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MXenes are a family of layered 2D materials useful for a wide variety of applications. Their properties
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can be fine-tuned by choice of chemical composition (metal and termination), but the vast majority of

published studies have focused on Ti-based MXenes with -O, -F, and -OH terminations. Furthermore,

MXenes may have ABC or ABA stacking, but typical density functional theory (DFT) studies assume
only ABC stacking. Thus, most modeling papers of MXenes have focused only on specific targeted
MXenes. In this work we aimed to provide a comprehensive DFT study of possible MXenes in order to
motivate and characterize MXenes beyond those common in the literature. We modeled 99 different
M3C, T, MXenes (including groups 4, 5, and 6 metals; also including halogen, chalcogen, -OH, and
-NH terminations). We made no assumptions about preferred termination site or stacking symmetry
of these MXenes. 20% of the studied MXenes were found to prefer ABA stacking. In total we
performed more than 2,000 DFT calculations to predict the structural, electronic, and mechanical
properties of these MXenes. We identified several MXenes with exceptional properties, and identified
potential applications of such MXenes. We also connected the termination/metal choice to trends
in their properties. Our work highlights how different properties of MXenes can be tuned based on
their composition, and thus motivates further work on these materials.

1 Introduction

In recent years MXenes have attracted much attention due to their
potential tunability and unique properties. ™™ They have been
studied for many applications, including energy storage, pho-
tocatalysis, electrocatalysis, electronic devicesm,
sensingm, and others. MXenes are two-dimensional materi-
als that have the chemical formula M,,, 1 X,, T, where M is an early
transition metal, X is C or N, and T is a surface termination. The
number of layers (n) is typically 1 to 428, The termination can
have a profound role on the MXene properties2220, for instance
making it a metal or semiconductor depending on the termina-
tion3134 or changing mechanical properties®>37, Other prop-
erties, such as work function®842 can also change depending on
the constituent components (M, X, or T). Understanding and pre-
dicting MXene properties based on their composition and struc-
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ture is a critical part of advancing applications of these materials.

Most commonly, MXenes are synthesized from MAX phase ma-
terials where the A layer is removed via aqueous acids (e.g., HF),
resulting in -F, -O, and/or -OH terminations. 4344 Still, other ter-
minations on MXene surfaces are possible. For instance,
electrochemical etching or using Lewis acidic molten salts may
produce -Cl, -By, -I, -P, or -Sb terminations.48"52 Furthermore,
through post-processing of MXenes it is possible to remove termi-
nations (producing bare MXenes) or substitute existing termina-
tions with a new termination, such as -S, -Se, -Te, or -NH.4953
Despite efforts to make MXenes having various compositions, it
has been estimated that around 80% of published MXene papers
have focused on Ti-based MXenes.>#55 Even papers with a the-
oretical component are also predominantly focused on Ti-based
MXenes. 53 Furthermore, density functional theory (DFT) stud-
ies often tend to focus on n = 1 MXenesSH3#35[56H59] Ignoring
TizC, T, and TipCT, (which are the most commonly studied MX-
enes), papers with a theoretical component and focused on n =
1 MXenes are around 20 times more common than papers with a
theoretical component and focused on n = 2 MXenes.>® Accord-
ingly, more data and understanding of MXenes beyond those com-
monly studied (e.g., metals other than Ti and n > 1) is needed
in order to achieve the goal of fully tuning MXenes for targeted
applications.

There have been several DFT studies performed examining the
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impact of different surface terminations on the properties of MX-
enes. Much of this work however has focused on -O, -OH, or
-F terminations for various metals,11I31135l4058-66' §_terminated
MXenes generally have higher mechanical strength®5%¢% and are
more likely to be semiconductors28:3228 compared to those with
-F or -OH terminations. Terminating a MXene with OH groups
tends to result in an ultralow work function.38-400601631 hjle
there are studies which model halide (F, Br, Cl, I) or chalcogen (O,
S, Se, Te) terminated Ti,CT, and Ti3C, T, MXenes?267H71l giyd-
ies modeling terminations other than -O, -F, and -OH for MXenes
with metals other than Ti- are limited4%7Z1H78 1n addition, many
MXenes have ABC stackingZ280, but it is possible that the atomic
layers may have ABA stacking®12 Theory predicts ABA stacking
for certain MXenes. 4606180183585 Degpite this, the vast majority of
DFT studies on MXenes assume ABC stacking, or ignore the possi-
bility of ABA stacking. Thus far, DFT studies comparing ABA and
ABC stacking have been reported for bare MXenes2480:84185 apq
for those with _034‘66 75;80‘84’ _F66‘75‘84’ -OH66, -875, -C175, or
-P83l terminations. Thus, there is a need for more simulation data
on non-Ti MXenes, as well as identifying the right stacking (in
order, for instance, to correctly model these MXenes) for MXenes
with other termination and/or metal combinations.

In this work we modeled 99 carbide MXenes (i.e., M3C,T>),
including 9 metals (groups 4, 5, and 6) and 10 possible termi-
nations (halogens, chalcogens, OH, and NH). Our goal was to
provide a comprehensive analysis of how metal and termination
choice affects the structural stability and other properties of the
MXenes. The literature on DFT modeling of MXenes has largely
focused on a small subset of MXenes (typically Ti-based; or M,CT,
MXenes, n=1), or a small subset of properties. Many litera-
ture papers have also assumed ABC stacking for MXenes. Our
work represents the most comprehensive DFT study of M3C,T,
(n = 2) MXenes involving a wide range of metals and termina-
tions, and this many structural, electronic, and mechanical prop-
erties. Figure (1| highlights the MXenes that we modeled, as well
as the properties we calculated. In order to determine the cor-
rect stable structures, we modeled both ABC and ABA stacking
for each MXene. We also considered four possible surface sites
for terminations. We then report several properties for each of
the most stable configurations, including electronic and mechan-
ical properties. By identifying, examining, and analyzing the ob-
served trends, we indicate how MXene properties can be con-
trolled through their chemical composition, and which MXenes
have promising properties.

2 Methodology

We performed DFT calculations using the Vienna ab initio Simula-
tion Package (VASP)€%89 The exchange correlation energy was
calculated using the generalized gradient approximation (GGA)
functional by Perdew, Burke, an Ernzerhof (PBE)?Y. Core elec-
trons were described by projector augmented wave (PAW) pseu-
dopotentials®22 A cutoff energy of 450 eV was used for valence
electron wavefunctions. As recommended by the VASP develop-
ers, we utilized the following number of valence electrons for
each metal: Ti (12), Zr (12), Hf (10), V (13), Nb (13), Ta (11), Cr
(12), Mo (14), and W (14). The Brillouin zone was sampled with
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a I'-centered 8 x 8 x 1 k-point mesh. Calculation convergence
criteria for the energies and forces were set to 107> eV and 0.002
eV/A, respectively. We used the Gaussian smearing method with a
width 0.25 eV, which was found to minimize roughness in density
of states (DOS) plots while retaining principle features. One goal
of examining the electronic structure was to identify any semi-
conductors (MXenes are predominantly metallic). The PBE func-
tional is known to underestimate band gaps, so electronic struc-
tures were also calculated using the HSE06 functional®2. HSE06
provides a more accurate way to verify whether a MXene is a
semiconductor. Since we were primarily interested in identify-
ing semiconductors with the HSE06 functional, for these calcula-
tions we used a smearing width of 0.05 eV, as recommended by
the VASP developers for semiconductors. Identifying band gaps
from DOS plots can be challenging, especially since smearing in
the DOS increases overlap of electronic states and band gaps will
depend on the smearing width. Identifying band gaps is also am-
biguous from DOS plots since band edges are arbitrarily defined
in the plots. All reported band gaps are therefore taken from the
electronic eigenvalues, rather than DOS plots.

