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Abstract:

Two-dimensional (2D) materials beyond graphene are attracting much attention.
Recently, we discovered a new family of 2D transition metals carbides and carbonitrides
called MXenes. Unlike graphene, MXene family is very diverse and to date the number
of synthesized MXenes reaches 17 members, including Ti3C,, Nb,C, V,C, Ta,Cs,
Cr,TiC,;, Mo,TIiC,, etc. Although MXenes have shown very attractive electrical,
electrochemical properties, their mechanical properties are yet to be characterized. There
are neither experimental measurements reported in literature nor prediction of strength
and fracture modes for single-layer MXenes. In this 9-month research study, we took the
first steps to investigate MXenes mechanical properties in both theoretical and
experimental aspects. Molecular dynamics was used to predict stress-strain curves of all
Tin+1Cn MXenes under tensile deformation. In addition, atomic force microscopy on
Ti3C, flakes and nanoindentation on Ti3C,-polymer composite films were performed to
experimentally characterize MXenes mechanical properties.
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Statement of the Problem Studied

In 2011, we discovered a new, large famiI%/ of two-dimensional (2D) transition metal
carbides and carbonitrides, named MXenes.” Although it has been only four years since
the first report on this new 2D materials, MXenes are being studied in many countries
including China,>?® Russia,>?® Japan,>* Germany, France,*®*' Canada,®* South
Korea,**** Singapore,® Iran,* Sweden,® UK,*® US* and Saudi Arabia****. Despite the
large number of research groups investigating different properties of MXenes, no
research has been done on their mechanical properties. This can be due to their
atomically thin structure, which make the mechanical properties investigation much more
challenging compared to 3D materials. Due to this fact, atomic force microscopy (AFM)
has been the best technique to study 2D materials, such as graphene or MoS,.**
Implementation of such technique to MXenes presents even a harder challenge because
of a smaller lateral size of the sheets that are currently produced.*® Besides that, MXenes
sheet surfaces are terminated by O, OH and fluorine (F) functional groups, which make
the experimental investigation of elastic properties more challenging. Therefore, the
mechanical characterization of MXenes is lacking and the only information available was
obtained from theoretical (modeling) studies.*’*°

In this short-term innovative research (STIR) study, we targeted MXenes’ mechanical
properties from both theoretical and experimental perspectives.

i) For the theoretical part, we utilized molecular dynamics (MD) for the first time to
study the mechanical properties of 2D Ti,+1C, MXenes. The aim of this work was to
calculate the structural and elastic properties of the 2D Tin.1C,, carbides by a large-
scale MD simulation and compare them with those obtained from DFT data on
single crystal cells.*” In the absence of a specific force field for MXenes, we aimed
to develop a simple and accurate approach that can be used in future investigations
of the structural and mechanical properties of the MXenes. Using this approach, we
also obtained new insights into fracture modes of MXenes.

We also studied MXenes experimentally from two aspects: a) AFM study on single and
few-layer MXene flakes, b) nanoindentation study on MXene composites, which
were made by embedding MXene flakes in polymer matrices.

il) The AFM study of 2D MXene sheets requires preparing freestanding flakes in order
to be able to indent them at the atomic level. To do so, we needed a substrate with
wells in it, to be able to position a 2D MXene flake on the top of the well. In this
short time, we managed to achieve a good progress that will be discussed in the
Accomplishments section.

iii) We also studied tribological properties of different MXenes using AFM.

iv) For the nanoindentation study, we embedded MXene flakes in polyvinyl alcohol
(PVA) with different mass ratios and fabricated robust, flexible and conductive
composites, and measured their elastic moduli and hardness values via
nanoindentation.



