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A Comparative Study on the Oxidation of Two-Dimensional TizC> MXene

Structures in Different Environments

Roghayyeh Lotfi?, Michael Naguib®, Dundar E. Yilmaz?, Jagjit Nanda,”
Adri C. T. van Duin ™

Abstract

Oxidation of two-dimensional TizC> MXene structure has been recognized as a promising
method for the formation of hybrid structures of carbon supported nano titania. Here, we studied
the oxidation of TizC, MXene structure using reactive force field (ReaxFF) based molecular
dynamics simulations. To investigate the effect of oxidation agent, we used three different
environments including dry air (oxygen molecules), wet air (oxygen and water molecules) and
hydrogen peroxide (H202 molecules). Oxidation simulations were performed at different
temperatures of 1000, 1500, 2000, 2500 and 3000 K. We found that by controlling the
temperature, carbon supported titania can be formed by diffusion of Ti atoms to the surface of
MXene structure during the oxidation. These results were confirmed by increase in the average
bond orders of C-C and Ti-O and decrease in the average bond orders of Ti-C. Moreover, it was

revealed that by increasing the temperature, the oxidation rate increases, and the rate depends on
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the oxidant according to the following order in: H2O, > wet air > dry air. This was validated by
heating MXene in wet air and dry air followed by examining the products using X-ray diffraction
and Raman spectroscopy. To investigate the effect of presence of oxidant, MXene structure was
also heated under vacuum, and it was found that in this case the MXene structure was converted
to cubic TiC. Furthermore, it was indicated that during the heating process of MXene structure in
the vacuum, the average bond orders for C-C, Ti-C and Ti-O do not change significantly due to
the lack of oxidants in the environment, leaving room for only topotactic transformation of atoms
during the heating. Formation of TiC structure by heating MXene in an inert environment was

confirmed experimentally as well.

1. Introduction

Two-dimensional (2D) materials possess unique electronic, optical and chemo-mechanical
properties, which have attracted extensive attraction during the past decade.> Graphene,
hexagonal boron nitrides, metal chalcogenides are some examples of 2D materials which have
been widely studied.>”’ Recently, a new family of 2D materials, transition metal carbides,
carbonitrides and nitrides refereed as “MXenes”, has been discovered. MXenes are usually
synthesized by selective etching of A (mostly Al or Ga) layers from MAX phase; where M is an
early transition metal (e.g. Ti, V, Cr, Mo, and Nb), and X is carbon and/or nitrogen®; by using
fluoride containing aqueous solution.® The general formula for MXene structures is Mn+1XnTx
(n=1-3), in which Tx is the terminating functional group (O, OH or F).1%'2 Due to superior
properties of MXenes, these novel 2D materials have found diverse applications in energy

storage including lithium ion batteries (LIBs), electrode materials and supercapacitors.'4-2
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Beyond energy storage, they have also other promising applications such as water purification,
lubrication, sensing, catalysis and composite reinforcement.?224

Lithium-ion batteries are well known for a variety of excellent characteristics. High energy
density, high power density, long life and environmental friendliness are the main features of
LIBs.2°> However, finding a more durable and suitable anode material in LIBs is one of the main
challenges for further development of these batteries.?®?” Although MXenes have high
volumetric capacities as electrode material, presence of functional groups or defects on their
surface might lead to the irreversible lithium storage and efficiency decrease of LIBs.*® On the
other hand, titanium dioxide (Ti0O>) is an interesting material for photocatalysis, purification and
energy generation and storage applications,?®34 due to its thermal and chemical stability,
mechanical hardness and non-toxicity.>>3" Nevertheless, application of pure TiO- for energy
storage applications such as LIBs is limited because of its relatively moderate storage capacity
and low conductivity.3® Moreover, electrochemical properties of TiO, depend on the particle
size.3%%0 Thus, designing new TiO.-based systems in order to overcome those limitations is very
essential, especially for LIB applications.

