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This article presents a simple model that explains significant reduction of work function in MXenes Tin+1Cn
with hydroxyl termination and demonstrates matching results to ones in the existing literature, obtained via complex
computing based on the first principles. This model can be applied for results evaluation of the hydroxy
functionalization of various MXene types, due to prospects of the creation of novice emission electronics devices
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Introduction

MXenes are a type of two-dimensional materials that
has been firstly described in 2011 in work [1] co-authored
by Yuri Gogotsi, Ukrainian by origin, who still retains his
professor position at Sumy State University. Generalized
formula for MXene Mn+1 X, Tx includes n+1 atomic layers
of transition metal M (denoted as Mns1), with n
monoatomic layers of carbon or nitrogen in-between them
(Xn); such sandwich-like structure can include different
terminations (F, O, Cl, OH), denoted as Ty (see Fig. 1).
Currently, a term “multi-layer MXene” describes a
structure with five or more layers of transition metal.

The distinctive features of MXenes gained public
attention: within a decade after the discovery of MXenes,
articles about MXenes were published in more than 400
journals by more than 8300 researchers from 1450
institutions in 62 countries (according to estimations in
[2]). Due to the varying stoichiometry and surface
organization, MXenes have a range of physical and
chemical features that can be controlled. MXenes have a
variable band gap, which depends on the method of
surface termination, high electric conductivity, high
Young’s modulus, ultra-low optical attenuation etc.
Currently MXenes are used in modern energy storage and
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conversion devices, electronics, sensors, medicine etc (see
review article [3] with references therein).

Fig. 1. The first MXenes structure M3sX,Ty, described in
[1], that contains three layers of transition metal Ti (big
lighter balls), two carbon layers between them (small
darker balls), and surface termination of hydroxy groups
OH (oxygen atoms are located closer to atoms of metal,
while atoms of hydrogen are farther from atoms of metal)
above and below.

MXenes can potentially be used for the creation of
cathodes with low work function for emission electronics.
As per today, caesium is standard material with low work
function 2.1 eV [4], its usage, however, is limited due to
its high toxicity. Thus, alternative approaches for creation
of modern cathodes are considered that are based on the
adsorption of alkaline and rare earth metals (Ce, Gd, Eu),
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and co-adsorption on surfaces of Si, Ge, and Mo, also in
nanostructured state, where double-charged layers can be
created, which significantly reduce work function [5, 6].

Work function of MXenes with surface O, F, OH
functionalization was estimated in [7] based on the first
principles. It shows that oxygen or fluorine
functionalization leads to insignificant increase or
reduction of work function, while hydroxyl-terminated
MXenes can show low work function in 1,6-2,8 eV range.
Here, the intrinsic dipole moment of the OH hydroxyl
group is the main factor in work function reduction.

The computations in [7] were carried out with the use
of bulky computing packages, and therefore lack the
necessary clarity. Thus, a simple theoretical model is
needed that allows estimate a possible range of changes in
work  function affected by MXenes’ surface
functionalization by hydroxy groups.

Theoretical model

Generally, the change in work function under the
influence of adsorbates applied to the surface is caused by
three factors: a) redistribution of electronic charge
between the surface and adsorbates; b) relaxation of the
surface caused by adsorbates; c) polarity of adsorbates [8].
In this paper, we consider MXenes that can be associated
with lower work function, i.e., MXenes based on titan and
carbon layers (the type, first studied in [1]; see Fig. 1).

Generally, unterminated MXenes are metals or
semimetals (semiconductors with a zero-band gap); the
high value of density of electronic states close to the Fermi
level is caused by the outer layers of transition metals (see
[3]). However, already in [1] it was experimentally shown
that surface termination of TizC2 by a hydroxy group led
to the creation of a band gap of ca 50 meV, turning such
MXene into a semiconductor.

Thus, surface concentration of hydroxy groups

material. As Fig. 1 demonstrates, these hydroxy groups
create on the surface a monolayer with the same number
of dipoles as the number of atoms in the transition metal
layer under it. Since the band gap width exceeds 26 meV
(which is an energy at the room temperature), then under
ambient conditions, each of these metal atoms
corresponds to less than one conduction electron, while
each of the dipoles corresponds to a negative electronic
charge localized near the oxygen atom and a positive one
localized near the hydrogen atom. Terminalization shown
in Fig. 1, is also not accompanied by a noticeable surface
reconstruction of Ti atoms. This means that in the first
approximation for the functionalized MXenes based on
titanium and carbon, we can neglect the redistribution of
the electronic charge between the surface and the
adsorbates, and the relaxation of the surface caused by the
adsorbates, so that the work function reduction will be
caused mainly by the dipole moments of the hydroxyl
groups.

