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Two-dimensional transition metal carbides and nitrides, known as MXenes, have demonstrated remark-
able performance in electrochemical energy storage and various other applications. Despite their poten-
tial, MXenes exhibit instability in aqueous solutions, and the role of defects in their aqueous stability is
unclear. In this study, we report on the interfacial chemistry between water and defected TizC,O, MXene
at room temperature using first principles molecular dynamics simulations. We investigate how defects
such as O vacancy, Ti vacancy, F terminal groups, and Ti—O vacancy pair influence the chemical interaction
of water molecules with the basal plane of TizC,O,. Our results show that water molecules can repair the
surface O vacancies, by dissociating to hydroxide and hydronium. On the other hand, F terminal groups
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cannot effectively block water chemisorption on the surface Ti, while Ti vacancies behave as a spectator
species on the surface with respect to interaction with water. TizC,O, with a Ti—O vacancy pair is found to
behave like TizC,0O, with an O vacancy where a water molecule dissociates and refills the vacancy. These
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Introduction

Two-dimensional (2D) materials are an exciting area of
research due to their unique properties and potential
applications.”” Over the past decade, the MXenes as 2D car-
bides and nitrides have received increasing attention.® These
materials are characterized by the general formula M,,., X, T, (n
=1, 2, 3, or 4), where M represents transition metal, X carbon
and/or nitrogen, and T surface termination (-OH, -O, and/or
-F).? Due to their highly tunable compositions and electronic
structure, as well as diverse surface chemistry,4 MXenes have
shown great potential for a variety of applications, including

supercapacitors,™® lithium-ion batteries,”® photoelectric
devices,'® sensors,'' detectors,'”> membranes,”*!* and
catalysts.">™"”

Defects can impart new functionalities and augment
MXenes’ electrochemical behavior, which may be beneficial
for applications such as electrocatalysis and energy
storage.”®'® For instance, the introduction of ruthenium
doping in Mo,CTx was found to significantly enhance the
electrocatalytic activity for the nitrogen reduction reaction.*
Defect-engineered Ti,CT, monolith enabled interfacial photo-
thermal catalysis for high-yield solar hydrogen generation.>'
Phosphorus doped Ti;C,T, MXene electrodes can increase the
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findings enrich our understanding of water interaction with defects on the MXene surfaces.

capacitance.”® Ti defects and C defects in MXenes can affect
the electronic transport behavior of MXene-based sensors.>*
Moreover, MXenes with vacancy ordering have been
prepared.'’>*?*

On the other hand, the tendency of MXenes to convert to
oxides over time has been a major concern,*® resulting in
structural degradation and loss of performance.>’*° MXenes
are susceptible to degradation in aqueous media and previous
simulations®" suggested that water can attack the surface Ti
atoms of a purely O-terminated Ti;C,0, basal plane, leading to
the hydrolysis of MXene. This finding from first principles
molecular dynamics simulations corroborates the experi-
mentally observed degradation trends of Ti;C,T, and other
MXenes in different solution/gas  environments.””*°
Furthermore, in both battery and capacitor systems, the
contact of MXene with water is often unavoidable when
aqueous electrolytes are employed.” Thus, it is desirable to
know how defects on MXene surfaces would further impact
their aqueous stability and one hopes that introduction of
defects can modify their surface chemistry and electronic
characteristics, leading to improved resistance to degradation.

In this study, our goal is to use Tiz;C,0, as a representative
MXene material and perform first principles molecular
dynamics simulations to investigate the chemical behavior of
water at the interface with different types of defects. First prin-
ciples methods have played an important role in understand-
ing electrode-electrolyte interfaces®*>* and MXenes/anti-
MXenes properties.>**® Below we explain our methods and
models.

This journal is © The Royal Society of Chemistry 2023
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Computational methods

Vienna ab initio simulation package (VASP)*”*® was used to
perform first principles molecular dynamics (FPMD) simu-
lations. The interaction between electrons and ions was
described by the Projector Augmented Wave (PAW) method*”
and electron exchange-correlation by the Perdew-Burke-
Ernzerhof (PBE) variant of the Generalized Gradient
Approximation (GGA).?” The Grimme’s DFT+D3 method was
used to account for van der Waals interactions.*’ Plane-wave
basis cutoff energy was set at 500 eV. We used an ortho-
rhombic supercell (a = 10.45 A; b = 9.04 A) of the Ti;C,0,
monolayer (12 formula units) with two layers of water (corres-
ponding to 15 water molecules per supercell) randomly distrib-
uted between MXene layers. The Brillouin zone was subjected
to sampling through a I'-centered 3 x 3 x 2 k-point mesh.
Convergence criteria were 107 €V and 0.01 eV A™" for total
energies and Hellmann-Feynman forces, respectively. After
geometric optimization, non-spin-polarized FPMD simulations
were performed within the NVT ensemble with a time step of 1
femtosecond (fs) and the Nose-Hoover thermostat**** for up
to 45 ps at 298 K.