It has been found that combining TiO> with carbon materials is a beneficial method to improve
the properties of TiO through promoting the electron transport from carbon and increasing the
accessible surface area of TiO..*! Titania-carbon hybrids have superior performance in LIBs and
photocatalysts. Most common methods of synthesis of TiO2 supported carbonaceous materials
are two-step techniques including chemical vapor deposition and sol-gel processes.*>*® Recently,
oxidation of MXene structures has been proposed as an alternative one-step synthesis method,
which can provide the well-controlled formation of TiO2 on carbon substrate.®444¢ Naguib et al.

experimentally showed that heating TisC> MXene in air leads to the growth of TiO. nanocrystals
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on disordered graphitic carbon structures.* They reported that the resulting titania-carbon
hybrids reveals extremely high cycling rates as anodes in LIBs. It was shown that oxidation of
MXene in CO; and pressurized water also leads to the formation of titania-carbon hybrids. In
another experimental work, layered titania was synthesized by a hydrothermal reaction of
MXene followed by oxidation in air.*® The layered TiO- structure exhibited good
electrochemical properties in LIBs. Moreover, Ahmed et al. demonstrated that treatment of
MXene with H>O> leads to opening up of MXene sheets and formation of TiO» nanocrystals on
their surface.*® H,O- treated MXene, as anode material, significantly enhanced the performance
of LIBs in comparison to the as-prepared MXenes.

Despite the progress in the experimental synthesis of different anode materials for LIBs such as
titania-carbon hybrids, the cost, complexity and time-consuming nature of these processes
motivates the researchers to develop computational tools for getting deeper insight on the atomic
structures and designing more efficient materials. Reactive molecular dynamics simulations
provide crucial information on the atomistic details of different materials as well as realistic
representation of chemical interactions. ReaxFF is a reactive force field which has the capability
of simulating chemical reactions with accurate transition states.*->° The level of accuracy of
ReaxFF is comparable to quantum calculations, with the advantage of simulating bigger systems
and longer time scales. ReaxFF methods have been extensively used for a wide range of
applications such as energy storage materials.>>* ReaxFF was also successfully used for
simulating a number of water/surface interfaces.>*>® Moreover, modeling the interaction of water
with different orientations of TiO- surfaces was implemented by using ReaxFF simulations.®’
Recently, the interaction of TisCoTx MXene layers with intercalated pure water and metal ions

was investigated by ReaxFF description.®® To the best of our knowledge, there is no published
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work on the oxidation of MXene structures by using molecular dynamics simulations. Thus,
modeling MXene oxidation by ReaxFF molecular dynamics simulations will be very effective
and useful.

The main aim of this paper is to investigate the oxidation of MXene structures in three different
environments including dry air, wet air and hydrogen peroxide by using ReaxFF based molecular
dynamics simulations. The organization of this paper is as follows. First, an introduction to the
computational model will be presented. After that, the simulation setup and experimental
sections are discussed. Next, MXene oxidation with oxygen, water/oxygen and H>O> molecules
will be presented. Finally, MXene heating in vacuum will be presented and its comparison with

other environments will be discussed.

2. Methods

2.1.  Computational Method

ReaxFF is a bond-order-based reactive force field technique which can consider bond formation
and bond dissociation during molecular dynamics simulation. Bond orders are directly calculated
between all pairs of atoms from the interatomic distances at every iteration. Accordingly,
smooth transition between the non-bonded states and single, double or triple bonded states would
be possible, leading to the simulation of chemical reactions and transition states properly. The
total energy in ReaxFF is described by the following energy terms:

E = E d + E + Eover + Eval + E + EIp + Evdw + Eooulombic (1)

system bon under tor

The energy of the system (Esystem) includes bonded or covalent interactions (bond order
dependent) and non-bonded interactions. Bond order dependent terms include bond energy

(Ebond), under coordination (Eunder) and over-coordination (Eover). Valance-angle energy (Eval),
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torsion-angle energy (Etwr) and lone pair energy (Eip) are energy penalty terms. Non-bonded
interactions include van der Waals (Evaw) and Coloumb energy (Ecoulomb) and are taken into
account between each pair of atoms in the system. Atomic charges are derived from an
electronegativity equalization method (EEM)®>® with a shielding term to prevent excessive short-

range interactions. Here, we used parameters of Ref 58 for ReaxFF force field.