Final report W911NF-14-1-0568

Summary of Our Most Notable Accomplishments to Date

I.  Molecular Dynamic Study of the Mechanical Properties of Two-Dimensional

Titanium Carbides Tin+1Cn (MXenes)>

As the first step of mechanical characterization of MXenes, we used large-scale MD
for Tiy+1C, sheets with n = 1, 2, 3. Ti,C and Ti3C, are among the first MXenes
reported,”* while Ti,Cs has only been studied computationally.® The titanium and
carbon atoms were placed at initial positions according to the MXene lattice.>® In this
initial study we did not consider any surface termination of MXene, which may be
present when wet chemical synthesis is used.>” The interatomic distances within five
boundary atomic layers on each side in x direction are held fixed during the simulation
(Figure 1), while periodic and free boundary conditions were applied in y and z
directions respectively. The tensile loading was implemented as in Ref.>*. During the
tensile deformation, the five layers of atoms with fixed interatomic distance on one side
of the sample were pulled in the x direction at a constant strain rate of 0.0004 ps™, while
the corresponding five layers of atoms on the opposite side of the MXene sheet remained
fixed. The lateral (x and y) dimensions of the samples considered in our simulations vary
from about 19.50x16.84 nm to 38.71x33.47 nm, where the total number of atoms
involved in simulation varies from 12288 t087808, depending on MXene and system
dimensions.

strain

| —

fixed atoms

b
strain

fixed atoms

Figure 1. Top (a) and perspective (b) view of the initial configuration of the Ti,C with the size
of 38.71x33.47 nm consisting of 49152 atoms. Five lateral layers of atoms, whose interatomic
distances were fixed during simulations, are shown in yellow on both sides.
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Interatomic bonding in MAX phases, the precursors of MXenes, is known to be a
combination of metallic, covalent, and ionic.>**® Therefore, various types of potential
energy functions were used to simulate interactions between different types of atoms. As
shown before,®® Tin.1C, are metallic conductors, so the metallic type of bonding is
supposed to prevail within the Ti layers of the material. With this assumption, the
embedded atom method (EAM®’) was chosen to describe the interaction between
titanium atoms in the Ti,:+1C, sheets. The generalized EAM potential is widely used in
MD simulations of metal alloys and is well fitted to reproduce the basic material
properties.”®>® Forces between the titanium and carbon atoms are derived from the
empirical potential energy function (PEF) parameterized for C-Ti compounds.®® More
details on this study can be found in the paper that is published in the journal of
Nanotechnology.>®

In the beginning of the simulation, all atoms were placed in their initial positions

to form an ideal Ti,C, monolayer and the system was equilibrated over 2-10°
simulation steps. The temperature was maintained at 300 K, using Berendsen
thermostat.”* The snapshots of the simulated samples after equilibration are shown in
Figure 2.

Figure 2. Snapshots of the Ti,..C, samples after equilibration at 300 K: a) Ti,C; b) TisC;; c)
Ti4C3.

After the equilibration, the tensile load was applied to the samples, during which
the overall stress was calculated. Figure 3 shows the stress-strain curves obtained for the
Ti,C, Ti3C,, and Ti4C3z samples during their tensile deformation.

All obtained strain-stress curves have a similar shape with an initial linear region,
related to elastic deformation. At a higher strain, stress continues to increase up to the
threshold point of a yield stress, followed by a sharp drop associated with sample
fracture.
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Figure 3. Strain-stress curves obtained for the Ti,.;C, samples during tensile loading. Dashed
lines are extrapolated from the initial linear regions of strain-stress curves.

The Young’s moduli obtained by linear fit of the strain-stress curves at the strain
£<0.01 are 597, 502 and 534 GPa for Ti,C, TizC,, and TisCs, respectively, with an
interpolation error within 10% (Figure 3). These results are close to the published data
estimated from first principles calculations.*’” As expected, the highest Young’s modulus
was observed for Ti,C MXene sheet and decreased with increasing thickness of MXene
layer. TisCs, which is still to be produced experimentally, showed the highest strain to
failure.

Under critical stress all the Tin+1C, samples exhibit similar behavior during elastic
deformation: no significant defects are formed in the structure and the overall strain of
the sample is distributed over the interatomic bonds, resulting in their tension. With
further increase in stress, the evolution of the Tin.«1C, samples is different. The fracture
trend of each the Tin:1Cn samples are shown in the published paper for this study.>

To validate the obtained results, the strain-stress simulations were performed at
different strain rates for all three Tin.1C,. Three strain rate values of 0.0002 ps™0.0004
ps? and0.001ps™ were used in these simulations. The results of these simulations are
shown in Figure 4. As expected, all the strain-stress curves obtained at different strain
rates have a linear region of elastic deformation, with the slope in this region being
independent on the strain rate.
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Figure 4. Strain-stress curves for the 2D Ti...C, samples at different strain rates: a) Ti,C; b)
TisC,; ¢) TisCs. Dashed lines indicate the region of linear strain-stress relation. Vertical arrows
show the yield points for each curve.

