
Nanoscale
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ju

ly
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

/9
/2

02
5 

6:
44

:2
7 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
A systematic stud
Division of Materials Design, Departmen

Linköping University, Linköping, 581 83, Sw

† Electronic supplementary informa
https://doi.org/10.1039/d2na00830k

Cite this: Nanoscale Adv., 2023, 5,
3976

Received 22nd November 2022
Accepted 5th July 2023

DOI: 10.1039/d2na00830k

rsc.li/nanoscale-advances

3976 | Nanoscale Adv., 2023, 5, 397
y of work function and electronic
properties of MXenes from first principles†

Khabib Yusupov, * Jonas Björk and Johanna Rosen

Functional 2D materials are interesting for a wide range of applications. The rapid growth of the MXene

family is due to its compositional diversity, which, in turn, allows significant tuning of the properties, and

hence their applicability. The properties are to a large extent dictated by surface terminations. In the

present work, we demonstrate the influence of termination species (O, NH, N, S, F, Cl, Br, I) on the

changes in electronic structure, work function, dynamical stability, and atomic charges and distances of

MXenes (Ti2C, Nb2C, V2C, Mo2C, Ti3C2, and Nb4C3). Among these systems, the work function values

were not previously reported for ∼60% of the systems, and most of the previously reported MXenes with

semiconducting nature are here proven to be dynamically unstable. The results show that the work

function generally decreases with a reduced electronegativity of the terminating species, which in turn is

correlated to a reduced charge of both the metal and terminating species and an increased metal-

termination distance. An exception to this trend is NH terminations, which display a significantly reduced

work function due to an intrinsic dipole moment within the termination. Furthermore, the results suggest

that halogen terminations improve the electrical conductivity of the materials.
Introduction

MXenes represent a group of two-dimensional (2D) inorganic
compounds of the chemical formula Mn+1XnTz (n, z = 1–4),
composed of n + 1 atomic layers of transition metal M (periodic
table groups 3 to 6) with interlayers of carbon and/or nitrogen
(X).1 T represents terminating species, commonly O, OH, and F,
bonded to the outer layer transition metals. MXenes are typi-
cally synthesized by selective etching of A-layers, where A is an
A-group element, commonly Al, from laminated MAX phase
ceramics.2,3 The surface terminations can be tuned by choice of
etching procedure and altered via removal of attained termi-
nations with for example hydrogen exposure and heating.4,5 A
change of the terminations affects the properties of theMXenes,
which is of importance for tailoring the characteristics towards
specic applications.6,7 To date, MXenes have shown high
potential for electromagnetic shielding, energy storage, and
more.2,8

MXenes are generally metallic, though theoretical predictions
suggest that a change of termination can lead to a shi from
a metallic to semiconducting nature.9,10 For example, Nb2CO2 is
suggested to become a semiconductor by changing surface func-
tionalization to nitrogen. Correspondingly, the MXene trans-
parency can be tuned by choice of surface terminations,
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exemplied for Ti3C2T2,11 where a gain in transmittance of ∼77%
was obtained when changing the MXene surface chemistry.
Furthermore, the tunability of the work function with respect to
terminationmakes MXenes potential candidates for eld emitters
or Schottky-barrier-free metal contacts to 2D semiconductors.12

Predictions for the hypothetical MXenes Cr2CO2 and Ti2C(OH)2
suggest values of the work function of ∼8 and∼2 eV, respectively,
which are the requirement for the most effective charge carrier
injections (holes or electrons) into 2D semiconductors. Such
MXenes could potentially be used as part of a metal–semi-
conductor junction.13