2.2.  Simulation Setup

In order to investigate the effect of dry air, wet air and H2O2 molecules on the oxidation of
MXene structures, we performed a series of MD-NVT simulations on MXene in the presence of
200 oxygen molecules (dry air environment), 100 oxygen and 100 water molecules (wet air
environment) and 200 hydrogen peroxide molecules (H2O2 environment). Note that we didn’t
consider nitrogen atoms in the air, due to their neutral effects in the simulations. We used an
oxygen terminated MXene structure (TisC202). Simulations were performed at temperatures of
1000, 1500, 2000, 2500 and 3000 K for 1,000,000 MD-time steps (100 picoseconds). Please note
that because of time-scale limitation of molecular dynamics simulations, which needs
femtosecond time steps to resolve individual bond vibrations, we need to choose higher
temperatures than experiment to accelerate the dynamics of the system during a short time scale
of MD simulation. The time step in the present work was selected as 0.1 fs. The temperature was

controlled by Berendsen thermostat®® with damping constant of 50 fs.

2.3 Experimental Section
MXene synthesis: TizC2Tx MXene was synthesized by etching Al from TizAIC> using a mixture

of aqueous hydrochloric acid (HCI) and lithium fluoride (LiF) similar to what was reported by
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Ghidiu et al..?* In short, 10 g of -400 mesh powder of TisAIC, (more details about the synthesis
of TizAIC; can be found in Ref 9 was slowly added to a solution of 6.6 g of LiF (99.98%, Alfa
Aesar) dissolved in 100 mL of 6 M aqueous HCI (37%, Sigma-Aldrich). Then, the mixture was
heated to 40 °C and continuously stirred for 45 h at that temperature. After etching time elapsed,
the sediment was separated from the liquid by centrifuging at 3500 rpm followed by decanting
the liquid, and fresh deionized (DI) water was added to wash the sediment. The steps of
centrifuging, decanting the liquid, and adding fresh DI water were repeated several times till the
pH of the liquid after centrifuging reached values more than 5. The sediment was then dried at
room temperature (RT) using a vacuum-assisted filtration device. To produce free-standing
TisC,Tx paper, 0.5 g of the dried powder was added to 50 mL of DI water and sonicated in an
ultrasound water bath for 1 h then centrifuged at 3500 rpm for 1 h. The black supernatant was
then decanted from the centrifuging tube and filtered through a Celgard membrane (3501 Coated
PP, Celgard, USA). Finally, the membrane with filtered material was allowed to dry at RT in air
for 18 h, then the MXene paper was detached from the membrane.

Heat treatment experiments: An alumina tube furnace was heated to either 1000 K or 1500 K.
Then a piece of the MXene paper placed in an alumina boat was introduced to the furnace’s hot
zone and held there for 30 s, then pulled out from the furnace and removed from the boat for
further characterization. When wet air was used, the tube was open from both ends to use the lab
air environment that has relative humidity of about 30%. For dry air condition, an air gas tank of
UN1002 (Al UZ300, Ultra Zero Grade Air, Airgas) was connected to one end of the tube and
continuous flow of air from the tank was maintained to ensure minimal, if any, backflow of lab
air into the furnace from the open end of the tube that was used to introduce the sample during

the heat treatment process. Annealing under argon (Ar) was carried out by placing a piece of the
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MXene paper in the furnace at RT then the furnace was heated to 1500 K (at heating rate of 600
°C/h) and held at this temperature for 0.5 h then furnace was allowed to cool down freely till it
reached RT, with an argon gas continuous flow during the entire process. Note that due to
experimental setup limitations, we did not use H2O. as oxidation agent.

Characterization: A Scintag X1 Cu K, X-ray diffractometer (Scintag, Cupertino, CA, USA)
was used to investigate the changes in the structure of the MXene paper before and after heat
treatment. In all cases, 45kV and 35 mA were used to power the X-ray tube and a 2 theta step
size of 0.02° with dwell time of 1 s at each step were used to collect the X-ray diffraction (XRD)
patterns. Raman spectra were collected using a solid state 532 nm excitation laser (Witec Alpha
300 confocal Raman microscope). Laser power was adjusted to be 90 uW in order to prevent

laser heating.