Post-processing of DOS data was performed using the VASP-
KIT package.?4 Bader charge analysis was performed using code
from the Henkelman group.?2 Two-dimensional elastic properties
were calculated using the energy-strain method as implemented
in VASPKIT.2490l Iy calculating the elastic properties, we con-
sidered strain along the x and y axis to range from -0.015 to
0.015 ¢ in steps of 0.005 €. We also calculated MXene d-band
centers as the first moment of the projected DOS for the metal
atom d-bands.?Z28 Due to the small thickness of the MXenes,
we included the d-bands of all metal atoms in our calculations,
rather than considering surface metal atoms only. Previous liter-
ature®2"10U integrated the DOS from -c to a finite positive value
in order to capture all relevant d-band orbitals. Similarly, based
on inspection of our DOS, we integrated the d-bands from -eo to 2
eV. All structural visualizations were carried out using VESTA.192

Correlation coefficients provide a simple way to investigate re-
lationships between MXene properties and properties of their con-
stituent atoms. Therefore, we calculated Pearson correlation coef-
ficients between various MXene properties and elemental proper-
ties (as reported in the Mendeleev'1%3 database). Correlation co-
efficients were found using the Orange Data Mining program.194
A more extensive investigation of these relationships using statis-
tical methods will be the focus of future work.

We modeled monolayer M3C, and M3C,T, MXenes with M =
Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, and W (groups 4, 5 and 6), and
T=0,S, Se, Te, F, Cl, B, I, OH, and NH (including chalco-
gens and halogens). All MXenes were modeled at full cover-
age, which is expected to have higher thermodynamic stability
compared to lower coverages=L. To avoid interactions between
neighboring monolayers, our calculations included a cell length
of 22 A in the z-direction, which gave vacuum distances of at
least ~12 A for terminated surfaces. We modeled both trigonal
(ABC) and hexagonal (ABA) stacking symmetry (shown in Fig-
ure [2) for all the MXenes. Additionally, there are multiple high-
symmetry sites where terminal groups may attach to the MXene
surface. Previous literature identified several possible stable ter-
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Mechanical Properties

« Elastic Constants C;; and Cy,
* Young’s Modulus

* Bulk Modulus

* Shear Modulus

* Poisson’s Ratio

/

99 M,C,T, MXenes
2,000+ DFT Calculations

M= Ti,V, Cr, Zr, Nb, Mo, Hf, Ta, W
T=Bare, O, S, Se, Te, F, Cl, Br, I, NH, OH

Structural Properties
* Preferred Atomic Configuration
* Termination Binding Energy

* Lattice Constant
* M-T Bond Distance

Fig. 1 Illustration of the MXenes modeled in this work, and the various calculated properties. This work contains the most comprehensive DFT study
to date which has modeled M3C, T, (n = 2) MXenes and the listed properties.

? 9
o %
(b) ABC-hM (c) ABC-hX (d) ABC-m (e) ABC-t
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< XK « « o« «
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Y o ) o 6 &
(f) ABA (g) ABA-h (h) ABA-hX (i) ABA-m (j) ABA-t

Fig. 2 Different MXene configurations modeled in this work. Blue spheres
represent metal atoms, brown spheres represent carbon atoms, and red
spheres represent terminating atoms. MXenes were modeled with trigonal
(ABC) stacking (a-e) or hexagonal (ABA) stacking (f-j). ABC termina-
tions are designated as follows: hollow sites above metal atoms (hM),
hollow sites above carbon (hX), mixed termination sites with one surface
hM and one surface hX (m), and top sites (t). ABA terminations are
designated as follows: hollow sites between metal and carbon (h), hollow
sites above carbon (hX), mixed termination sites with one surface h and
one surface hX (m), and top sites (t). Top views of the structures can
be found in Figures S1 and S2 in the Supporting Information.

mination sites.113135158:60178] Thege include hollow sites above
metal atoms (hM), hollow sites above no atoms (h), hollow sites
above X layer atoms (hX), mixed sites with hM or h on one surface
and hX on the other (m), and directly on top of metal atoms (t).
Figure [2|shows side views of the different termination sites along
with stacking configurations. In total we modeled 8 configura-
tions for each terminated MXene (four termination sites and two
stacking arrangements). Side and top views of all the different
configurations are shown in Figures S1 and S2.

3 Results and Discussion

3.1 Structural Properties
3.1.1 Preferred Stacking and Termination Sites

We first identified the most stable structures for each MXene, es-
pecially to understand how the composition affects the preferred
MXene geometry. In Figure |3} and in the Supporting Informa-
tion (Tables S1-S2 and Figures S3-S4), we report the most stable
structures and relative energy values comparing different stack-
ing configurations and sites for each termination. Our results
showed that, while the majority of M3C, and M3C,T, MXenes
displayed an energetic preference for ABC stacking, some MX-
enes were more stable with ABA stacking. In total, 20% of the
modeled MXenes were more stable with ABA stacking, which is
not trivial. A statistical summary of the most stable configurations
and terminations is found in Figure S3.

We report energy differences between ABA and ABC stacking
configurations (AEaga_apc = Eapa — Eapc) for each bare MXene in
Table S1. We found that all bare MXenes containing group 4 met-
als (Ti, Zr, Hf) had a strong energetic preference for ABC stacking,
with an average AEsps_apc value of 2.72 eV. We also found that
bare MXenes with group 5 metals (V, Nb, Ta) had an energetic
preference for ABC stacking, with an average AEjga_apc value of
1.85 eV. On the other hand, bare MXenes with group 6 metals (Cr,
Mo, W) preferred ABA stacking, with negative AEgs_apc values
for Mo3C, (-0.30 €V) and W3C, (-1.13 €V). Bare Cr3C, had a
AEpa_apc of 0.11 eV, which indicated that it may be stable with
either ABC or ABA stacking. Gouveia et. al.8% also found similar
results for bare MXenes.