In a recent theoretical report14 the stability of six different
MXenes (Ti2C, Nb2C, V2C, Mo2C, Ti3C2, and Nb4C3) was studied as
a function of surface terminations (O, OH, N, NH, NH2, SH, H, S,
F, Cl, Br, I). It was shown that amajority of the terminatedMXenes
are stable in the form of single species terminations at full
coverage for an appropriate chemical environment. The choice of
atmosphere also dictates if an element prefers adsorbing in its
elemental or hydrogenated form. The result of the work outlines
the most signicant (application-wise) and stable MXenes.
Outstanding observations that remain to be experimentally veri-
ed include MXenes terminated by either NH or S, as well as the
heavy halogens, such as Br and I, among others. Such termina-
tions have been realized in layered structures of certain MXenes,
but remain, to a large extent, to be realized in delaminated form.
This comprehensive overview motivates a systematic study on the
inuence of the terminations on selected properties, for an
increased fundamental understanding, and to serve as inspiration
for verifying experimental investigations.
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d2na00830k&domain=pdf&date_stamp=2023-07-22
http://orcid.org/0000-0001-8889-4157
http://orcid.org/0000-0002-1345-0006
https://doi.org/10.1039/d2na00830k
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2na00830k
https://rsc.66557.net/en/journals/journal/NA
https://rsc.66557.net/en/journals/journal/NA?issueid=NA005015


Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ju

ly
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

/9
/2

02
5 

6:
44

:2
7 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
In the present work, the inuence of surface terminations (O,
NH, N, S, F, Cl, Br, I) on selected properties is investigated for six
MXenes (Ti2C, Nb2C, V2C, Mo2C, Ti3C2, and Nb4C3). The choice of
terminating species is motivated by our previously identiedmost
stable MXene-termination combination,14 and the herein pre-
sented systematic study includes both known12,15 as well as,
property-wise, theoretically unexplored terminations. Some of the
MXene/termination combinations were reported before, however,
the information is scattered and hence was included in the
current work to create a broad view. It should be stressed that the
present work is not a review, and as such it does not discuss all
previous reports in this and related areas. Instead, it is a system-
atic theoretical study that includes previously not reported data,
while also allowing trends to be identied and discussed. The
analysis of the work function, the density of states, band structure,
elemental charges, and changes in the bond length is provided to
exploit the impact of the choice of termination. For the MXenes
studied herein, the work function investigation was performed
mainly for Nb2C, Nb4C3, Mo2C, and V2C, leaving Ti2C and Ti3C2

MXenes almost untouched (both have previously been studied
thoroughly). The inuence on the work function is studied for
NH, N, S, Cl, Br, and I terminations. In particular, the termination
with NH results in extremely small values of the WF due to the
presence of an internal dipole moment. A thorough examination
of the dynamical stability was performed for all the MXenes
studied in the present manuscript, to serve as inspiration for
MXene synthesis and tuning of termination composition. It was
Fig. 1 Schematic representation of M2XT2. The two different positions of
2 × 2 supercells in a side view (left) and top view (right) for (a) FCC, and

© 2023 The Author(s). Published by the Royal Society of Chemistry
established that most of the previously reported (hypothetical)
MXenes with semiconducting properties are likely not dynami-
cally stable and hence should not be prioritized in further studies.

Computational methods

The calculation procedure for investigating MXene structures
with various terminations was reported in.14 In short, all
calculations were performed within the framework of density
functional theory (DFT) using the Vienna ab initio simulation
package (VASP).16 The projector-augmented wave (PAW)
method17 was used together with a plane-wave energy cutoff of
400 eV, and the Perdew–Burke–Ernzerhow (PBE) functional was
used to describe exchange–correlation effects. For the bare and
the fully terminated MXenes, the respective in-plane lattice
parameters were optimized for the 1 × 1 primitive unit cell,
using a 24 × 24 k-point sampling. For calculation of the elec-
tronic structure, the systems were converged with respect to the
k-point mesh, and the optimal mesh was found to be 48 × 48 ×

1. Analysis of charge localization and charge transfer was per-
formed using Bader analysis,18 and the work function (WF)
energy was calculated as the difference between the electrostatic
potential of the vacuum (vacuum potential) and the value of the
Fermi level.

The unit cell represents a single MXene sheet, separated by
a vacuum region of 17 Å perpendicular to the sheets. For all
MXenes (n = 1–4), the position of the termination affects the
termination species with respect to theM and X elements are shown for
(b) HCP stacking sequence.