3. Results and Discussions

3.1. Oxidation of MXene by Dry Air

To assess the oxidation of MXene structure in dry air, MD-NVT simulations were performed at
different temperatures. Fig. 1(a) shows the initial system containing MXene structure with 200
02 molecules. The dimension of periodic box is 26.25x30.3x133.66 A3, Fig. 1(b) represents the
evolution of MXene structure by time after 0, 50, 75 and 100 ps of oxidation in the presence of
02 molecules at 1500K. For clarification, the gas components have been removed and only
MXene structure has been represented in these figures. As can be seen, at simulation time of 25
ps, no significant change is observed in the MXene structure, while at time of 50 ps, some Ti

atoms at surface of MXene are making bond with oxygen molecules in the environment. At

Page 8 of 29
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simulation times of 75 and 100 ps, the structure is completely distorted, since the Ti atoms in the
middle layer diffuse to the top and bottom surfaces binding with O> molecules in the
environment. Consequently, the two separate carbon layers get closer to each other, leading to
the formation of C-C bonds. In order to observe this phenomenon more clearly, we have
represented the change in the configuration of C atoms in the MXene structure by simulation
time in the bottom of Fig. 1b. As shown, after 75 ps, C atoms are making bond to each other,

leading to the formation of a carbon substrate.

(a) (b)
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Fig. 1. (a) Initial structure including MXene structure with 200 O, molecules, (b) MXene structure and
the change in the configuration of C atoms existing in the MXene structure (top and side views) after 0,
50, 75 and 100 ps oxidation in the presence of O, molecules at 1500K (Ti: tan, C: green, O: red)

Fig. 2 shows different views of the final structure of the ReaxFF simulation after oxidation of
MXene in the presence of O. molecules at 1500K. Our results are in agreement with the

experiment*, in which the authors revealed that oxidation of MXene leads to the growth of
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laterally shrinked titania nanopaticles over the carbon substrate. They mentioned that shrinkage
of these nanoparticles is related to the diffusion of Ti atoms from the middle layer to the MXene
flake surfaces. If we look at the top and bottom views of our ReaxFF results, similar shrinkage of

TiO2 nanoparticles is observed.

Initial Structure Final Structure

Side view

Fig. 2. Growth of laterally shrinked titania nanopaticles over the carbon substrate after oxidation of
MXene in the presence of O, molecules at 1500K (For top and bottom view, carbon substrate is

represented with dotted format) (Ti: tan, C: green, O: red)

To analyze the diffusion pass of Ti atoms in the middle layer to the surface, we used Nudged
Elastic Band (NEB) calculation. Fig. 3a shows that during heating MXene at 1500K in the
presence of dry air, some defects are created in the MXene surface and are enlarged by time. As
a result, some O atoms diffuse to the MXene structure and help the Ti atoms in the middle layer
to diffusing to the surface to make TiO; structure. Fig. 3b shows the diffusion pass of a Ti atom
in the middle layer within defect cite to the top surface. Fig. 3c indicates that the energy barrier

for this diffusion is around 2.8 eV, and the final structure is more stable than the initial structure

10
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by 2.3 eV. Although this energy barrier is a fairly significant barrier, it can be crossed at elevated

temperatures.

A s
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Energy (eV)

Reaction Coordinate

Fig. 3. a) Defect creation and enlargement during MXene heating at 1500K in the presence of dry air, b)
diffusion pass of a Ti atom in the middle layer within the defect cite to the top surface, c) energy curve for

the diffusion of Ti atom in the middle layer to the top surface. (Ti: tan, C: green, O: red)

In order to have a detailed survey on the bond changes during the oxidation of MXene, we
calculated the average bond number for C-C, Ti-C and C-C at different simulation times.
Average bond number for A-B was calculated by the division of total number of A-B bonds in
the structure to the total number of A atoms in the structure. Fig. 4 shows the change in the
average bond number for C-C, Ti-C and Ti-O during the oxidation of MXene structure in dry air
at 1500 K. The results indicate that for C-C, the average bond number increases from 0 to 1.54
which is related to the creation of C-C bonds during the NVT simulation of MXene oxidation.