The most stable structures from the eight considered configu-
rations (see Figure [2) are reported in Figure [3|and Figure S4 for
each M3C,T, MXene. We found that all terminated MXenes with
group 4 metals showed an energetic preference for ABC stacking,
regardless of termination, and also all preferred the ABC-hM con-
figuration. Similarly, all terminated MXenes with group 5 metals

Journal Name, [year], [vol.], 1 |3
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c ABC-hM ABC-hX ABA-h
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Bare ABC ABC ABA
0 ABC-hM ABC-hM ABA-hX
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Fig. 3 Indication of the most stable stacking and termination sites for
each MXene, as determined by calculated energies. MXenes which prefer
ABC stacking are shown in blue shades, while MXenes which prefer ABA
stacking are shown in green shades. 20% of the studied MXenes preferred
ABA stacking.

also showed an energetic preference for ABC stacking, with the
majority of MXenes preferring ABC-hM. However, several MXenes
preferred the ABC-hX configuration over ABC-hM. (e.g., V3G, T,
with -F and -OH terminations; Nb3;C,T,/Ta3zC, T, with -F, -Cl, -Br,
and -OH terminations; Nb3;C,(NH),). In the ABC-hX configura-
tion, C and T atoms are in alignment for increased steric and/or
Coulombic repulsion, while such repulsion is minimized with the
ABC-hM configuration. This is typically cited as the reason ABC-
hM is preferred over ABC-hX. 1134170105
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Several MXenes involving group 6 metals were more stable
with ABA stacking. Furthermore, several MXenes with group 6
metals had a near degeneracy between ABC and ABA configura-
tions (see Figure S4) which is in contrast to the distinct preference
for ABC stacking shown by MXenes with group 4 or 5 metals. For
Cr-based MXenes, ABC stacking is the dominant configuration,
but some terminations induce ABA stacking (e.g., O, S, NH). A
shift occurs with Mo- and W-based MXenes, where an even larger
number of MXenes prefer ABA stacking. All but the largest ter-
minations (e.g., -Br, -I) led to ABA stacking being preferred over
ABC stacking. Gouveia et. al. also found that M3C,0, MXenes
with group 6 metals prefer ABA stacking, but did not model ter-
minations other than -0.8%

It has been shown in previous work on other layered mate-
rials, that the electron count of the material may be predictive
of the energetically preferred structure.06/1001107! Electron count
is defined as the number of valence d electrons remaining on
each metal atom after charge transfer to non-metal atoms.197
For example, Ti3C,F, has three Ti atoms (each with four valence
d electrons), two C atoms (each requiring four electrons to fill
their outer shell), and two F atoms (each requiring one electron
to fill their outer shell). The electron count per metal atom for
Ti3C,F, is then [(3)(+4) +(2) (-4) +(2)(-1)1/3 = 0.6 e /M. Elec-
tron count is given for each bare MXene in Table S1 and for each
atomic terminated MXene in Table S2.

We found that MXenes with group 6 metals had the highest
electron counts (3.33 e~ /M for bare; > 2 e /M for terminated)
and were the only metals which had any preference for ABA over
ABC stacking. This supports the argument by Gouveia et. al.80
that higher electron density (for instance as caused by more d
electrons) leads to stronger ABA preference. For bare MXenes,
AEpa_apc values followed this trend for the group 6 metals: Cr
> Mo > W. Correspondingly, the total number of electrons fol-
lows this trend: Cr < Mo < W, which further confirms the idea
that more electron density may favor ABA stacking.

For terminated MXenes, we also found a relationship between
the electron count and stacking/termination preferences. In ad-
dition to electron count, the relative sizes of atoms in a crystal
are known to be a determining factor for structural preference in
materials. 100108 Eor example, the Goldschmidt tolerance factor
and the ionic filling fraction can be used to predict the structure
of perovskites and other materials. X% We define V)7 as the ratio
of atomic volume of the metal atom to atomic volume of the ter-
mination atom. Values of V,/ are provided in Table S2, utilizing
atomic volume data from the Mendeleev database'l%3, We sum-
marized our findings on the preferred stacking and termination
sites in Figure[4 This shows how the electron count and relative
sizes of the metal to termination are key to the preferred stacking
and termination site. We also indicate in this graphic the local
geometry of the termination/metal sites, as exhibited in Figure
S5. Those MXenes with smaller electron count and/or smaller
Vi ratios tend to prefer ABC stacking (e.g., group 4 or 5 met-
als; group 6 metals with large terminations). On the other hand
those MXenes with an electron count of > 2 e™/M and large Vy;/r
ratios (e.g., group 6 metals with O or S) preferred ABA stacking.
Thus, we have uncovered an important relationship for predicting
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the energetically preferred configuration of MXenes.
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>0.45 M=VNb,Ta T=F M=CrMo,W T=0,S M=Mo,W T=F.Cl
M=Nb,Ta  T=CLBr [| M=Mo,W  T=Se
M=w T=Te

Fig. 4 A summary of our findings on the preferred stacking, preferred
termination, and preferred local geometry, as they relate to electron count
and Vyr.

3.1.2 Termination Binding Energies

We next predicted the binding energy (Ep) of the terminations,
which is the energy to bind the terminations to bare MXenes.
These values are useful for comparing the stability of different
terminations, since one can directly compare how much energy is
released (or required) to terminate a bare MXene with a given ter-
mination. The difference in binding energies of two different ter-
minations provides the energy released or required to exchange
the terminations (i-e., Ep_termination1 = EB—termination2 < O imphes
termination 1 is more stable on the surface compared to termina-
tion 2). For atomic terminated MXenes, we calculated the binding
energy according to Equation

Ep = Eyyo,1, — Emse, — Ems- (D

Here Ey,c,15, Emyc,, and Er, are, respectively, the energies of the
most stable terminated MXene, the bare MXene, and the gas-
phase dimer of the terminating element, 3172110011 The Supple-
mentary Information describes how binding energies of -OH and
-NH terminations were calculated. The calculated binding ener-
gies are given in Figure[5]and Table S3.

Our results showed that the most stable terminations were ei-
ther -O or -F, having average binding energies of -9.26 and -
9.32 eV, respectively. Other terminations were notably less sta-
ble compared to -O and -F. For instance, the average binding
energy for -S (third most stable termination) was 3.15 €V less
stable than -O and 3.21 €V less stable than -F. Generally, chalco-
gen terminations were more stable than halogen terminations
(with the exception of -F), and the binding energies within a
group weakened as the termination valence electrons occupied
larger shells (i.e., moving down the periodic table). Our re-
sults showed that metals with a higher number of valence d elec-
trons tended to have weaker binding energies (e.g., Eg_cr,¢,75—avg
> EB*V;CZTzfavg > EB*TisczTZ*an)‘ We also found that within
each group, binding energies tended to become more stable as
the valence shell of the metal increased (e.g., Ez_ri;c,—avg >
Ep_zrCTo—ave > EB—Hp,CoT—avg)- Notably, MXenes with molec-
ular terminations, -NH and -OH, typically had weaker binding
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Fig. 5 Termination binding energies (eV) for terminated MXenes in their
most stable configurations. Green lines are chalcogen terminated, blue
lines are halogen terminated, and black lines are -NH and -OH termi-
nated.

energies than the atomic terminations. Since the -F and -O termi-
nations are so stable, terminating MXenes with other species may
require non-aqueous synthesis methods, such as using molten in-
organic salts4851, Indeed, all the considered terminations have
been successfully incorporated into MXenes42BITI2 albeit thus
far only with a few select metals (e.g., Ti, Nb, Ta).