The energy level structure, which arises at the
boundary between hydroxyl terminated MXene and
vacuum, is shown in Fig. 2 (We presented a similar model
in [9] to explain the reduction of the electron affinity
caused by the presence of two layers of adsorbates,
negatively and positively charged, on the semiconductor
surface, which corresponds to the experimental situation
studied in [5, 6]). At the same time, we assume that the
Fermi level coincides with the edge of the conduction
band in MXenes).

Since the distance between the hydrogen and oxygen
atoms in the hydroxyl group is d = 0.97 A, this gap is
tunnel-transparent for thermal electrons near the bottom of
the conduction band in the MXene (whose wavelength is
an order of magnitude longer), and they freely tunnel from
the MXene into vacuum. Therefore, the effective work
function from hydroxylfunctionalized MXene (see Fig. 2)
is equal to:
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Fig. 2. MXene’s work function reduction affected by dipole moment of the hydroxyl group on the surface.
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A® in the right-hand side of (1) can be estimated from the surfaces [7].

flat capacitor formula: Thus, the proposed model not only provide qualitative
explanation of the significant work function reduction in

AD = ﬂ, ) Tin+1Cn with hydroxy termination (clearly illustrated in

€0 fig. 2), but also matches the results of a complex and

cumbersome numerical calculation of [7] based on first
principles. This model can be used for evaluation of the
hydroxy functionalization results of various MXene types,
based on their application prospects in modern emission
electronics.

where Ns is surface density of dipoles, ¢, — a dialectic
constant of vacuum, ¢ — a dielectric permittivity of the gap
between charged planes.

Discussion

) 8 2 ) Strikha M. V. — Doctor of Sciences in Physics and
Assuming that N ~5-10"x™", & ~ 10 (typical  Mathematics, Professor, Professor of the Physical
value of the dielectric permittivity for semiconductors) electronics department of the Faculty of radiophysics,
and d ~ 1x10"° m, we obtain A® ~ 3V. The value of the electronics and computer systems at Taras Shevchenko
work function of MXene non-functionalized by hydroxy ~ National university of Kyiv, chief researcher at V.E.
groups is equal ~ 4,5 eV and does not depend on surface Lashkaryov Institute of Semiconductor Physics, National
number of Ti and C (in a 1-9 range that could be estimated ~ Academy of Science of Ukraine;
by computation packages in [7]); after the Antoniuk D.V. — student of the Faculty of radiophysics,
functionalization, the value lowers to ca 1,6 eV and electronics and computer systems at Taras Shevchenko
similarly does not depends on the amount of MXene’ National university of Kyiv.
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Teoperuuna Mmojaesb 11l ONIHKH 3HUKEHHSI pOOOTH BUXOAY MAKCEHIB 3
TiIPOKCUIBLHOIO TePMiHALI€I0.

1Kuiscoruii nayionanvnutl ynicepcumem im. Tapaca Illeguenxa, gpaxynomem padioghizuxu, enekmpouixu i komn iomepuux
cucmem, np. I nywxosa, 42, Kuis, Yxpaina,
2Iucmumym ¢hizuxu nanisnposionuxis im. B.€.Jlawxapvoea HAH Yipainu, np. Hayku, 41, Kuis, Ykpaina,
maksym_strikha@hotmail.com

3anponoHoBaHa MPOCTa TEOPETUYHA MOJIENb I MOSCHEHHS 3HAYHOT'0 3HWKEHHS POOOTH BUXOY B MAKCEHAX
Tin+1Cn 3 TiIpOKCHIBHOIO TepMiHalli€lo. Mojenb IeMOHCTpye T0OpHit YncenbHU 30ir 13 HasIBHUMU B JIiTepaTypi
pe3ysIbTaTaMM CKJIAJHOTO KOMIT'IOTEPHOTO PO3PaxyHKY BHMXOJSYM 3 IEpLIONPUHIMNIB. BoHa Moxe Oyrtu
BUKOPHCTAHa JJIsI OL[IHKHU HACIIIKIB (DYHKIIOHAII3aMil T IPOKCHIBHIMY TPYIIaMH Pi3HAX THITIB MaKCEHIB, 3 OTJISIILY
Ha [NEePCIEKTUBY CTBOPSHHS HOBITHIX IPHJIAJiB eMiCiiHOT eJIeKTPOHIKHL.

Kiwuogi cioBa: MakceHu, poboTa BUXO/1y, TEPMiHAIIisl MOBEPXHi, TiJPOKCHIIBHA rPyTIa.
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