For Ti-C, the average bond number decreases from 3.0 to 0.6, indicating that Ti-C bonds are

11
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breaking during the oxidation of MXene at 1500 K. On the other hand, the average bond number
of Ti-O increases from 2.0 to 3.46, which is related to the creation of new bonds between Ti and
O atoms due to MXene oxidation at 1500 K. These results are in agreement with the
experimental X-ray photoelectron spectroscopy (XPS) analysis for MXene oxidation.*® The
authors indicated that during the oxidation of MXene, the intensity of Ti-C peak decreases in
XPS spectra, while the intensity of Ti-O peak increases, indicating that TiO» nanoparticles are
being formed. Note that although these experimental results are related to the oxidation of
MXene with H2O2, as we will show later, the trend for the change in the bond order during the

MXene oxidation with H2O; is similar to the dry air.

C-C Ti-C
2 35
o o 3 -
Q0
E 15 € 25
> >
c c 2 i
RS E
< S 15 -
Qo o
3 05 3 1
] g 0.5
2 0 : : : g 4
0 25 50 75 100 < 0 25 50 75 100
Time (ps) Time (ps)

Average bond number

0 25 50 75 100
Time (ps)

Fig. 4. Change in the average bond number for C-C, Ti-C and C-C during the oxidation of MXene
structure with dry air at 1500 K

12
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To investigate the effect of temperature in the oxidation of MXene with dry air, in addition to
1500K, we also performed NVT simulations at different temperatures of 1000K, 2000 K, 2500 K
and 3000K. Fig. 5 represents the final MXene structure after oxidation at these temperatures. As
it can be seen, at 1000 K, neither surface functionalization nor TiO2 nanoparticle formation is
observed. At 1500 K and 2000 K, C atoms are bonding to each other to create a substrate. At
higher temperatures, surface opening occurs at the top and bottom layers and by time increase,
the defects are enlarged and consequently, C atoms migrate to the surface of MXene structure.
For instance, at temperature of 2500 K, carbon chains diffuse to the surface and at temperature of

3000 K, some carbon chains are released to the gas phase.

Initial Structure 1000 K

FrE vy rBrdesverdreor ey

-|

"R A AR AR AT AT AT A )

Fig. 5. Final MXene structure after oxidation in dry air at temperatures of 1000 to 3000 K (Ti: tan, C:
green, O: red)

13
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To check the bond characteristics of the MXene structure during the oxidation with dry air, we
calculated the radial distribution functions (RDFs). Fig. 6a represents the RDF results for C-C at
different temperatures. In the initial MXene structure, C atoms are organized as a crystalline
structure with a far distance of 3 A from each other, revealing that no C-C bond exist in the
initial MXene structure. RDF of C-C in MXene structure at 1000 K is similar to the initial
structure, which reconfirms that there is no significant change in the MXene structure due to
oxidation with dry air at 1000 K. At temperature of 1500 K, the structure becomes amorphous
with the appearance of first and second peaks at about 1.2 and 1.5 A, revealing that C-C bonds
have been formed. By temperature increase the intensity of peaks at distance of 1-2 A increases.
Thus, RDF analysis also confirms our previous results, that due to oxidation of MXene structure

at higher temperatures, C-C bonds are being created in the MXene structure.

a)C-C b) Ti-C

2000 250 |
Initial ] Initial

200 |
1500 | —1000K ] —1000K
—1500K 150 | —1500K

a —3000K 5 |
£ 1000 1 Temperature 14 | Temperature 3000

Increase 100 - Increase
e
500 |
50 |
0 ——— VA AA#-Q—»—;— 0 | : /
0 1 2 3 4 5 0 1 2 3 4 5
Distance, Angstrom Distance, Angstrom

Fig. 6. RDF results for a) C-C, b) Ti-C in MXene structure after oxidation in dry air at different

temperatures

Fig. 6b shows the RDF results for Ti-C at different temperatures. In initial MXene structure, Ti-

C bonds are organized as a crystalline structure with a distance of 2.1 and 2.4 A. RDF of Ti-C in

14
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MXene structure at 1000 K is similar to the initial structure. Due to oxidation of MXene at 1500
K, the structure becomes amorphous with a broad peak at 2.2 A. The intensity of this peak is
much lower than the initial structure, indicating that many Ti-C bonds have been broken. By
temperature increase, the intensity of peaks at distance of 2-3 A disappear, revealing that almost
all Ti-C bonds have been broken. RDF results for Ti-C also confirms our previous results, that by

oxidation of MXene structure at high temperatures, Ti-C bonds are being broken.