Nanoscale Adv., 2023, 5, 3976–3984 | 3977
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properties, and Fig. 1 shows the two typical terminations sites
for the M2CT2 structure. Fig. 1a and b represent the face-
centered cubic (FCC) and hexagonal closed packed (HCP)
hollow sites of the terminations, respectively. For the six
MXenes investigated herein, each was studied for eight
different terminations, the lowest energy positions of the
terminating species are represented in Table S.1.†
Results and discussion
Inuence of terminations on the work function, atomic
charges, and interatomic distances

Based on the fact that the WF is affected by multiple charac-
teristics of the material, we evaluate the change in the WF via
monitoring the distances between termination atoms and the
surface of MXene, charges of the atoms, i.e., electron charge
transfer, polarity, and electronegativity. Firstly, it should be
noted that the WF is dened as the energy needed to remove an
electron at the Fermi level of the material to innity (the
vacuum level). Thus, when the value of WF is being discussed it
is given with respect to the Fermi level. The WF is highly
sensitive to surface chemistry, especially for very thin materials.
Furthermore, the WF is related to the dipole barrier, which, in
turn, is correlated to electronegativity. In the case of surface
Fig. 2 (a) Work function, (b) charge of theM elements, (c) charge of termi
termination as a function of termination species for various MXenes.

3978 | Nanoscale Adv., 2023, 5, 3976–3984
adsorption, the WF depends on the electronegativity of the
absorbates. These relations are well described in the work by
Ramprasad et al.19 and Leung et al.20 Furthermore, for adsor-
bates with internal dipole moment (only NH in this study), the
work function depends on the orientation of the adsorbate.
Here, the NH-groups create interface dipoles pointing away
from the surface of the MXenes, resulting in the work function
being lowered. The electronegativity, size of the atoms, and
overlap of the electron clouds (if the bonding is in place) affect
the distance of the absorbates and charge redistribution, hence
the WF changes can be monitored both by bond distances and
charges.

The WFs of the considered MXenes and the inuence of the
choice of termination are shown in Fig. 2a. As previously
observed for Ti3C2 and V2C-based MXenes,21 the WF values are
very sensitive to the terminating elements. Previously reported
theoretical values of the WF, such as for Mo2CF2,12 and
Ti3C2O2,15 were compared to those calculated herein, and no
signicant differences were found (within 3%). Minor devia-
tions may be explained by the choice of pseudopotential used in
the DFT calculations. There is a difference between experi-
mentally and theoretically predicted values of the WF. For
example, for Ti3C2O2, this difference is∼20%,15 whichmay arise
from surface contamination as well as mixed surface
nating species, and (d) distance between the M element and the closest

© 2023 The Author(s). Published by the Royal Society of Chemistry
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terminations that are challenging to take into account properly
in the DFT calculations.

The trends in the change of work function for different
terminations are similar for most MXenes. Going from oxygen
to iodine the WF value is gradually decreasing, with an excep-
tion for NH terminations, for which the decrease is rather
abrupt. This is likely linked to the change in electronegativity of
the termination and the related distance between M and T
(Fig. S.1†). For simplicity and motivated by the similar trends
observed for the different MXenes, we choose to discuss the
results for Mo2C, and then we extrapolate the argument to the
other MXenes, where possible.

Comparing the hypothetical bare Mo2C with the oxygen-
terminated one, the WF is drastically affected by the oxygen,
from ∼4.7 eV (bare MXene) to ∼7.5 eV, respectively (Fig. 2a).
This change in the WF can be explained by a charge transfer
from the M elements towards X and, in particular, towards T.
The charge transfer, in turn, creates a dipole moment (surface
dipole or DS) between the terminations and the MXene surface.
Charges for the X element for differently terminated Mo2C
MXene are shown in Fig. S.2c,† showing no large variations
compared to the changes observed for the M elements. Note
that the net dipole moment of the system is zero. The DS

between the termination and the surface, however, varies for
different terminations. If the electronegativity of termination is
high, i.e., it attracts more electrons, the formed negative charge
of the DS will point towards the surface of the MXene, leading to
an increase in the WF. A nitrogen termination is one such
example, where its presence leads to the WF value being as high
as ∼6.7 eV.

