0.39 0.00 1.07 0.17 0.00 1.34 0.12 0.00
™M 3.75 1.88 118 2.27 166 133 2.63 1.64 1.28
NM 9.24 7.06 671 790 726 691 8.08 7.06 6.74
Adsorption energy of a single atom E,q (in eV per supercell)

AFM“ —6.03 —7.94 —8.33 —5.36 —6.26 —6.43 —4.10 —5.33 —5.44
™M —4.59 —6.60 —7.15 —4.16 —4.76 —5.10 —2.81 —3.81 —4.12
NM 0.90 —-1.28 —-1.63 147 0.84 048 2.64 1.62 1.30

“ AFM represents the initial magnetic state before atomic relaxation.

(—8.33 eV), followed by fluorine (Exq = —6.4 eV), and the OH
group has the highest energy (Exq = —5.44 eV), making it the
least preferred terminal group. The lowest Enq values for
O-functionalized Ti,C may be due to the stronger interaction
between the oxygen and titanium atom, which results from the
shorter bond length of Ti-O (2.09 A) than those of Ti-F (2.16 A)
and Ti-OH (2.18 A). In Table 2, positive values of the adsorption
energy are observed in the case of non-magnetic states, indicat-
ing that the non-magnetic states are not stable. For all adsorp-
tion sites as well as for all terminal atoms, the ground state is
observed as the one growing from the antiferromagnetic
solution (see Table 2). However, a non-zero net magnetic
moment (from 0.5 to 1.75up per supercell; see Fig. S1 for spin
densities, ESIt) is observed for all considered configurations
(adsorption sites and terminal groups). The spin density is
redistributed after adsorption on the surface due to charge
transfer between the terminal atom and the adjacent titanium
atoms (e.g. charge loss on Ti atoms 0.34e in the case of
adsorbed oxygen). This distortion leads to the transition from
the antiferromagnetic state with zero total magnetic moments
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to the not fully compensated antiferromagnetism, i.e., to the
ferrimagnetic (FiM) state with a total magnetic moment of
1.75ug, lug, and 1ug per supercell (configuration III as the
ground state, see also Fig. S1, ESIf) for Ti,C-O, Ti,C-F,
and Ti,C-OH, respectively. This is also visually supported by
Fig. 1 - the overall antiferromagnetic character remains pre-
served and there is a local weakening of spin density (spin
density hole) located on three adsorbate-neighboring Ti atoms.
These results also indicate that the magnetic properties directly
depend on the formal oxidation state of the terminal group.

Significant differences can also be observed in the case of
the electronic structure. Fig. S13 and S14 (ESIt) show the
projected density of states (PDOS) of selected monolayers.
We can notice that in the case of adsorption of one oxygen
atom, the AFM semiconductor turns into a half-metal: the
monolayer Ti,C — 1-O exhibits a semiconducting character
for spin-up and a metallic behavior for spin-down. On the
contrary, the semiconducting character is preserved in the case
of Ti,C — 1-F. Similarly, He et al*’ have demonstrated the
possibility of tuning the magnetic properties as a function of
the electronegativity of the functional groups (a group bearing a
formal charge of —1e (F, OH) versus a group bearing a formal
charge of —2e (0)). The obtained results as well as the
literature*>>*** indicate that the ~OH terminal group is the
least preferred and at the same time, a similar behavior as for
terminal atoms -F is assumed.?”"*° For this reason, in the next
part of the study we decided to investigate and compare only
the differences between the —-O and -F terminal atoms in detail,
and the -OH terminal group is not discussed further.