3.2. Comparison of Mxene Oxidation in Different Environments

We repeated the above-mentioned simulations for oxidation of MXene structure in the presence
of wet air (O2 and H2O molecules) as well as in the presence of H.O2 molecules. The trends for
oxidation of MXene were similar to the case of dry air. However, there is a significant difference
in the rate of degradation for these materials. Fig. 7 shows the comparison between these three
environments. For example, at 100 ps and at temperature of 1000K, in case of oxidation with dry
air, there is no change in the MXene structure, while in case of oxidation with wet air some Ti
atoms migrate to the surface of MXene structure and the surface is functionalized with O and OH
functional groups. For case of oxidation with H20z, the oxidation rate is much higher than dry
and wet air and many functional groups are observed on the surface of MXene structure. Similar
result is observed at 25 ps and temperature of 1500 K. Therefore, it can be concluded that the
order for oxidation rate of MXene structure in different environments is as following: H20. >

Wet Air > Dry Air.

15
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T=1000 K, t=100 ps

Dry Air Wet Air H202
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T=1500 K, t=25 ps

Dry Air

Fig. 7. The comparison among oxidation rates of MXene at three different environments (Ti: tan, C:
green, O: red, H: white)

3.3. Analysis of Gas Phase Components during MXene Oxidation in Different
Environments

For further analysis of reactions occurring during the oxidation, we analyzed the gas phase
components. Fig. 8 represents the comparison among the gas phase components of MXene
oxidation in three different environments at temperatures of 1000, 1500 and 3000K. For case of
oxidation in dry air at 1000K, all 200 O, molecules are intact at the end of simulation. At 1500
K, 84 O2 molecules remain intact, and 6 CO and 3 CO; are produced, indicating that by
temperature increase the rate of oxidization increases. Formation of CO and CO> during the
oxidation of MXene is consistent with the experiment.*® Due to diffusion of Ti atoms to the
surface and formation of TiO2 nanoparticles on the surface of MXene, some defects are created

on the surface of MXene structures, which provides the opportunity for the diffused O atoms to

16
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be bonded with C atoms, leading to the formation of CO and CO,. At 3000 K, 15 O, molecules
remain intact, and 59 CO and 20 CO; are produced. In addition to CO and CO, some other
oxides of carbon such as C>0> are also formed.

For the case of MXene oxidation with wet air, at temperature of 1000 K, 96 O and 94 H,O
remain intact at the end of simulation and no other gas component is created. This result
confirms that rate of MXene oxidation in wet air is higher than dry air. The four Oz and six H20
molecules are consumed to functionalize the surface of MXene structure, as represented in Fig.
8. At temperature of 1500 K, 16 Oz and 74 H.O remain intact at the end of simulation and 10
CO, 2 COz and 1 H>O2 molecules are formed. At temperature of 3000 K, 1 Oz and 75 H,O
molecules remain intact and 13 CO and 2 CO are produced.

For the case of oxidation of MXene with H20z, at temperature of 1000 K, 149 H202 molecules
remain intact at the end of simulation and no other gas component is observed. Note that the high
rate of consumption of H2O> molecules at 1000 K, in comparison to dry and wet air, indicates
that H20- is a much stronger oxidant for the oxidation of MXene. Some H20, molecules are used
to functionalize the surface of MXene structure, as represented in Fig. 8. Furthermore, during the
heating process at 1000 K, some H20O> molecules are dissociated to make other components such
as 7 Oz and 27 H20. At temperature of 1500 K, 51 H.O> molecules remain intact at the end of
simulation. In addition, 13 CO, 2 CO, 102 H20, 2 OH and 4 O; are formed. At temperature of
3000 K, no H202 molecule remains intact and 17 CO, 2 CO> and 165 H>0 molecules are
produced. Moreover, some other components such as C2H.0O, C2H>02, OH and H; are formed.
All these results reconfirm that by temperature increase, the rate of MXene oxidation enhances

and the order of oxidation rate in different environments is: H.O> > Wet Air > Dry Air.