Results and discussion

Common defects in MXenes include vacancies and minority
termination groups, so we focus on the following major defect
types: O vacancies; F functional groups; Ti vacancies; Ti-O
vacancy pairs.

O vacancies on Tiz;C,0,

We first examined the impact of a surface oxygen vacancy on
the Ti;C,0, basal plane on the interaction with water. Fig. 1
shows the snapshots along the trajectory where the vacancy
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site is indicated by a red circle in the upper panel. One can see
that at 0.2 ps a water molecule is orientating to prepare adsorp-
tion at the O vacancy (dashed black circle in Fig. 1b). Then the
adsorbed H,O molecule dissociates to a surface OH group
(dashed black circle and inset Fig. 1c) which fills or repairs the
O vacancy site, while the proton from the water dissociation
forms a hydronium ion (red dashed box in the upper panel of
Fig. 1c) with another water molecule. At this stage, the MXene
surface is partially hydroxylated and negatively charged, which
prevents further chemisorption of water on the MXene surface.
Furthermore, the proton on the surface (ie., the hydroxyl
proton) can reversibly shuttle between a surface O atom and a
water O atom (Fig. 1c-e): surface-OH + H,O = surface-O +
H;0". Conversely, the generation of hydronium ions elevates
water’s acidity and increases negative charges on the MXene
surface, which reorients the water molecules by pointing the
O-H groups toward the surfaces (Fig. 1e), thereby distancing
water O atoms from the surface Ti atoms and safeguarding the
MXene from potential attack.’ In the meantime, the hydro-
nium ion transfers its proton among water molecules in the
water layer via the Grotthuss mechanism.** So our FPMD
simulations predict that O vacancies themselves are not stable
at the interface with water, but after the reaction with water,
further reaction of the MXene surface with water becomes less
likely.

F-terminated MXenes

F groups often appear on the MXene surface after etching of
the MAX phase by F-containing solutions.*” The stoichiometry
of F as part of T in Ti;C,T, can range from 0.2 to 0.8.*° So we
have examined one to four F terminal groups on the both
sides of the MXene flake, corresponding to a stoichiometry of
0.17 to 0.67 (Fig. 2a). Fig. 2b shows how the minimum dis-
tance between surface Ti atoms and O atoms in the water layer
changes with time for different amount of F terminal groups.

0.3ps

Fig. 1

Interaction of O vacancy in TizC,0, with water from FPMD trajectory: upper panel, top view (O vacancy indicated by a dashed red circle);

lower panel, side view (the O vacancy is on the lower surface, within the dashed black circle). Ti, blue; O, red; C, gray; H, white. Red dashed boxes in

(c)—(e) indicate hydronium ions.
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(a) Top view of TizC,04 33F9.67 Where F replaces four O atoms out of 12 on both surfaces of TizC,0,. (b) Closest contact between water mole-

cules and surface Ti atoms, as measured the minimum Ti—O distance, over time for different amount of terminal F groups on the surface (1F to 4F
mean that F replaces one to four O atoms out of 12 on both surfaces of TizC,0O,, corresponding to chemical compositions of TizC,0; g3Fp.17 to

Ti3C201.33 I:0.67) .

When there is no chemical interaction between water and the
MXene surface, the distance should be above 3.0 A. On the
other hand, the distance would be below 2.0 A when water
chemisorbs on Ti to initiate a chemical attack. From Fig. 2b,
one can see that the time of water chemisorption generally
increases with the coverage of F terminal groups, even though
the difference between 1F and 2F is not significant (2F hap-
pened ahead of 1F). Fig. 3 shows snapshots of water attacking
a surface Ti in the case of Tiz;C,0, 5F,5 (Where F replaces three
O out of 12 on one surface of Ti;C30,). One can see that water
chemisorbs on a surface Ti first (dashed circle in Fig. 3b), fol-
lowed by water dissociation and Ti pullout by -OH (dashed
circles and insets in Fig. 3c and d). This behavior is similar to

Fig. 3

that of water on Ti;C;0,.>" In the case of the highest F cover-
age examined with four F groups on the surface, no water che-
misorption was observed due to the limitation of our simu-
lation timescale (~30 ps). In other words, the F terminal group
can passivate the MXene surface to a certain extent against
water attack, but is unlikely to be very effective in preventing
water in getting close to some surface Ti. Hence, our results
suggest that oxidation by water are less likely at very high cov-
erages of —F groups on the MXene surface.