In the following procedure, a second atom in different
positions was added to the terminal atom in position III (the
most suitable position) to find the most likely adsorption
positions for both (the individual positions and their labels
for Tis5oCy5T,, supercell are shown in Fig. S2, ESIT). To verify the
preference for position III, all three possible initial positions
I-III were again considered. Moreover, the distance of the
added atom from the first atom was gradually increased and
the opposite side was tested (see Fig. S2, ESIT). This results in
23 configurations of one termination type with corresponding
energies visualized in Fig. 2 (relative energies and magnetic
moments are summarized in Tables S2 and S3 (ESI¥) for Ti,C —
2-0 and Ti,C — 2-F configurations, respectively). Importantly, it
should be noted that in most cases, when the second atom was
placed in position I, the atom moved during relaxation and the
final geometry represented the position of the second atom in
position II or III (see Fig. S3, S4 and Tables S2, S3 for Ti,C — 2-O
structures, ESIt). This demonstrates that the position of the
second atom in position I is again highly unstable and unlikely.
The values of adsorption energy presented in Fig. 2 are all
negative, indicating that all structures for two terminal atoms
in positions II and III are stable. The hollow site (III) of the
second atom is preferred over the carbon site (II), as documen-
ted in Fig. 2 (and Tables S2 and S3, ESIt) by splitting of
the lowest energies into two groups (magnified red and green
energy diagrams in Fig. 2). Fig. 2 also shows the energy
proximity of the two lowest energy structures with different
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Fig. 2 Energy diagram for adsorption of the second (a) O atom, and (b) F
atom on the various adsorption sites. The adsorption energy Eaq in position
I [I1] is represented by the magnified energy diagrams on the left [right]
side (red [green] color). The inset figures show the most preferred
structures with the position of the second atom (labeled Til and OTil
according to the notation in the Fig. S2, ESIt). Blue, brown, red, and yellow
colors refer to titanium, carbon, oxygen, and fluorine atoms, respectively.
The most preferred initial magnetic ground state was considered (AFM; see
Tables S2 and S3 in the ESI).

positions of the second atom (difference of only 0.01 and
0.06 eV for Ti,C — 2-0O and Ti,C — 2-F, respectively). We note
that the energy difference between the preferred hollow (III) site
configuration and lowest carbon (II) site is approximately
0.50 eV and 0.25 eV for Ti,C — 2-0 and Ti,C — 2-F, respectively.
Based on these results, only adsorption to hollow (III) positions
was considered in the following study with different patterns
including partial, linear, and local patterns. Concerning mag-
netism, one-side adsorption leads to the summing of the local
magnetic effect and an increase of the total magnetic moment
(in the range from 2.0ug to 61y per supercell; Tables S2 and S3,
ESIY), while both-side adsorption compensates local magnetic
moments to the antiferromagnetic arrangement (in fact, two
spin density holes of Fig. 1 cancel one other).

To determine the adsorption patterns on the surface of Ti,C
MXene, the atoms were gradually added in different patterns
including linear, local, and partial patterns. Several adsorption
positions (from 5 to 10 patterns per surface coverage c¢) were
tested during the gradual addition of atoms, i.e., increasing
coverage (the obtained patterns are shown in Fig. S5-S12 (ESI{)
together with associated relative energies and magnetic
moments in Tables S4 and S5, ESIt). The results show that
the range of energy differences between the patterns (assuming
the comparison of only the ground magnetic state (AFM and/or
FM) for individual structures) increase with increasing surface
coverage up to 40%. Table 3 shows an example that in the case
of ¢ = 10% of oxygen atoms, maximum energy differences
between the patterns are at most 0.39 eV, while in the case
of ¢ = 40%, a maximum energy difference is observed of up to
5.14 eV. In the case of surface coverage with fluorine atoms, an
increase in maximum energy differences from 0.30 eV (¢ = 10%)
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Table 3 Magnetic states (NM = nonmagnetic, FM = ferromagnetic and
AFM = antiferromagnetic) and relative energies (AE in eV per supercell 5 x
5) of Ti,C — T with different surface coverages of adsorbed terminal atoms
(oxygen and fluorine)

Ti,C — 50 Ti,C — 5F

AFM*” ™M NM AFM“ M NM
10% coverage of terminal atoms
A 0.39 1.20 5.64 A 0.15 0.94 5.68
B 0.00 0.78 5.09 B 0.00 0.86 5.78
C 0.25 1.04 5.30 C 0.04 0.91 5.82
D 0.01 0.80 5.12 D 0.24 1.05 5.76
E 0.13 0.79 5.06 E 0.30 1.08 5.78

TiyC — 200 TiyC — 20F

AFM*” M NM AFM“ M NM
40% coverage of terminal atoms
A 3.06 2.99 5.32 A 1.01 1.39 3.69
B 0.00 0.03 0.86 B 1.57 1.39 2.67
C 5.14 5.25 8.43 C 0.20 0.00 3.12
D 1.78 1.75 2.95 D 1.70 1.57 3.60

E 0.18 0.11

“ The initial magnetic state before optimization.

to 1.57 eV (c = 40%) is observed too. The increasing energy
differences illustrate that in the case of higher coverages, the
probability of an adsorption pattern can be assumed more
easily.