17



Journal of Materials Chemistry A

a) Dry Air
1000 K 1500 K 3000 K
5‘ 250 - 250 - 250
c
é’- 200 200 - 200 -
[7] 4 i —02
L 150 150 —02 150 - o
§ 100 - —02 100 - —CO 100 - —CO2
——Others —C02 —
g s0- - 50 - €202
g ——Others ~——Others
o O ' 0 ,_—-1-—_ 0 4
0 ~ 50 100 0 50 100 0 . 50 100
Time (ps) Time (ps) Time (ps)
b) Wet Air
1000 K
- 120 120 1500 K 120 3000 K
1)
c 1
s 100 ————4 100 - 100
=3 80 -
2 80 - —02 80 —02
= 60 - —02 60 - —H20 60 —H20
o ~Qthers — ——HO
5] | —Others ;——Others
(&) 0 f 0 _,—-m 0
0 Ti S0 100 0 50 100 0 50 100
ime (ps) Time (ps) Time (ps)
c) H202
1000K 1500 K 3000K
250 250 250 -
—H202
c i i
2 200 - a0y 290 200 o
o —H202
® 150 -\ —HO2 150 - 150 - —H20
—HO
w — H.O —HO2
§ 100 - —H3204 100 - —CO 100 —02
° o 50 | —H20 ——H30
g- 50 - —Others 20 co
5 ——Qthers _
(&) 0 ;J 0 ’ 0 —Others
0 50 100 0 50 100 0 50 100
Time (ps) Time (ps) Time (ps)

Fig. 8. The comparison among the gas phase components of MXene oxidation in three different

environments (dry air, wet air and H»O,) at temperatures of 1000, 1500 and 3000K

3.4. Experimental results for MXene Oxidation in Dry and Wet Air

Fig. 9a shows the XRD patterns of TizC,Tx paper before and after various heat treatments under

dry and wet air environments. Heating to 1000 K resulted in broadening of the 002 peak, due to

18
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evolving of another peak at slightly higher 2theta angle (lower d-spacing). This can be explained
by partial removing of the pillaring water®? from in-between the MXene layers.%® The persistence
of diffraction peaks at low angles is surprising considering that the samples were heated to 1000
K which in principle should be sufficient for evaporating any intercalated water, but kinetics can
be the reason for this considering that the sample was heated for 30 s only. Also, the pillared
water may contribute toward the oxidation of MXene, but since the amount of water of the
pillars in MXene is very small (atomic ratio of Ti : H,O ~ 10 : 1)%2 its contribution is minimal.
No strong titanium oxide peaks were observed in the XRD patterns after the treatments at 1000
K.

For the 1500 K treatments, a complete loss of the pillaring water resulted in an upshift of the 002
peak to higher angels (2theta of ~8.6° instead of 6.4°) and lowering its intensity. In addition, two
new sharp peaks at 2theta of ~25.3° and 27.5° emerged after the treatment, and they can be
assigned to anatase(PDF# 21-1272) and rutile(PDF 21-1276), respectively. The ratio of the area
under the anatase and rutile peaks (at 2theta of ~ 25.3° and 27.5°, respectively) to the area under
the 004 peak of MXene (at 2theta of ~17.4°) was found to be ~1.1 for dry air, and 1.5 for wet air
which suggests the presence of more oxide in the sample when MXene was heated in wet air.
This result validates our MD simulation that oxidation rate of MXene in wet air is higher than
dry air. Although continuous flow of dry air was maintained during the dry air heat treatment
processes, the possibility of lab air back flow to the tube furnace and mixing with the flowing dry
air cannot be completely ruled out. Thus, differences observed here between wet and dry air heat
treated samples can be more pronounced if the dry air experiment is conducted in a dry-room. It
is worth noting that the intensity of the anatase peak was stronger than that of rutile for the dry

air treatment and the opposite was true in case of wet air treatment. Raman spectra (Fig. 9b)
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show two broad bands around 1360 and 1590 cm™ which can be assigned respectively, to the D
and G bands of graphitic carbon. The presence of strong and broad disorder-induced band (D

band) is an evidence for disordered graphitic carbon®®, which is consistent with our

simulations.
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Fig. 9. (a) XRD for TisC; paper before (black pattern) and after heat treatments at 1000 K in wet (green
pattern) and dry (purple pattern) air, and at 1500 K in wet (red pattern) dry (blue pattern) air 30 s each.
The inset is a zoom in on the last two patterns. (b) Raman spectra of TisC, paper before (black spectrum)

and after heat treatment at 1500 K for 30 s in wet (red spectrum) and dry (blue spectrum) air.