Ti vacancies on Ti;C,0,

It has been found that Ti vacancies are prevalent in the mono-
layer flakes and that their concentration can be controlled by

Interaction of TizC,015Fo 5 (Where F replaces three O atoms out of 12 on both surfaces of TizC,0,) with water from FPMD trajectory: upper

panel, top view; lower panel, side view. Black circles and insets indicate the site where water attacks surface Ti; red dashed boxes in (c)-(e) indicate

hydronium ions. Ti, blue; O, red; C, gray; F, green; H, white.
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Interaction of Ti vacancy in TizC,0, with water from FPMD trajectory: upper panel, top view (Ti vacancy indicated by a dashed blue circle);

lower panel, side view (the Ti vacancy is on the lower surface, as indicated in f). Black circles and insets indicate the site where water attacks surface

Ti; red dashed box in (f) indicates hydronium ions.

the etchant concentration during preparation.’” We investi-
gated water interaction with a Ti vacancy created on the
surface of Ti;C,0, (Fig. 4) and found that the water behavior is
similar to that on defect-free Ti;C,0,: it starts with reversible
water adsorption on Ti (Fig. 4a-e); then irreversible water
adsorption on Ti and water dissociation take place (Fig. 4f). So
Ti;C,0, MXene with surface Ti vacancies is as susceptible as
defect-free Ti;C,0, toward water attack. In other words, with
or without surface Ti vacancies, attack of the MXene surfaces
by water is equally likely.

Ti-O cluster vacancies on Ti;C,0,

We also tested the scenario of Ti-O cluster vacancies on
Ti;C,0,. The simplest case would be a Ti-O vacancy pair as

Ops

0.3ps

Fig. 5

0.4ps

shown in Fig. 5a upper panel. We found that the water behav-
ior in this case is similar to that on TizC,0, with just an O
vacancy: a water molecule refills the O vacancy and dissociates
to -OH and a proton that binds with another water to form a
hydronium ion (Fig. 5b and c), and then the hydrogen-bond
network reorganizes by pointing O-H groups toward the MXene
surfaces to facilitate reversible proton transfer between the
surface O atoms and the water layer (Fig. 5c-e). The newly
formed -OH group on the original O vacancy is indicated by
black dashed circles in Fig. 5c-e, while the hydronium ion (red
dashed box in Fig. 5¢ upper panel) soon protonates a surface O
atom to form a hydroxyl on the top surface (green circles in the
lower panel of Fig. 5d and e). The Ti vacancy behaves as a spec-
tator defect, not interacting directly with either O, -OH, or water.

10ps 15ps

Interaction of Ti—O vacancy pair on TizC,0O, with water from FPMD trajectory: upper panel, top view (Ti and O vacancies indicated by dashed

blue and red circles, respectively); lower panel, side view (the Ti—O vacancy pair is on the lower surface). Black circles indicate the site where water
reacts with the surface O vacancy and leaves an —OH group on the surface; green circles in (d and e) indicate —OH formed by reversible proton
transfer between surface O and a hydronium ion indicated by a red dashed box in (c).

This journal is © The Royal Society of Chemistry 2023
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Implications on MXene stability in water

MXenes are susceptible to degradation; oxidation and stability
of MXenes in different environments have been comprehen-
sively reviewed recently.”® In the aqueous environment, it has
been shown that hydrolysis of MXenes is an important
channel of degradation, as evidenced by CH, formation.?”*® In
this work, our FPMD simulations captured a very short spatio-
temporal window of the initial water adsorption and dis-
sociation step on defected Ti;C,0, MXenes, limited to a small
system size (~100 atoms) and time scale (~45 ps). To examine
the subsequent reactions in water with or without an oxidizer
such as O,, advanced simulation techniques are needed, such
as machine-learning force fields trained on FPMD data to
extend the size and time scales of the simulations,*®*° so that
more direct comparison with the experiment can be made
regarding the MXene degradation process and mechanism
under different environments.

Conclusions

Using first principles molecular dynamics, we have simulated
the interaction of defected-Ti;C,0,-MXene with confined
water at room temperature. Defects examined include O
vacancy, Ti vacancy, F terminal groups, and Ti-O vacancy pair.
We found that water molecules refill the surface O vacancies,
leading to -OH on the surface and hydronium in the water
layer; the negatively charged surface blocks further water
attack on Ti atoms, while proton can reversibly exchange
between surface O atoms and water molecules. Although a
slower rate of water attack on the surface Ti was observed for
higher F coverages, F terminal groups could not effectively
prevent water chemisorption on the surface Ti. The impact of
surface Ti vacancies on the interaction with water was found to
be minimal, so TizC,0, with a Ti vacancy behaves like a
defect-free Ti;C,0, while Ti;C,0, with a Ti-O vacancy pair
behaves like Ti;C,0, with an O vacancy. Overall, our FPMD
simulations predict that O vacancies react with water first,
which renders further reaction of the MXene surface with
water less likely; very high coverages of -F groups on the
MXene surface can prevent water oxidation; surface Ti
vacancies do not influence oxidation of the MXene surfaces by
water. These insights further our understanding of aqueous
stability of real MXene materials.
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