Based on the results obtained, we were able to predict the
likely pattern of adsorption of atoms on the surface (see Fig. 3).
Fig. 3a shows that a zigzag line (double-faced) pattern is
preferred in the case of oxygen adsorption. Furthermore, it is
interesting to observe that when one row is filled, no adsorp-
tion occurs immediately next to it, but a gap is formed between
the occupation rows. However, this is also influenced by our
finite size model (supercell TisoC,5T,) and should be consid-
ered with caution. Fig. 3b clearly shows that a different pattern
is observed in the case of the adsorption of fluorine atoms on
surfaces bearing a —1e formal charge. In this case, the adsorp-
tion of atoms only from one side is preferred, i.e., the local flake
pattern is observed as the most stable. Significant differences
can also be observed in the case of magnetic behavior (see Fig. 4
and 5). In the case of O-termination, magnetism depends on
the number of atoms as shown in Fig. 4. While in the case of
even numbers of oxygens on the surface, the ground state is
antiferromagnetic, the ferrimagnetic state is there for struc-
tures with an odd number of oxygen atoms on the surface - but
this is still basically antiferromagnetic arrangement not com-
pensated just in one site (an analogy to Ti,C — 2-O vs. Ti,C —
0). We note that the energy differences between the AFM/FiM
state and FM state decrease with increasing surface coverage
from 1.03 eV (2%) to 0.03 eV (40%; see also AE in Table 3 and
Table S4, ESIt). At 44% surface oxygen coverage, we observe the
sudden change in the ground state from AFM/FiM to FM with a
total magnetic moment of 12z - the mechanism of compensa-
tion of local spin density holes stopped. With increasing sur-
face coverage the total magnetic moment of ferromagnetic
structures decreases to zero and for ¢ > 72% a change from
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Fig. 3 Adsorption pattern of the Ti,C MXene surface during (a) oxidation and (b) fluorination up to 20 termination atoms (representing a surface
coverage from 2 to 40%). Blue, brown, red, and, yellow colors refer to titanium, carbon, oxygen, and fluorine atoms, respectively.
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Fig. 4 Dependence of magnetic character on surface occupancy with a
total magnetic moment for the supercell of Ti,C — nO MXenes (where
¢ = 2-100% for n = 1-50 atoms). Dashed lines are a guide to the eye.

a ferromagnetic ground state to a nonmagnetic one is observed.
One-side “flake” adsorption of fluorine atoms (Fig. 3b) has
different consequences on magnetism in Ti,C — n-F. There is a
linear increase in the magnetic moment (from 0 to 12ug) due to

This journal is © the Owner Societies 2024
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Fig. 5 Dependence of magnetic character on surface occupancy with a
total magnetic moment for the supercell of Ti,C — nF (where ¢ = 2-100%
for n = 1-50 atoms). Dashed lines are a guide to the eye.

the summing of the local magnetic effect - local spin density
holes are not compensated, but create an island with zero
magnetic density over titanium atoms under adsorbed fluorine
atoms. This behavior stops if the surface coverage is greater
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than 30%. At increased surface coverage above 32%, a change
to a ferromagnetic state is observed until the surface is com-
pletely covered (to be discussed in Section 3.2). Moreover, in the
case of Ti,C — n-F, the magnetic moment (31ug) is almost twice
compared to Ti,C — n-O. Thus, the results suggest that the
magnetism depends on both the coverage and the type of
terminal atoms. In addition, it is interesting to observe that if
only one Ti layer of MXenes is covered, the opposite (uncovered)
Ti layer is not affected.

The dependence of the electronic properties on the number
of atoms as well as on the type of terminal atoms can also be
observed (see Fig. S13 and S14 in the ESIY). In the case of an
even number of O atoms, a semiconducting character is
observed. Conversely, in the case of an odd number of O atoms,
a half-metal or conducting character is observed. With increas-
ing surface atoms, the band gap decreases, with a significant
change occurring at 20% coverage, where a change to a con-
ducting character is achieved (though the AFM is preserved).
The conducting character is preserved with the increase in the
number of atoms, resulting in a change of magnetic alignhment
(change to FM). Similarly, in the case of F atoms, a decrease in
the band gap can be observed with an increasing number
of atoms on the surface. This is followed by a change from

(a) Ti,CO — nVy (n =1 - 20)
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semiconductor to conductor character together with a change
in magnetic character (ferri- to ferromagnetic). The conducting
character, as well as the FM, is retained until the surface is
completely covered (discussed in the next section).