Il. AFM indentation study on MXene flakes

Usually the best method to measure mechanical properties of 2D materials is to
perform AFM indentation on free-standing flakes.*** In such studies, atomic thick 2D
materials such as graphene or MoS;, were suspended over circular holes in a patterned
SiO,/Si substrate and usually 2D flakes were deposited mechanically, e.g. by putting the
2D flake on an adhesive tape, cleaved and the tape was pressed against the substrate.

As the first step for this study, 5x5mm? arrays of circular wells (2 pm diameter and
depth of 100nm) were patterned onto a Si substrate with a 300 nm SiO, epilayer by
nanoimprint lithography and reactive ion etching (wells in Figure 5a).

Ti3C, flakes, the most studied MXene, was prepared by etching the Al layer out from
TisAIC, MAX phase, its precursor, by dispersing the latter in 6 M HCI with 5 molar
equivalent LiF at 30 °C for 24h. Then the mixture was washed through 5 cycles of
distilled water addition, centrifugation (3,500 r.p.m. 2 min for each cycle), and decanting,
until the supernatant reached a pH of approximately 6. The final product was dispersed in
distilled water (2 g MXene per 0.5 liter of water), deaerated with Ar, followed by
sonication for 1 h. The mixture was then centrifuged for 1 h at 3,500 r.p.m., and the
supernatant, which was dark green in color was collected and will be referred to as
MXene suspension.
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Two methods were used to deposit TisC, flakes on the substrate, Scotch tape and
mechanical shearing. For both methods, 1 drop of the diluted delaminated MXene
suspension was filtered. Although MXene flakes are delaminated in the suspension, as
soon as they are filtered they tend to restack over each other with secondary bonds
between them. For the Scotch tape method, we tried to cleave the MXene stacked flakes
after filtraiton with a tape and then deposit a MXene flake on the substrate by pressing
the tape against the substrate. We did not achieve any success with this method so far and
all the flakes deposited on the substrate were multilayer. Consequently, we came up with
the second method, mechanical shearing, in which the filtered droplet of the delaminated
Ti3C, suspension was pressed and sheared against the substrate.

After each deposition, optical microscopy was used to find deposited flakes on the
substrate and they were marked. The marked substrate was transferred under AFM to
measure flakes exact thickness and if a single or few-layer flake was found, measurement
was done on it. Figure 5a and b show optical image of the substrate that a thin filtered
MXene film was sheared mechanically against it and several MXene flakes are deposited
on it. Most of the flakes are smaller than wells diameter (< 2 um). One large flake was
observed in between two well regions (Figure 5a). AFM measurement on different sides
of this flakes showed that it was consisted of different numbers of flakes from one side to
the other side. When AFM was done at one of its edges (red line in Figure 5d), the
thickness was measured to be ~ 1.5 nm (Figure 5e), which corresponds to the thickness of
a single layer TizC,. However, since all the freestanding flakes over the holes were
smaller than the well diameter, we have not been able to perform AFM indentation on the
MXene flakes.

MXene

Topography

X n -
~15nm
= 1 layer of MXene
e e 2o wmrx*'ﬂ T

m|

Figure 5. Deposited flakes of TizC, on SiO, substrate, a, b) optical microscope image showing
different flakes of Ti3C2 MXene deposited. Most of the flakes are smaller than the wells. c) AFM
topography image of b. d) higher magnification of c. €) AFM scan at the edge of the MXene flake
(red line in c) showing the 1.5nm thickness of the flake.

Challenges and ongoing work
Based on our findings with this method, it was clear that we needed smaller well
diameters in order to get freestanding MXene flakes. A new substrate with three arrays of
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holes with various diameters of 1 um, 500 nm and 250 nm was fabricated. Tests on this
substrate are on going, but further efforts will be required to conduct measurements on
single flakes.