3.1.3 Lattice Constants

We report, in Figure [f] and Table S4, calculated lattice constants
for bare MXenes. The lattice constant values for bare MXene
structures ranged from 2.87 A (Mo3C, and W3GC,) to 3.35 A
(Zr3C2), with an average value of 3.08 A. We found that, with the
exception of V3C,, the lattice constants of bare MXenes decreased
as the number of valence d electrons increased across a given pe-
riod (e.g., azr,c, > Anpyc, > Amosc,)- This trend was also found in
previous studies of M3 Cz, and in a study of M2X52. Yang
et al. attributed the decreased lattice constant to a decrease in
length of metal bonds as the number of valence d electrons in-
creased.”? Notably, atomic radii decreases as the number of d
electrons increases within a period, and this trend follows the
same pattern in our lattice constants. In fact, we found a strong
correlation (+0.83) between our predicted lattice constant for
bare MXenes and the atomic radii of the metal atoms. The same
study by Yang et al.Z3l further noted that the lattice constants for
those MXenes with 4d transition metals are larger than for those
with 3d transition metals, due to an increase in ionic radius. They
found that the lattice constants of MXenes with 4d transition met-
als were also larger than those with 5d transition metals, which
was attributed to a reduction in metal bond lengths due to scalar-
relativistic effects. We also observed that the calculated lattice
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Fig. 6 Lattice constants (A) for MXenes in their most stable configu-
rations. Red circles are bare structures, green squares have terminations
from chalcogens, blue triangles have terminations from halogens, while
black diamonds are -OH and -NH terminations. Hollow markers indicate
an ABA configuration, while solid markers indicate an ABC configura-
tion.

constant values for bare M3C, MXenes were largest for structures
with 4d transition metals, as compared to the lattice constants of
the 3d and 5d transition metals in the same group (e.g., az,,c, >
apfc, > Aricy)-

The calculated lattice constant values for all configurations of
the terminated MXenes are found in Table S5. Our discussion,
however, is limited to the lattice constant values for the most sta-
ble configurations of the terminated MXenes, which are shown
in Figure@ These lattice constant values ranged from 2.68 A
(Cr3C,0,) to 3.55 A (Zr3Cyly), with an average lattice constant
value of 3.17 A. We expect the size of the terminated MXenes to
be influenced by both the metal and termination. Especially when
the size of both the termination and metal are larger, it is expected
to lead to larger lattice constants. Indeed, our data showed that
the lattice constant of atomic-terminated MXenes were moder-
ately correlated with the atomic radii of both metal and termi-
nation atoms, with correlation coefficients of, respectively, +0.65
and +0.56.

In most cases, chalcogen terminations resulted in smaller lat-
tice constants compared to the halogen terminations with the
same valence shell (e.g., ay,c,s,-Avs < AMyC,Cl—Avg)- This cor-
responded with our finding in Section[3.1.2]that chalcogen termi-
nations tended to result in stronger binding energies compared
to the halogen terminations with the same valence shell. Other
work®®267 has also reported larger lattice constants for halogen
terminations compared to their corresponding chalcogen termi-
nations. Additionally, we noted that the average lattice constant
of terminated structures decreased as the number of valence d
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electrons of the metal increased (e.g., az,,c;1,—ave > ANB,CTo—ave
> Apfo,CyTy—avg)> Which was also found to be the case for bare MX-
enes. Those MXenes with -NH and -OH terminations have lattice
constants similar to those with -O and -F, respectively, likely due
to electronic similarities 31001131114,

For these MXenes that show a preference for ABA stacking, our
calculated ABA lattice parameter values were 0.7-5.9% smaller
than our calculated values for the corresponding termination site
with ABC stacking (see Table S5). This is in agreement with pre-
vious studies which found that ABA stacking leads to lattice pa-
rameters which are reduced by up to 8% compared to ABC stack-
ing 24160180 This reduction was attributed to reduced steric and/or
Coulombic repulsion between metal atoms in ABA stacking com-
pared to ABC stacking.2%

3.2 Electronic Properties
3.2.1 Atomic Charges

Atomic charges provide insight on electron transfer between the
components of the MXenes, including the nature of bonding be-
tween atoms, and the oxidation state of the individual elements.
We report Bader charges of the different atoms in Tables S7-S9.
Figure S6 also provides the charges of surface metal atoms and
the terminations for the most stable MXenes.

Unsurprisingly, all metals were positive (cationic) in the MX-
enes, while the terminations were negative (anionic). The
charges of surface layer metal atoms in bare MXenes ranged
from 0.60 (Mo3C,) to 1.20 (Hf3C,), with an average value of
0.97. On the other hand, surface metals for terminated MXenes
ranged from 0.94 (W3C,Tey) to 2.23 (Zr;C,0,), with an aver-
age value of 1.56. The terminations thus induce the metals to
become more oxidized. Termination charges on the other hand
had smaller absolute values, and ranged from -1.26 (Zr3C,1) to
-0.16 (W3C,0,), with an average value of -0.67. Average charges
of -NH (Q7_ps,c,(NH),—avg = -0.98) and -OH (Qr_us,c,(0H),-Avg
= -0.75) were comparable to, respectively, -O and -F termina-
tions (QTstczozfAVg = -1.08, QT7M3C2F27Avg = -0.73). This ob-
servation may be explained by electronic similarities between
the respective atomic (-O/-F) and molecular terminations (-NH/-
OH) BUeOMIMNI4 Our data showed that more stable termina-
tions were more anionic. We found a correlation coefficient of
0.85 between termination Bader charge and termination bind-
ing energy for the atomic species, confirming the relationship be-
tween charge and stability. Thus, we conclude that more oxida-
tion/reduction results when stronger interactions occur between
the metal and termination.

Furthermore, we found a relationship between Bader charge
values and atomic electronegativity. Our predicted decrease in
metal charges corresponded to increased electronegativity of the
metal atom. For bare MXenes, there was a correlation coefficient
of -0.90 between the Bader charges of surface metal atoms and
electronegativity of the metal species. For terminated MXenes,
the correlation coefficient was -0.69. Thus, metal atoms with
larger electronegativity are less likely to be oxidized since they
tend to attract electrons. In contrast, the termination charges be-
came more negative with increased electronegativity of the termi-
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nation atom, since atoms with larger electronegativity will attract
more electrons and become more negative. The correlation co-
efficient between termination electronegativity and termination
Bader charge was -0.60.