3.4. Heating MXene Structure in Vacuum

To compare the oxidation of MXene in different environments with the case of vacuum, we

repeated the NVT simulation for the case of heating MXene in vacuum. The results revealed that

due to heating MXene in vacuum, no significant change occurs on MXene structure in terms of

formation of C substrate or TiO> structure. The reason for this fact is attributed to the lack of
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oxidation agent in the environment. However, RDF results from MD simulations indicated that
during MXene heating in vacuum at 1500 K, Ti and C atoms are rearranged to form cubic
titanium carbide (TiC) structure (Fig. 10a). Our experimental tests also indicated that heating
MXene paper at 1500 K under argon resulted in the disappearance of the 002 peak of MXene,
and appearance of two new peaks at 2 theta of ~36.2° and 76.8° (Fig. 10b). These peaks can be
assigned to highly oriented titanium carbide (PDF# 32-1383) along its 111 plane, which is in
agreement with our MD simulations. This high preferred orientation can be explained by the
topotactic transformation of layered hexagonal carbide along 00l plan to its cubic carbide 111
plan.®557 It is worth noting that based on the position of 111 and 222 peaks, the lattice parameter
of the formed titanium carbide was found to be ~ 4.29A, slightly smaller than that of TiC (PDF#
32-1383), which is 4.33A. The smaller lattice parameter can be explained by deviation from the
stoichiometry (Ti:C = 1:1)%, since the starting Ti:C ratio is 3:2, and oxygen incorporation into

structure and formation of oxycarbide is possible.®

(a) (b)

TiC-cubic crystal

1 before annealin
60 | — Initial MXene 9
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Fig. 10. a) RDF results for Ti-C in cubic TiC crystal, initial MXene structure and after heating at 1500K,
b) XRD patterns for TisC, paper before (blue pattern) and after annealing at 1500 K under argon for 0.5 h
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(red pattern). The vertical black markers represent the peaks position of TiC [PDF# 32-1383]. The inset
shows the 2 theta range from 30° to 80°.

Fig. 11 represents the change in the average bond number for C-C, Ti-C and C-C during heating
of MXene structure in dry air, wet air, H,O and vacuum at 1500 K. As shown, for the case of
vacuum, average bond orders of C-C, Ti-C and Ti-O do not change significantly, while other
environments experience significant change. Thus, presence of oxidation agent, significantly

affects the change of bond order in MXene structure.
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Fig. 11. Change in the average bond number for C-C, Ti-C and C-C during heating MXene structure in

dry air, wet air, H,O, and vacuum at 1500 K
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4. Conclusions

Carbon supported TiO2 hybrids has attracted increasing attention due to its unique properties and
applications, especially in LIBs. Oxidation of MXene structures has been introduced as a
prominent method for the synthesis of these hybrid materials. In the present work, we simulated
the oxidation of TizC, MXene structures by using ReaxFF at different environments including
dry air, wet air and hydrogen peroxide at different temperatures of 1000 K to 3000 K. The results
indicated that by temperature control, formation of carbon-TiO2 hybrid structure would be
possible. Furthermore, it was revealed that among different environments, H>O2 environment has
the strongest rate of MXene oxidation, while dry air has the weakest rate of MXene oxidation.
Moreover, heating MXene in vacuum was predicted to result in recrystallization into cubic TiC.
The simulation results were validated experimentally by heat treating MXene in dry and wet air
in addition to inert gas. The results discussed in this study provides fundamental insights on the
chemical stability of MXenes and their plausible chemical transformation under oxidative
conditions that could have significant implications in areas such as electrochemical storage,

catalysis and sensors.
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Effect of different environments on oxidation of Ti;C, MXene structures is investigated
using ReaxFF molecular dynamics simulations and experimental techniques.
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