I11. AFM tribology study on MXene flakes

In addition to AFM indentation on freestanding MXene flakes, we studied
tribological properties of the deposited MXene flakes. As discussed earlier, MXenes can
have different terminating groups (mostly O, OH and F) depending on the synthesis
method. Figure 6 shows a freshly etched Ti3C, particle, with 10 % HF, deposited on the
substrate. Friction map (Figure 6b) shows reduction in friction on the Ti;C, MXene. A
friction line scan was performed on the MXene flake (black line in Figure 6b) and
friction on Ti3C, was measured to be about ~ 2 times less than that of the SiO, substrate
(Figure 6¢). An ongoing study in our group, indicated that surface of the MXene
synthesized with this method is mostly terminated by F and less O and OH, which can
explain the friction reduction. Moreover, adhesion was measured to be higher than SiO;
(Figure 6d), which again can be related to the higher concentration of F terminations on
the surface.

Friction data

Friction force [nN)

60nm
rrrT

T T T T T T T T 1
0 a9 20 an 60 80 100 120 140 160

X displacement{nm)

DIEMVIap:  , N ~Adhesion i
Figure 6. Tribology results of Ti;C, MXene etched with 10 % HF, mostly F terminated, a) AFM
topological map on a deposited MXene flake on the substrate. b) Friction map on (a) showing fluorine
terminated MXene has different friction than the substrate. ¢) Friction data on the black line in (b) showing
TisC, MXene F terminated has about 2 times lower friction that the substrate. d) Adhesion map of the
dashed line area in (b), showing higher adhesion on the F terminated MXene.
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To further understand the effect of surface termination on tribological properties,
we attempted to change the MXene surface termination, by intercalating MXene with
dimethyl sulfoxide (DMSQ), which in turn reduces the fluorine concentration on the
MXene surface. Surface termination of the MXene flakes after being intercalated with
DMSO and washed with deionized water, is mostly O and OH groups and less F. These
flakes, in contrast to the F terminated ones, has similar friction and adhesion to SiO;
(Figure 7b, ¢), showing that flakes terminated mostly with O and OH groups have higher
friction and lower adhesion than the mostly F terminated ones.

- . 0.0 § 2 !
Figure 7. Tribology results of Ti;C, MXene etched with 10 % HF and intercalated with DMSO, a) AFM
topological map on a deposited MXene flake on the substrate. b) Friction map on (a) showing MXene
intercalated with DMSO (lower F termination) has similar friction to SiO,. ¢) Adhesion results of the
dashed line area in (a), showing O and OH terminated MXene has similar adhesion to SiO, substrate.

Challenges and ongoing work

MXene family, unlike many other 2D materials, can be tuned in terms of the surface
termination groups and even the transition metal atoms (M) on their surface. As a future
study, we are aiming to further change the surface terminating groups and also study the
effect of different M elements on tribological properties of different MXenes.

IV. Nanoindentation study on MXene films and MXene based nanocomposites

In addition to MXene flakes, MXene films and MXene based nanocomposites were
fabricated for the first time and their mechanical properties were studied. MXene films
were fabricated by vacuum-assisted filtration of Ti3C, colloidal solution (Figure 8a). The
MXene colloidal solution synthesis method was explained in section Il. In addition,
MXene-polyvinyl alcohol (PVA) composites films were fabricated by mixing MXene
colloidal solution with a PVA aqueous solution and sonicating for 15 min and vacuum
filtration (Figure 8a). Due to the simplicity of synthesis method, any mixing ratio
between MXene and PVA can be made. We chose a full range of MXene:PVA weight
ratios as 90:10, 80:20, 60:40, 40:60, 10:90 and 5:95. The as-fabricated, additive-free,
free-standing TisC, and Ti3sC,-PVA 60:40 films are shown in Figure 8b and c,
respectively. The films’ thickness can be easily tailored by controlling the MXene
content in a given volume of solution. For example, a scanning electron microscope
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(SEM) cross-sectional image of a 14 um thick film is shown in Figure 8d. This image
also reveals a well-aligned layered structure throughout the entire film (Figure 8d). Such
thin, free-standing, conductive films built of 2D layers, which can be manufactured in
aqueous environments and do not require any post treatment but drying, are quite unique.
All of the fabricated films, even the 100 % TisC, films, are quite flexible and can be
readily folded into various shapes without observable damage (Figure 8e).