3.2.2 Work Function

All work function values are reported in Figure 7] and Table S10.
The work function for the bare structures ranged from 4.11 eV
(Zr;Cy) to 4.92 eV (W3C,), with an average value of 4.53 €V.
This was a very narrow range despite the variety of metals in
the MXenes, indicating that it may be difficult to tune the work
function of bare MXenes. On the other hand, terminated MX-
enes had a much wider range, from 1.67 eV (Cr3C,(0OH);) to
7.80 eV (Cr3C,0,). Generally halogen terminations had lower
work functions than chalcogen terminations, as the average work
function for halogen terminated MXenes (4.27 €V) was found to
be nearly 1 eV lower than the average work function of chalco-
gen terminated MXenes (5.25 eV). Particularly, -O terminations
resulted in the largest work functions for all MXenes with group
5 and 6 metals (¢p,c,0,—avg Deing 5.75 and 7.46 eV with, respec-
tively, group 5 and 6 metals), while -S terminations produced the
largest work functions for those with group 4 metals (@s,c,5,—avg
was 6.33 eV with group 4 metals). On the other hand, -Te and
-I terminated MXenes resulted in the lowest average work func-
tions (Par,¢,Ter—avg = 4.09 €V, dpr,co1,—avg = 3.61 €V) for atomic
terminations.

Work functions for MXenes terminated by -OH groups,
however, ranged from 1.67 eV (Cr3C;(OH);) to 3.05 €V
(W3C,(0OH);), with an average value of 2.34 eV. These re-
sults for OH agree with literature, where it has been well es-
tablished that -OH terminated MXenes display ultralow work
functions. 3840060165 The work function values of -NH termi-
nated MXenes ranged from 2.28 eV (Ta3C,(NH),) to 3.31 eV
(Nb3C,(NH);), and had an average value of 2.82 eV, again being
ultralow work functions. Thus, termination selection is crucial for
engineering MXene work function while choice of metal may be
less important.

Because the work function is such a critical electronic prop-
erty, there have been a number of attempts to explain the work
functions of materials, including dependence on various mate-
rial properties3438139142105167168IT15H121] - Although these studies
report connections between work function and various proper-
ties, quantitative analysis connecting these properties to the work
function is generally lacking. Thus, we calculated the correlation
coefficients between the MXene work function and various atomic
properties, as well as between the work function and other MXene
properties (see Table S11). Atomic properties of the metal and
terminating atoms were taken from the Mendeleev database.103
MXene properties (e.g., termination binding energy, M-T bond
distances, Bader charges, p-band center) were from our calcula-
tions, and are reported in various tables in the SI.

The highest correlations occurred with termination atomic vol-
ume (-0.74), termination p-band center (+0.70), termination
specific heat capacity (+0.67), M-T bond distance (-0.66), ter-
mination Mendeleev number (-0.65), termination atomic num-
ber (-0.64), termination atomic weight (-0.63), termination dou-
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Fig. 7 Work functions (eV) for MXenes in their most stable configura-
tions. Red lines are bare MXenes, green lines are chalcogen terminated,
blue lines are halogen terminated, and black lines are OH and NH termi-
nated.

ble covalent radius (-0.63), termination period number (-0.63),
and termination triple covalent radius (-0.61). These correla-
tions indicate that the termination, rather than the metal, is key
to the MXene work functions. It is worth noting that a number
of these properties, namely atomic volume, specific heat capacity,
M-T bond distance, atomic weight, period number, and covalent
radii, are all interrelated. In particular, we found that each of
these properties were highly correlated with the atomic number
of the corresponding termination atom (correlation coefficients
being > |0.78]).

3.2.3 Conducting Nature

We calculated the density of states and band gaps to establish
the conducting nature of the MXenes (e.g., semiconducting or
metallic). The PBE functional is widely utilized for many calcu-
lations, but is well known to underestimate band gaps, so
we also calculated the DOS and band gap values using the HSE06
functional. We must acknowledge that the HSE06 functional
may not be accurate for describing properties of metals1254127
and, in some cases, has been found to overestimate the band
gap 1221231127129

Our results for MXene electronic structure using the PBE func-
tional indicated that all 99 M3C,/M3C,T, MXenes were metallic.
DOS plots calculated using the PBE functional can be found in
Figures S11 - S19. When using the HSE06 functional, however,
we predicted 21 MXenes to be narrow-gap semiconductors. Band
gap values (calculated with HSE06) are given in Table [1} and
the corresponding DOS plots are given in Figures S8 - S10. In
accordance with the definition of semiconductors presented by
Sheng S. Li,239 we considered only those with E, > 0.1 eV to
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be semiconducting. These MXenes included three Ti-based MX-
enes, Cr;C,, Zr;C,(NH),, six Nb-based MXenes, Mo3C,, two Hf-
based MXenes, three Ta-based MXenes, and four W-based MX-
Every termination, except Te, when combined with the
right metal, formed a semiconductor MXene. The band gap val-
ues for these structures ranged from 0.12 eV (Nb3C,(OH),) to
0.65 €V (Nb3C,F,). Literature has largely focused on predict-
ing band gaps for M,CT, MXenes2342l131H136/ Jeaving questions
about M3C,T, MXenes. Indeed, we are not aware of previous
electronic structure calculations using the HSE06 functional for
most MXenes we predicted (n = 2 MXenes) to be semiconduct-
ing. In the case of MXenes which have previous electronic struc-
ture calculations using the HSEQ6 functional, there is disagree-
ment throughout literature. Hf;C,0, has been found to be a
semiconductor with reported band gaps of 0.16 eV13Z, (similar
to our value of 0.18 eV), 0.43 eV138 and 0.95 V132, We report
a band gap of 0.14 eV for Ti3C,0,, while other papersi4%ound
it to be metallic. Literature also predicts M,CO, (M = Hf, Zr, Ti)
MXenes to be semiconductors®3, while we also predict several
O-terminated MXenes to be semiconductors.

enes.

Despite DFT predictions of semiconductors, experimental stud-
ies identifying semiconductor MXenes are limited. 13211411142/ The
discrepancy between theoretical predictions and experimental
results regarding electronic properties of MXenes has been at-
tributed to defects43 and mixed terminations!32 which may be
introduced during synthesis. Thus, overcoming current synthesis
challenges may be the key to experimental realization of semi-
conducting MXenes. Our work may further provide direction on
what compositions may be worth pursuing to create semiconduc-
tor MXenes.

Table 1 Band gap values (E,)for MXenes which were identified as semi-
conductors using the HSEO06 functional. Band gap values are given in
units of eV. Corresponding DOS plots for each semiconducting MXene
are given in Figures S8 - S10.