The WF values decrease with a reduced electronegativity of
the terminating elements along the x-axis in Fig. 2. The charge
transfer from M to T, see Fig. 2b and c, is correspondingly
reduced, hence the formed DS is facing the surface of MXene
with a smaller negative charge, leading to the decrease in WF
value. For example, bromine and iodine terminations lead to
WF values of ∼4.2 and 3.9 eV, respectively. The exception in the
observed trend is the NH termination. The bonding between H
and N leads to a lower total charge of termination as compared
to pure N. Furthermore, the negatively charged N and positively
charged H weaken the DS and lead to a decrease in the WF (∼2.4
eV). The change in electronegativity for different terminations is
also accompanied by a change in the distance between the M
and T elements, which is also correlated to the WF. In general,
the smaller the charge transfer, the larger distance, and the
lower the WF. Comparing Fig. 2a and d, a correlation between
a reduced WF and a larger distance between the M element and
the termination is evident (apart from for NH which is dis-
cussed separately due to an internal dipole moment). It should
be noted that the distance between the T and M elements is
inuenced by their atomic size, hence the atomic ratio T/Mmay
also be correlated to the WF value.

The above-described trends are relevant for other MXenes,
though with some variations. For example, for V2C MXene, we
nd higher values of the WF compared to the other MXenes for
S, Cl, Br, and I terminations. The WF values for these termi-
nations can be explained by various factors such as the high
© 2023 The Author(s). Published by the Royal Society of Chemistry
electronegativity of the terminating atoms alongside the
atomic size of the vanadium atom, which is smaller compared
to other M elements. For example, Cl, compared to Br and I
terminations, exhibits the highest value of electronegativity.
Alongside the quite high distance between the terminating
atom and the surface of the bare MXene, and the unchanged
value of the charge of the C atom, this leads to the increased
dipole moment DS, and hence the higher value of the WF.
Further, one can see that both the decrease in electronegativity
for Br and I atoms and the increase in the distance between the
terminations and the surface result in lower values of the WF.

Another exception is Ti3C2 terminated with N. The WF value
for this system is rather low (∼3.7 eV) and close to the result for
NH terminations (∼3.2 eV). Notably, the low value is accom-
panied by a small distance between the N and C (Fig. S.2b†),
though no further investigation is performed on this system as
it is found to be dynamically unstable (see below).

The WF, although being an important MXene property, is
not oen investigated. To the best of our knowledge, we here
(Table S.2†) summarize the values for previously reported as
well as unexplored structures (48 structures in total, 28 not yet
reported). The table includes the WF of previously reported
systems for which the WF was studied. The table therefore also
indicates the currently missing theoretical data for specic
MXenes. The value of the work function is crucial for the eld of
semiconductors, exemplied by the introduction of MXene into
perovskite, which led to a Schottky barrier due to the difference
in WF and, as a result, a boosted solar energy conversion.22
The effect of terminations on electronic properties

Surface terminations impact the electronic structure. Though
semiconducting MXenes could be of great interest for elec-
tronic applications, the reports of semiconducting MXenes are
scarce, motivating our choice to partially center the discussion
around the properties of such systems. It should be noted that
though some of the MXenes with associated terminations were
reported before, the full impact of terminations on the elec-
tronic structure is scattered, and hence the analysis of also
previously reported systems will be included in the present
manuscript. The list of all structures is presented in Table 1. It
should be noted that many theoretical studies on MXenes with
and without terminations do not include an evaluation of
stability, i.e., if the material is likely to be synthesized or not.
We have therefore performed an evaluation of dynamical
stability (Fig. S.3†) for all systems included in the present study
and show that some of the previously reported and here
identied semi-metallic systems are not likely to be experi-
mentally obtained, indicated by the presence of frequencies
below zero in the spectra. This information is crucial for future
research from both a theoretical and experimental perspective.
Therefore, all structures predicted to be unstable have been
excluded from a more detailed discussion and further evalu-
ation. For the MXenes calculated to be dynamically unstable it
should be noted that this does not necessarily mean that those
MXenes cannot be synthesized, but that they might be stabi-
lized by affects not taken into consideration by our
Nanoscale Adv., 2023, 5, 3976–3984 | 3979
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Table 1 The effect of choice of termination on the appearance of energy/band gaps in the electronic structures of 6 different MXenes, given by
the notation metallic (M.) and semi-metallic (S.M.)a