The electrical conductivities of the Ti3C, films —determined by a standard four-
probe technique — are of the order of 2.4 x10° S/m, a value that is several times higher
than that of graphene or carbon nanotube “paper”. Note that because the contact
resistance between flakes cannot be eliminated, much higher conductivities can be
expected for a Ti3C, single layer. Indeed, we have shown that the conductivity of Ti3C2
epitaxial thin film with a nominal thickness of 28 nm is 4.3 x 10° S/m ¥

Transmission electron microscopy (TEM) images of TizC,/PVA (40:60) films
(Figure 8f) clearly shows intercalation and confinement of PVA layers in Ti3C, flakes.
Since only single-layer of Ti3C, is found in this composites with a high PVA content
(Figure 8f), it is reasonable to conclude that primarily single-layer Ti3C, is present in the
colloidal solution after delamination and any multilayers MXene that we observed with
AFM in the previous section, may be due to restacking of MXene layers during filtration.

S ’
W 4 3
\ ’
) -
Filter paper
————
flask 1o vacuum

sSource

Figure 8. Fabricating MXene-PVA composite films. a) Schematic of filtration of PVA and TisC,
solution. b and c¢) Digital image of a free-standing films of b) Ti;C, ¢) PVA-Ti;C, composite. d) Typical
cross-sectional SEM image of a TisC, film showing its layered structure of well-stacked flakes. e) To
demonstrate mechanical flexibility, a film was folded into a shape of a paper airplane. f) Typical TEM
image of 40 wt.% TisC,/PVA composite film showing intercalation of PVA between TisC, flakes.

As noted above, the TizC, composite films had sufficient mechanical strength for
handling. Spherical nanoindentation with a 1 pum radius tip was used to measure their
mechanical properties. Nanoindentation was performed in two directions, face up and
edge on (Figure 9a). For the face up tests, as synthesized films were mounted on an
aluminum puck sample holder with a wax and indentation was done on the surface of the
films (Figure 9a). SEM image of the surface of a TizC,-PVA (60:40) is shown in Figure
9b. For the edge on tests, films were first mounted edge on in an epoxy resin and after
curing the epoxy mount, samples were polished down to 50 nm. SEM image of an edge
on 10 wt.% Ti3zC,-PVA composite is shown in Figure 9c. The spherical indentation mark

10
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on both face on and edge on samples are shown in Figure 9d and e. The elastic moduli
and hardness values of the face on tests are almost comparable with each other regardless
of the composites’ composition (Figure 9f), which can be due to the fact that these films
are not fully dense and because of the direction of the tests, they all show the same
values. However, for the edge on tests, the indentation results are more reliable, since the
indents are on the sections of the films with no visible porosity (Figure 9c). There is a
clear trend in both elastic modulus and hardness values of the edge on test and it reaches
to its maximum at around 60 wt.% of Ti3C,. At 22.7+0.8 GPa, the elastic modulus of the
60 wt.% Ti3C,-PVA composite is measured to be more than one order of magnitude
higher than that of the 100 % PVA (~ 1.7 GPa). At 5.2 GPa, even addition of 5 wt.%
Ti3C;, (< 2 vol.% Ti3C,) to PVA, tripled the elastic modulus. The same trend is true for
the hardness and at ~ 740£30 MPa, hardness reaches to its maximum value for the 60:40
Ti3C,-PVA composite.

The general increase in stiffness and hardness of these films indicates that at least
some of the stress was transferred to the embedded TisC, nanosheets, which in turn
implies at least some interfacial bonding between the nanosheets and the PVA. The
termination of the Ti;C, by OH groups most probably played an important role here. In
addition, the Young’s modulus of TizC,/PVA films can be tailored by controlling the
TisC, to PVA ratio.
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Figure 9. Nanoindentation results on MXene composite films. a) Schematic of nanoindentation on two
directions, face on and edge on. b and c) Typical SEM image of b) face on and c) edge on Ti3C,-PVA
composite film. d and €) SEM image of a nanoindentation mark on a, d) face on and e) edge on TisC,-PVA
composite. f and g) Elastic moduli (E) and hardness values of different films with different MXene
loadings tested f) face on and g) edge on. In general, Elastic moduli and hardness in the face on direction
are independent of the MXene content. In contrast, for the edge on direction, both E and H are MXene
content dependent.

The next step will be to embed MXene flakes into a strong and hard thermoset
polymer matrix, such as epoxy resin. We have conducted preliminary experiments,
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showing that MXene surface functionalities can lead induce polymerization of the epoxy
resin even without an addition of a hardener. Further research is needed to produce
mechanically strong composites for armor and other defense applications.
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