MXene Eg MXene Eg
TingOz 0.14 MO3C2 0.23
Tiz G I, 0.15 Hf3C,0, 0.18
Ti;3C,(NH), 0.15 Hf3C,(NH), 0.30
CI‘3 Cz 0.48 Ta3C2862 0.24
ZI‘3C2(NH)2 0.26 Ta3C2C12 0.54
Nb3 C2$2 0.24 Ta3 C2B1‘2 0.47
Nb3C25€2 0.18 W3C2 0.20
NbsCF,  0.65  W3C,0,  0.32
Nb;C,Cl, 0.51 W3C,S, 0.19
Nb3C2Br2 0.47 W3C2(NH)2 0.25

Nb;C,(OH), 0.12

Electrical conductivity is another important property of MX-
enes, especially for applications such as catalysis, spintronics, bat-
teries, LEDs, photodetectors, and others. However, calculating
electrical conductivity can be difficult since it depends on many
factors, such as charge carrier concentration (which in turn de-
pends on donor state concentration) and charge mobility. Rather,
we examined the DOS values at the Fermi level, N(Er), which
has been used as a proxy for electrical conductivity in metal MX-
enes. 14011447147 | arger DOS at the Ep should in principle corre-
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spond to larger carrier concentration since more free electrons
would be available. We report, in Figure S7 and Table S12,
N(Er) values as calculated with the PBE functional. We do not
report N(Er) values using the HSE06 functional, since this func-
tional may have low accuracy for predicting properties of met-
als.122H127 The N(Ef) values spanned 0.49 states/eV (Hf;C,0,)
to 6.08 states/eV (Cr3C,Te,). The metals Ti, Zr, and Hf had some
of the lowest values of N(Er), indicating potentially low electri-
cal conductivity for these MXenes. This is noteworthy, consider-
ing that M,CO, with M = Ti, Zr, and Hf are the MXenes most
frequently predicted to be semiconducting.2133-350581591148] The
highest values of N(Er) were found to be with Cr- and V-based
MXenes, having average N(Er) values of 1.33 and 1.22 states/eV
respectively, compared to an overall average value for all MXenes
of 0.87 states/eV. This suggests that such MXenes may have larger
electrical conductivity.

The termination had an important impact on the N(Er) val-
ues, with strong interplay between the metal and termination.
For example, we calculated a correlation coefficient between the
electron count (which depends on the metal and termination; see
Section [3.1.1) and N(Er) values to be +0.46, indicating at least
a modest correlation between the two. Furthermore, we found
that N(Er) values of terminated MXenes were correlated more
strongly (-0.64) with the atomic volume ratio, V,;/r, than with
any elemental properties of the metal or termination atom alone.
For MXenes terminated by chalcogens, at least for groups 4 and 6,
the N(EF) values tended to increase with increasing atomic num-
ber of the chalcogen termination. Particularly, -Te terminations
resulted in some of the MXenes with the highest N(Eg) values.
On the other hand, group 5 metals showed the opposite trend
where N(Ep) values tended to decrease with increasing atomic
number of the chalcogen termination. Halogen terminations gave
low N(Ef) values with group 4 metals, larger N(Er) values with
group 5 metals that tended to increase with termination atomic
number, and high N(Er) values with group 6 metals. The OH
and NH terminations yielded moderate N(Er) values with group
4 metals, relatively high values with group 5 metals, and both
low (NH) and high (OH) N(Er) values with group 6 metals. In-
terestingly, we found that the lowest values of N(Er) for MXenes
with group 6 metals were those with the ABA-hX configuration
(i.e., Cr3C, T, with T = O, S, and NH, Mo3C,T, with T = O, S,
Se, and NH, and W3C,T, with T = O, S, Se, Te and OH). Thus,
our results show that there are strong interactions between the
metal and termination that may affect the conductivity, and these
interactions are complex.

3.2.4 d-band Center

The d-band center (¢;) of a metal has been established as a good
descriptor for predicting adsorption energies and surface reac-
tivity. 22981149 The d-band center of MXenes has been linked to
their performance as supercapacitors2?, gas sensors>l, and cat-
alystsi221154 We report, in Figure |8|and Table S13, the d-band
center of the MXenes in their most stable configurations. The d-
band centers of bare MXenes decreased (i.e., shifted further from
Er) as the number of valence d electrons increased (e.g., &;_7i;c,
> &4 v,c, > €4-Cr,)> Similar to what was reported by Hammer
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and Ngrskovi®?. A similar trend is that d-band centers become
more negative with larger valence shells (e.g., &;_ri,c, > €1z,
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Fig. 8 Calculated d-band center values (eV) of MXenes in their most
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Our calculated values of the d-band center for terminated MX-
enes ranged from -3.49 eV (W3C,0;) to -0.61 eV (TizCI;). The
d-band center trends of terminated MXenes were similar to the
trends of bare MXenes. Regardless of termination species, the
d-band center of M3C,T, MXenes decreased as the metal va-
lence shell increased (e.g., €1_7i,c,7, > €4-2r,CT > Ed—HACT)-
In general, the d-band center of terminated MXenes also de-
creased as the number of metal valence d electrons increased
(€.8., €1-7r,CTy—Avg > €4-Nb;CyTy—Avg ™ €d—MosCoTo—Avg)-

Indeed, we found a correlation of -0.78 between metal atomic
number and our calculated values of metal d-band centers for ter-
minated MXenes, indicating the strong dependence of the d-band
center on the metal choice. In addition to the strong effect of the
metal on d-band center, the termination also affected the d-band
center significantly. For example, Hf3C,0, had a d-band center
of -3.48 €V, while Hf3C,I, had a d-band center of -1.71 €V, a dif-
ference of 1.77 eV. Generally chalcogen-terminated MXenes had
more negative d-band centers compared to halogen-terminated
MXenes within the same row of the periodic table. We also found
that -NH/-O and -OH/-F terminations resulted in similar values
of €, each pair having electronic similarities3101I3114

3.3 Mechanical Properties

Materials with desirable mechanical properties are key for many
applications, such as biomedical devices, strain sensors, flexible
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electronics, microfluidic devices, and composite materials. We
calculated 2D mechanical properties, including elastic constants
(Cy; and Cjp), Young’s modulus (E), Poisson’s ratio (v), shear
modulus (G), and bulk modulus (K). Calculated mechanical prop-
erties are reported in Table S15. All MXenes were found to be
mechanically stable according to the elastic stability criteria (Cy;
> 0 and Ci > |C12|)

Young’s modulus functions as a measure of material limitations,
influencing the operating conditions which will result in defor-
mation, as well as typifying material stiffness. It should be noted
that we found the elastic constant C;;, shear modulus, and bulk
modulus (Table S15) to be highly correlated to Young’s modulus
(correlation coefficient > 0.90). Elastic constant Cy, and Poisson’s
ratio were also correlated with each other (0.74). We therefore
focused our discussion on Young’s modulus and Poisson’s ratio,
since these two are representative mechanical properties.

3.3.1 Young’s Modulus

We show in Figure [0] and Table S15 calculated Young’s modulus
values. We found that Young’s modulus values ranged from 93
N/m (TizC,Tey) to 535 N/m (W3C,0,), with an average value
of 308 N/m. For a given valence shell, we found that average
Young’s modulus values were larger for chalcogen terminated
MXenes as compared to those with the corresponding halogen
terminations (e.g., Ey,c,0,—ave > EmyciF—avg).  Also, MXenes
with chalcogen terminations typically showed greater variability
in Young’s modulus values compared to those with halogen ter-
minations. The range of Young’s modulus values for chalcogen-
terminated MXenes was 442 N/m, with a standard deviation of
113 N/m, while the range for halogen-terminated MXenes was
364 N/m with a standard deviation of 89 N/m.