a The structuresmarked by a green box are those previously not reported in the literature. The structures that are marked with red color are found to
be dynamically unstable.
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calculations. E.g., it has been shown that the ideal Mo2CF2
MXene can be stabilized either by charge density waves
resulting in a Peierls-like distortion of the ideal structure, or,
alternatively by magnetic effects, requiring theory beyond the
generalized gradient approximation. Such effects concomi-
tantly alter the electronic band structure.23 Notably, many
“ideal” systems investigated in the literature have not been
experimentally veried, i.e., going into a detailed discussion
on individual materials and appropriate methods for predict-
ing their stability is beyond the scope of our study, since we are
interested in general trends for how surface terminations
affect MXenes. Therefore, we limit our study to MXenes rep-
resented in their ideal primitive unit cell, and leave the
detailed examination of MXenes calculated to be dynamically
unstable for future studies.

Most of the systems investigated in this study exhibit
metallic-like electronic structures, i.e., there are no energy gaps
close to the Fermi level, and hence electrons can move freely
through the structure. It should be noted that close to bare
MXene has to date only been realized under vacuum,4 and is
highly challenging to be attainable in air. Still, the electronic
structure of pure MXenes is a powerful tool to establish the
inuence of terminations over the MXene properties.9 For
example, there is an energy gap in the region of −2 eV in non-
terminated Ti2C MXene. Further adsorption of elements or
terminations leads to changes in the electronic structure and
depending on the choice of T, the resulting MXene (terminated)
can exhibit a metallic or semiconductor nature, as previously
reported.24–27 The reason behind the transition from a metallic
to semiconductor nature lies in the position of the Fermi level
and hybridization between p orbitals of the termination and
d orbitals of M.9 For the pure MXenes (those that exhibit
3980 | Nanoscale Adv., 2023, 5, 3976–3984
metallic nature) the Fermi level is close to the d bands of the M
element. However, further hybridization creates new bands
below the Fermi level and shis the latter to the center of the
energy gap that originates from the separation of the bands
from the X and M elements.

It should be noted that the semiconducting nature, once
achieved, has to be carefully evaluated and characterized. For
example, the energy gap can vary with the implementation of
additional parameters like spin–orbital coupling. Another
example is that for certain applications, it is important whether
the band gap is direct, i.e., the excited electron can emit
a photon, or indirect, i.e., additional phonon assistance is
required.

Among the previously reported MXene systems and those
presented in this study, there are a few that exhibit a semi-
conductor nature, i.e., the presence of bandgap. The values of
all energy gaps are listed in Table S.3.† Ti2CTz, for example,
exhibits band gaps of ∼0.33 and ∼1.0 eV for O and N termi-
nations, respectively. Note that the values of these gaps are
obtained by PBE generalized gradient exchange–correlation
functional, known to underestimate the width of the gaps, and
as such should be used to study trends rather than the specic
values. The electron conguration of oxygen allows two elec-
trons to be accepted in the outermost orbitals (p), which shi
the Fermi level signicantly so that the energy gap is recognized
as a bandgap, implying that more electrons may be transferred
from the pure MXene to the termination to attain an increased
gap.28 For example, the same MXene with F terminations does
not exhibit a bandgap, which can be explained by the p orbital
(outermost orbital) of uorine accepting only one electron.