3.2 Vacancy defect patterns

In the next part of the study, we focused on a more detailed
investigation of the influence of vacancy concentration and
their pattern on the structural and magnetic properties of
Ti,CT, (T = O and F) monolayers. To investigate T atom
vacancies, T atoms were removed to produce different concen-
trations of vacancies for different defect patterns including
partial, linear, and local ones. To find suitable patterns for
the vacancy defects, 5-10 different patterns for each vacancy
concentration were examined sequentially, following the same
procedure as for adsorption (see Tables S6 and S7, ESIt). Based
on this, the most likely vacancy patterns were generated for
Ti,CO, and Ti,CF, (see Fig. 6). In the case of the O-vacancy
defect, similarly to adsorption, we can observe a predominant
zigzag orientation, however with a partial pattern where no
alignment of the defect to a given single line is observed
(see Fig. 6a). Compared to adsorption, it can be noticed that
the removal of one oxygen atom does not cause a change in the

Fig. 6 Vacancy pattern on the surface of MXene Ti,CT, (where T = O, F) up to 20 (a) oxygen and (b) fluorine vacancy defects (representing a vacancy
concentration from 2-40%). The pink circle represents the defect of the atom from the top side and the green circle represents the defect from the
opposite side. Titanium, carbon, functional oxygen, and fluorine atoms represent blue, brown, red, and yellow respectively.
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magnetic properties of the material (NM character is retained).
This is because, in the case of a single O vacancy, two electrons
are lost, which do not cause a significant disruption of the
structure and no local magnetic moment is generated. The
partial defect pattern leads to the formation of smaller defects
further apart, with the loss of opposite-oriented oxygen, where
the loss of charge is compensated (similar to adsorption) and
no magnetic moment is generated. Moreover, based on the
partial density of states (PDOS), we can also observe that there
is no change in the semiconducting nature of the material (see
Fig. S15, ESIt). Subsequently, we can observe changes in the
surrounding Fermi level and with increasing O-vacancy concen-
tration a change from semiconducting to conducting character
(at approximately 20% of the defect surface). We can see that
DOS near the Fermi surface comes mainly from the Ti-d and
O-p orbitals. The reason may be that the introduction of oxygen
vacancies leads to more charge transfer for neighboring O and
Ti atoms. As a consequence, we observe that the non-magnetic
state is maintained up to a defect vacancy concentration of 28%
(i.e., 72% of the surface coverage, see Fig. 4), where only
vacancies consisting of at most two atoms are still observed.
As the defect is enlarged further, more atoms (at least three) are
involved in the vacancy resulting in the creation of a weak local
moment on the neighboring Ti atoms. The subsequent increase
in vacancy also causes an increase in the total magnetic
moment with ferromagnetic spin ordering, due to the increas-
ing spin polarization at the vacancy sites. The presence of spin
polarization in the case of a defect in which a higher number
of neighboring oxygen atoms is removed is confirmed by a
change in the defect pattern. In the case of linear and local
defect vacancies, spin polarization occurs where we observe a
weak total magnetic moment of 2up already at 8% vacancy
concentration. In Fig. 7 we can observe the emergence of a weak
local magnetic moment in the case where we have vacancies
localized close to each other (linear and local pattern). In the
case of the local defect, we also observe a change from a

5 O - vacancies

Fig. 7 Spin density distributions for linear O-vacancies (left) and local O-
vacancies (right). The isosurface values are 0.02e A= (purple color
represents negative spin density). Titanium, carbon, and functional oxygen
atoms represent blue, brown, and red, respectively.
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semiconducting character to a half-metal character. Where
similarly as in the case of adsorption we observe a semicon-
ducting character for spin-up and a metal character for spin-
down (see Fig. S16, ESIt). This leads us to conclude that in the
case of local/linear vacancies, even at low vacancy concentra-
tions, it is possible to induce a magnetic moment and ferro-
magnetic character. Moreover, local O-vacancy defects can lead
to the formation of half-metal characters. Similar characteris-
tics have been studied in the case of other types of metal
carbides, but also in the case of Ti.?®

In the case of F-vacancy, the defect vacancy pattern is
observed in the same manner as in the adsorption case (ie.,
local surface flake defect, see Fig. 6b). The presence of spin
polarization and total magnetic moment are already observed
at the formation of a single vacancy. This is likely because the
removal of only one fluoride leads to a loss of one electron to
the surface, resulting in weak spin polarization around the
vacancy. With increasing vacancy defect concentration, an
increase in the total magnetic moment can also be observed
with ferromagnetic spin alignment. It can also be observed that
there is no change in the conductor character in the case of
vacancy F (see Fig. S15, ESIt). The conducting character with
FM is probably the most stable state for MXenes when the
surface is terminated with F atoms. Thus, these results suggest
that the presence of F atoms on the surface of MXenes may very
likely contribute to the conducting character even in the case of
terminal group mixing. This may also lead to a higher possibi-
lity of magnetic moment generation with the FM arrangement.
These results are also in agreement with other works.*®>°