MXenes with -O and -F terminations produced the highest val-
ues of Young’s modulus, with average values of 414 N/m and 339
N/m, respectively. In comparison, the 2D Young’s modulus for
graphene is around 340 N/m.67/156 MXenes with -NH termina-
tions also had large Young’s modulus values, having an average of
400 N/m. These results can be explained, at least in part, by con-
sidering our calculated Bader charges in Section[3.2.1] (Figure S6
and Tables S7/S8), which showed that -O and -NH terminations
resulted in the highest M-T charge transfer (i.e., large positive
charges on the metal and large negative charges on the termina-
tion). Increased charge transfer corresponds to stronger bonds
and, therefore, to stiffer materials. This is also corroborated by
the large binding energies of -O.

We also considered the impact of the metal on MXene stiff-
ness. On average, Zr- based MXenes had the lowest values of
Young’s modulus (Ez,,c,7,—ave = 241 N/m), while W- based MX-
enes had the highest values (Ew,c,7,—avg = 426 N/m). Our results
showed that metals with more valence d electrons tended to have
larger Young’s modulus values (e.g., Ez,,c,7,—avg < EntycyT—avg
< EMoyC,To—avg)- Within a given metal group, Young’s modulus
values tended to increase as the valence shell increased (e.g.,
EV3C2Tzfavg < ENb;CZTz—avg < ETa3C2T27avg)-

It is well known that Young’s modulus is affected by the crys-
tal structure, and MXenes are no exception. Our results showed
that ABA stacking resulted in larger Young’s modulus values com-

Journal Name, [year], [vol.], 1 l9


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00874c

Open Access Article. Published on 15 August 2025. Downloaded on 8/22/2025 7:55:04 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

TizC, T, V3C,T, Cr3C,T;
Bare Bare Bare
B 8 o =
S = S 3 S =
Se — = Se = Se =
Te & Te = Te—8———
F <€ F > F >
Cl <€ Cl <@ Cl P
Br @ Br 1 € Br B
NH > NH > NH > o
OH— 4 . OH— . ¢ . OH— & — .
100 300 500 100 300 500 100 300 500
Zr3C,T> Nb;C,T> Mo3C, T2
Bare 4 Bare ® Bare S
o = = o =)
S = S = S =
Se = Se = Se =]
Te —8 Te = Te =
F B> F < F B>
Cl < Cl B Cl P>
Br | € Br > Br —»
NH > NH a—" NH >
100 300 500 100 300 500 100 300 500
Hf3CzT2 Ta;Csz W3C2T2
Bare Bare A 4 Bare ©
= (o] =)
S = S S =
Se L] Se ] Se =
Te = Te 8 Te 1=
F P € F B
Cl <€ Cl B> Cl B>
Br < Br P Br P
NH -y NH — NH %
OH 4~ OH 4 — OH O
100 300 500 100 300 500 100 300 500

Young's Modulus (N/m)

Fig. 9 Young's modulus (N/m) for MXenes in their most stable configu-
rations. Red circles are bare structures, green squares have terminations
from chalcogens, blue triangles have terminations from halogens, while
black diamonds are -OH and -NH terminations. Hollow markers indicate
an ABA configuration, while solid markers indicate an ABC configura-
tion.

pared to ABC stacking. We found that Young’s modulus for MX-
enes with ABC stacking ranged from 93 N/m (Ti3C,Te;) to 404
N/m (Ta3C,Cl,), with an average value of 271 N/m, while the
Young’s modulus for MXenes with ABA stacking (shown with hol-
low markers in Figure E]) ranged from 338 N/m (Mo3C,) to 535
N/m (W3C,0,), with an average value of 455 N/m. A compari-
son between ABC-hM and ABC-hX indicated the ABC-hX config-
uration resulted in some of the highest values of Young’s mod-
ulus. For those MXenes which preferred the ABC-hX configura-
tion (e.g., M3C,T, with M = V, Nb, Ta and T = F, OH) Young’s
modulus values ranged from 357 N/m (Nb3C,Br,) to 404 N/m
(Ta3zC,Cl), with an average value of 380 N/m. Kazemi et al.
also reported larger Young’s modulus values for ABC-hX configu-
rations compared to ABC-hM. 8

3.3.2 Poisson’s Ratio

Poisson’s ratio (V) is an indicator of material flexibility. Specifi-
cally, it is a measure of the deformation perpendicular to an ap-
plied force. We found the Poisson’s ratio values, reported in Table
S15, to have a range from -0.40 (W3CyI;) to 0.75 (TizC;Tes),
with an average value of 0.26. A box plot of the values for bare
and terminated MXenes is shown in Figure S20. In fact, although
the range of values was 1.15, the standard deviation was only
0.15, indicating most values were close to the average of 0.26.
Indeed,the 25th percentile was 0.20, while the 75th percentile
was 0.29. Figure S20 shows the distribution of values, and indi-
cates that, other than a few outliers, there is very little variation
in our data, regardless of metal or termination. Some MXenes are

10 | Journal Name, [year], [vol.], 1
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rather unique, and are discussed in the following paragraph.

We found eight MXenes with Poisson’s ratio values > 0.5, which
is typically indicative of instability under stress.127158 These in-
cluded M3C,Te, with M = Ti, Zr, Hf, and Cr, and M3C,(OH),
with M = Ti, and Zr. On the other extreme, we found three MX-
enes with a negative Poisson’s ratio (NPR). This occurs when a
material expands, rather than contracts, perpendicular to applied
strain (i.e., it becomes wider when stretched). This phenomena is
rare, but has been predicted for a number of 2D materials.152-163
We found NPR values for Cr3C, (-0.15), W3C,Br, (-0.02), and
W3CyI, (-0.40). These materials are therefore expected to ex-
hibit enhanced toughness and vibrational damping compared to
a MXene with a positive Poisson’s ratio.102103 Qur results are
corroborated by experimental studies which reported NPR values
for some MXenes with group 6 metals. 152160 For example, Wu et
al.15? reported a NPR of -0.43 for W,C and Mortazavi et al.160
reported an NPR of -0.15 for Mo,C.

3.4 Summarizing the Composition-Property Relationships

Throughout this work, we calculated various structural, elec-
tronic, and mechanical properties of M3C,/M3C,;T, MXenes.
Identifying how these properties are influenced by metal choice
and termination species is important for optimizing MXenes for
targeted applications. In Figure we summarize the trends in
how the various properties depend on the group and period of
the metals and terminations. For each property, arrows point in
the direction of increasing values. For example, it can be seen
that termination binding energies, lattice constants, and d-band
centers all increase by selecting a halogen termination, rather
than a chalcogen termination. On the other hand, work function
and Young’s modulus values would tend to increase for chalco-
gens compared to halogens. Similar relationships are shown for
how termination period affects different properties (e.g., termi-
nation binding energy increases with increased period or atomic
number). Figure [10]also shows how metal period and group af-
fects the various calculated properties. Our work indicates which
metal and termination choices should be selected to obtain de-
sired properties.