Some of the previously not reported MXenes with specic
terminations are of high potential interest for application in
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2na00830k


Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ju

ly
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

/9
/2

02
5 

6:
44

:2
7 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
various elds. Those that deserve more attention or represent
a common behavior upon termination adsorption are presented
in Fig. 3. The termination of NH groups is quite uncommon for
MXenes. While atomic nitrogen tends to create band gaps
within MXenes, which could nd vast use in applications within
the semiconductor eld, the inuence of NH in the current
study shows extraordinary behavior for some systems (Fig. 3,
row a). For example, the termination of Mo2C MXene with NH
results in the d orbitals (dxz, dxy, dyz) of Mo atoms being
dominant around the Fermi level, which is clearly observable
from both total and partial DOS (Fig. S.1A†); the carbon and NH
groups are mostly contributing to the band structure through p
orbitals either signicantly above the Fermi level or starting
from −1.5 eV and downwards. Very similar behavior was found
in previous work29 for the hypothetical O-terminated W2C
MXene. There it was found that the band structure did exhibit
semi-metallic nature (semiconductor with zero bandgaps),
however, the addition of extra parameters such as spin-orbital
coupling (SOC) and/or utilization of hybrid functional led to
Fig. 3 Column (I) DOS of pure MXenes, column (II) DOS of MXenes with a
(II). Electronic structure (DOS and band structures) for Mo2C(NH)2 in the

© 2023 The Author(s). Published by the Royal Society of Chemistry
the formation of a small band gap. The very same pattern of the
electronic structure and similar contribution of various d and p
orbitals indicates that NH-terminated Mo2C MXene may exhibit
a semiconductor nature with the application of more precise
calculations, i.e., the shi of the bands close to the Fermi level
and appearance of an energy gap. Indeed, a closer comparison
of the two systems shows that both terminations exhibit two
available electron orbitals in the outermost shell, though for NH
it is a result of the bonding with hydrogen.

The terminations with Br and I (Fig. 3, rows b and c) were
expected to give different behavior due to the larger atomic
radius and the presence of d orbitals, which should affect the
hybridization and contribution to the overall DOS. Indeed, both
terminations contribute quite differently compared to the more
conventional terminations. Due to the presence of d orbitals of
T, the p orbitals are located near the Fermi level (both above and
below). There are well-distributed bands from all elements of
the MXene, including terminations, near the Fermi level, which
indicates that the system exhibits a metallic nature. One can
dsorbed elements; column (III) band structures associatedwith column
first row, Nb2CBr2 in the middle row, and Ti2CI2 in the bottom row.

Nanoscale Adv., 2023, 5, 3976–3984 | 3981
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assume that terminations exhibiting d-orbitals are a powerful
tool to boost the transfer of charges, i.e., resulting in widening
the range of applications.

Changes in the form of a transition from metal to semi-
conductor were here demonstrated for MXenes exhibiting the
M2X composition, i.e., the strong inuence from a choice of
termination is at least in part due to the ratio betweenM and T (1 :
1). Once the ratio is shied to 3 : 2 or 4 : 2 the inuence is less
signicant. For example, none of the Ti3C2 or Nb4C3 MXenes
showed any major change in the electronic structure for different
terminations (no transition from metallic to semimetallic or
semiconductor).

Some general observations can be made. MXene terminations
are surely a powerful tool to change the MXene properties,
however, the thicker the system (i.e. more layers of M and X), the
smaller the impact: The termination of M2X MXenes leads to
major changes in properties such as potential transitions from
metals to semiconductors and presence of additional energy gaps.
The terminations exhibiting higher valency tend to create stronger
hybridization with theM elements and form band gaps. Themore
electrons needed to ll the orbitals of T, the larger the gap tends to
be. The terminations that possess high energy states reinforce the
electronic structure by adding more electronic states.
Applicability of selected MXenes

The current work does not discuss the latest synthesis routes for
MXenes nor the details of different synthesis techniques. There
are structures that are mentioned in the work that were previ-
ously theoretically predicted or/and experimentally veried,
however, evaluation thereof is not within the scope of the work.
The discussion is carried out within the frame of the applica-
bility of MXenes in various elds.