Nevertheless, it should be noted that in the case of F-
vacancies, the spin density distribution was incorrect when
using the PBE+U (4 eV) functional for the lowest F-vacancy
concentrations - artificial density distribution over the entire
material in a ferrimagnetic spin alignment appeared (Fig. S17,
ESIT). We therefore recalculated problematic configurations
using PBE+U (2 eV) and SCAN density functionals, which
provided standard spin density localized at the vacancy sites
with a ferromagnetic alignhment. The incorrect description of
the spin density distribution from PBE+U (4 eV) did not
affect the determination of the preferred pattern of vacancies,
which was observed equally for all density functionals. Control
calculations were also performed for adsorption as well as for
Ti,C — n-0O, where the choice of functional did not affect the
results. It can also be observed that the spin polarization is
localized only on the Ti atoms where the vacancy occurs and
that the opposite Ti layer is not affected.

Thus, the results show that magnetism is dependent on the
electronegativity of the functional groups and the vacancy
defect pattern. However, it should be noted that the cohesive
energies show that fully covered MXenes are the most stable for
all terminal groups and the cohesive energy decreases with an
increasing number of terminal groups (see Fig. S18, ESIf).
Nevertheless, these results suggest that the magnetic behavior
can be tuned by modeling the surface according to the type of
functional atoms, their concentration, and also according to
the coverage/vacancy pattern. It can also be noticed that in all
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cases, the individual titanium layers behave independently and
the layer of carbon atoms forms a barrier between the indivi-
dual layers. This makes it possible to work with only one side of
the surface without disturbing the opposite side, allowing for
better adjustment of the surface as required. We would like to
stress that oxygen coverage between 30-100% is also achieved
experimentally.® Therefore, despite DFT results only being the
first step for the understanding of adsorption/desorption
of terminal atoms (temperature effects, solvation, etc., should
be investigated more deeply) and particular provided numbers
(as coverage percentage for change of magnetism) should be
considered with caution, DFT modeling can bring understand-
ing on the atomic level and offer possibilities that can be
targeted.

4 Conclusions

In this work, we systematically investigated the structural and
magnetic properties of Ti,C MXene monolayers with various
coverages and patterns of terminal oxygen and fluorine atoms,
including partial, linear, and local defects. We have shown that
the terminal atom type affects both the pattern of the adsorp-
tion/vacancy defect and, subsequently, the magnetic properties
of MXenes. In the case of adsorption by oxygen atoms, a linear
zigzag pattern was found to be the most likely. This leads to a
tuning of the magnetism from antiferromagnetic (AFM) and
ferrimagnetic (FiM) spin arrangements to ferromagnetism
(FM), depending on the number of adsorbed oxygen atoms.
In contrast, in the case of adsorption of fluorine atoms, a local
pattern was found as preferred, with increasing magnetic
moment. This results in a change of the FiM ground magnetic
state to the FM state at a certain surface coverage (around 30%).
In the case of vacancy defect (or desorption) studies, we found
the preferred pattern to be partial in the case of the O-vacancy
and local in the case of the F-vacancy. The partial O-vacancy
pattern has the consequence that the nonmagnetic character of
Ti,CO, remains up to ca. 20% defective surface (around 80%
surface coverage). Subsequently, at lower surface coverages
(c = 44-72%), a change from NM to FM occurs. However, with
the change of O-defect patterning to local or linear, spin
polarization appears at the vacancy site, and a weak magnetic
moment (2up) is produced already at 8% vacancy defect concen-
tration. In the F-vacancy case, again, the local pattern with
increasing magnetic moment is observed to be the most favor-
able with FM-arranged spin with a high total magnetic moment
up to 32ug. Thus, the results show that the magnetic properties
of Ti,CT, MXenes are dependent on the electronegativity of the
functional T group and can exhibit either FM, AFM, or FiM
behavior. First, in the case of functional groups with a formal
charge of —1e (F), the FM ground state is predominant,
whereas, in the case of —2e (0), the ground state is significantly
dependent on the adsorption/vacancy pattern. In all cases, it is
also possible to observe that the individual titanium layers
behave independently, and the carbon layer works as a barrier.
This may represent the possibility of controlling only one layer
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of the material surface. This work provides encouraging results
for the possibility of tunable magnetic behavior in Ti,CT,
MXenes using different patterns of adsorption/vacancy and
terminal atoms. All presented results can provide promising
guidance for modeling the functionalization of MXenes to
obtain the desired properties of 2D materials.
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