3.5 Notable MXenes

In addition to identifying the general relationships between MX-
ene properties and their composition, we also identified some
promising MXenes for various applications. For example, when
combined with -O terminations, group 6 metals resulted in ¢ >
7 eV (¢Cr3C202 = 7.80 eV, ¢'M03C202 = 7.44 eV, ¢W3C202 = 7.15
eV), which are considered ultra-high work functions.1e4 Ultra-
high work functions may be desirable for applications involv-
ing electron capture and storage, such as in LEDs, 1021167 tran-

168170/ and electron capture in solar cells. 221173 gey-

sistors
eral MXenes were identified as having low work functions (<
3 eV), predominantly those terminated with NH or OH groups.
These include all the metals (except W) with -OH terminations.
These also include M = V, Cr, Mo, Ta, and W with -NH termina-
tions. MXenes with ultra-low values may be ideal for facilitating

charge transport in applications including electron emission de-
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we found no distinct trends in the data.

1775179

vices, 1741176 hydrogen production, and thermionic energy

conversion./62/1801181

Furthermore, we identified several potential semiconduc-
tors, as presented in Table These MXenes may be use-
ful in electronic, photocatalysis, sensor, and thermoelectric ap-
plications.221821183 Ag discussed in Section several MX-
enes were identified as having low conductivity (e.g., Ti3C,0,,
Zr3C,0,, and Hf;C,0,), while other MXenes were identified as
having high conductivity (e.g., Cr3C;Te; and Mo3C,Br;). High
conductivity may be desirable for energy storage, sensing ap-
plications, electronic devices, thermoelectrics, and other applca-
tions22183, Finally, we note that higher d-band center values may
lead to better catalytic reactivityl>4, increased capacitance in su-
percapacitors120
heavier halogens (such as I and Br) tended to have the highest d-
band centers, especially when paired with Ti, V, or Cr.

, or improved gas sensing ability':2L, Metals with

Identifying MXenes with desirable mechanical properties may
also be important. High stiffness for -O terminated MXenes, as
compared to other terminations, has been widely reported in lit-
erature.32107168170178184! 11y 44 dition to -O, we found that -NH ter-
minated MXenes also exhibited superior stiffness compared to
other terminations, with an average Young’s modulus value of
400 N/m. The highest Young’s modulus values occurred with
Mo- and W-based MXenes (e.g., 535 N/m for W3C;0,, 533 N/m
for W3C,(NH),, and 505 N/m for Mo3C,0,), which incidentally
preferred ABA stacking. These MXenes may be useful for appli-
cations where high stiffness is desired, such as in protective coat-
ings, 1851187 biomedical applications, 1881120 or composite mate-
rialst21H193 On the other hand, some MXenes had low Young’s
modulus values (=~ 100 N/m), such as TizC,Te;, Cr3C,, and
Mo3C,Br;. Due to our predicted combination of low Young’s mod-
ulus and high electrical conductivity for those three MXenes, they

may be of particular interest in flexible, wearable sensors. 124190

We noted in Section[3.3.2]that most MXenes had Poisson’s ratio
values near 0.26. Several MXenes (M3C,Te, with M = Ti, Zr, Hf,
and Cr, and M3C,(OH), with M = Ti, and Zr) had high values
(> 0.5), indicating their instability under stress. A few MXenes
(Cr3Cy, W3GyBrp, W3Cy1,) had negative Poisson’s ratios, which
may make them potentially suitable for use in sensors, biomedical

devices, clothing, and other applications. 1021197

As noted here and in Sections[3:2]and[3.3] several MXenes with
non-traditional terminations (-O, -OH, -F) have interesting prop-
erties. For instance, -Te and -I terminated MXenes have a unique
combination of properties, including large lattice constants (i.e.,
large surface to volume ratio), low work function, high electrical
conductivity, high d-band center values, and low Young’s mod-
ulus, which make them strong candidates for a variety of ap-
plications. However, these terminations have the lowest bind-
ing energies. Therefore, the continued development of synthesis
methods which overcome thermodynamics issues, and produce
MXenes with heavy terminations may be beneficial to the field.
For example, molten salt etching,4? electrochemical etching,!
and chemical vapor deposition1?8 have all been shown to pro-
vide significant control over the resulting termination species and
coverage.

4  Conclusions

In this study, we modeled 99 different M3C,/M3C,T, MXenes
in order investigate the impact of chemical composition on their
structural, electronic, and mechanical properties. We considered
an extended compositional space compared to most previous MX-
ene studies. This included M = Ti, V, Cr, Zr, Nb, Mo, Hf, Ta, and W
with T = Bare, O, S, Se, Te, F, Cl, Br, I, NH, and OH. We first pre-
dicted the most stable configuration for each MXene (i.e., stacking
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and termination site), which required over 700 simulations. Our
calculations showed that most MXenes had an energetic prefer-
ence for ABC stacking, but some group 6 metals preferred ABA
stacking (20 % of the studied MXenes). We found that stacking
and termination site preference were related to electron count
and metal/termination atomic volume ratio. The MXene lattice
constants were found to be highly dependent on the atomic con-
figurations, and was found to be proportional to metal and ter-
mination atom sizes. We also calculated termination binding en-
ergies and found that the common -O and -F terminations were
significantly more stable than other terminations, presenting a
challenge for synthesizing MXenes with other terminations.

We determined a number other properties, including electronic
and mechanical properties. Several properties strongly depended
on the metal and termination, and the trends for such properties
were established (see Figure [10). We identified several notable
MXenes, with interesting calculated properties. For example, MX-
enes terminated with -NH and -OH generally had ultra low work
functions, while M3C,0, MXenes with M = Cr, Mo, W had ul-
tra high work functions. We found the termination had a much
greater effect than metal choice on the work function. Using the
HSEO6 functional, we classified several MXenes as narrow-gap
semiconductors (see Table [I). Every termination could form a
semiconducting MXene when paired with the right metal, with
the exception of -Te. Some MXenes (typically halogen termina-
tions with period 4 metals) had higher d-band centers, which may
be useful for catalysis, energy storage, or gas sensing. Our calcu-
lations of mechanical properties showed that -O and -NH termi-
nations resulted in very stiff MXenes. ABA stacking also led to
stiffer MXenes, compared to ABC stacking. Most Poisson’s ratio
values were near the average of 0.26, but three MXenes had a
negative Poisson’s ratio. To summarize, we have shown how ter-
mination and metal choices affect various properties of MXenes.
We identified the trends of such properties, and our work pro-
vides guidance and motivation to synthesize and study MXenes
beyond typical MXenes, e.g., beyond Ti;C,0, or TizC,F,.
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Data from the various tables and figures for this article have been included in the
Supplementary Information. Simulation files, including geometries, can be found at
https://github.com/Deskins-group/Structure-Files/tree/master/MXene-structure-

properties .
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