Described changes of charge, WF, and electronic structure
with coupled terminations are valuable information for
various elds of applications. The difference between the
exhibited properties of the same MXene with altered termi-
nations is so diverse that one system can be applied in
multiple elds. For example, in energy-related elds such as
solar and thermal energy conversion, MXenes that either
exhibit semiconducting nature or metallic nature with low
WF can be vastly applied.

Thermal conversion, i.e., the direct conversion of heat into
electricity, is of high interest since the driving force of this
phenomenon (energy difference) is passim.30,31 In this appli-
cation, low thermal conductivity and high electrical conduc-
tivity are of importance, hence MXenes are potential
candidates for the eld of thermoelectrics (TE).32 The Ti2CO2

exhibits the gure-of-merit ZT = 0.45 and 0.27 for n-doping
and p-doping, respectively. For the maximum ZT to be
reached, one of the requirements is the presence of a quite
narrow bandgap.

The high electrical conductivity of MXenes is a desirable
property for other applications such as biosensors33 and
hydrogen and oxygen evolution reaction (HER/OER).34–36 If the
MXene is conductive under the standard condition, it can
transfer charges during the evolution reaction, which is one of
3982 | Nanoscale Adv., 2023, 5, 3976–3984
the main requirements. With this in mind, the Br and I termi-
nation could be of high value due to their effect on the elec-
tronic structure of the MXene.37

For the actual specic application, more thorough and precise
calculations are required. For example, the utilization of resource-
demanding computations, such as the use of hybrid functionals,
is required to be able to compare the calculated bandgap with
corresponding experimental values. Nevertheless, the current
study provides concentrated/gathered information regarding the
inuence of already known and completely new congurations of
MXene with various terminations. Further research should be
focused on in-depth theoretical analysis of here identied stable
novel systems, and related experimental exploration is
encouraged.

Conclusion

We have investigated the inuence of eight termination
species on the properties of six MXenes with density func-
tional theory computations. For each combination of MXene
and termination, the dynamical stability was investigated,
showing that among the total of 48 structures, there are 39
that are dynamically stable, and 14 which are newly reported
ones. Furthermore, the work function, electron structures
(DOS and band structures), distances between atoms, and
inuence of termination species on the atomic charges were
thoroughly investigated.

Considering work function, it is closely related to the
valency of the termination species, atomic sizes of the atoms,
electronegativity, and the distance between the termination
atoms and the surface of the MXene. The valency directly
affects the charges of the termination species and results in
the formation of a dipole moment between terminations and
the surface of the MXene. This surface dipole creates an
energy barrier for the electrons to be withdrawn from the
surface of the MXene. The bigger the distance between the
termination species and the MXene surface, the weaker effect
of the dipole moment, resulting in smaller WF. The internal
dipole moment of the NH group results in a surface dipole
directed in the opposite orientation compared to the other
terminations in this study. The NH termination hence lowers
the value of WF, with the lowest value being ∼2.4 eV for the
Mo2C(NH)2 system.

The analysis of the electronic structures of MXene with
respect to termination species showed that most of the studied
structures exhibit a metallic nature. For those structures that
exhibit a semiconductor nature, the mechanism behind the
shi is mainly due to valency and hybridization that creates the
energy gap. The terminations with high energy states (d
orbitals) affect the hybridization differently, resulting in the
well-distributed contribution of termination states into the
overall DOS of the MXene. Such elements (Br, I) tend to rein-
force the region near the Fermi level with extra bands, hence
increasing the electrical conductivity.

Possible applications of new MXene chemistries are sug-
gested. Metallic MXenes with very high or low values of WF
can be used in tandem with 2D semiconductors to effectively
© 2023 The Author(s). Published by the Royal Society of Chemistry
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inject charge carriers (holes or electrons). The MXenes elec-
tronic structures that are reinforced by d orbitals of termi-
nation species can be of high importance for sensors and in
elds where high electrical conductivity is needed. MXenes
with a semiconductor nature could be of interest for various
energy applications, such as solar cells, transistors, thermo-
electric materials, and others. Further research on these
materials from both a theoretical and an experimental
perspective is encouraged.
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