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Oxidation stability of Tiz;C, Ty MXene nanosheets in solvents

and composite films

Touseef Habib', Xiaofei Zhao', Smit A. Shah', Yexiao Chen?, Wanmei Sun', Hyosung An
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TizC,Ty belongs to the family of MXenes, 2D materials with an attractive combination of functional properties suitable for
applications such as batteries, supercapacitors, and strain sensors. However, the fabrication of devices and functional coatings
based on TisC,T, remains challenging as they are prone to chemical degradation by their oxidation to TiO,. In this paper, we
examine the oxidation of TisC,Ty in air, liquid, and solid media via conductivity measurements to assess the shelf life of TisC,Ty
MXenes. The oxidation of TisC,T, was observed in all the media used in this study, but it is fastest in liquid media and slowest in
solid media (including polymer matrices). We also show that the conventional indicators of MXene oxidation, such as changes in
color and colloidal stability, are not always reliable. Finally, we demonstrate the acceleration of oxidation under exposure to UV

light.
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INTRODUCTION

MXenes are 2D materials consisting of M (early transitional metal),
X (carbon or nitrogen), and T (terminal groups). MXenes can be
represented with the general formula M, ;X,T,, wheren=1, 2,3
and x represents the number of terminal groups. They are
commonly derived from the parent MAX (or M, ;AX,) phases by
the selective etching of the A element (a group-13 or -14 element).
Out of over 70 known MAX phases with different compositions,
only a few (~20) have actually been experimentally converted into
MXenes."? The most common type of MXenes are titanium
carbides (TisC,T,), which are obtained from the parent titanium
aluminum carbide (TizAlIC;) MAX phase by the removal of the
aluminum layer by etching in hydrofluoric acid or in a mixture of
HCl and fluoride salts; however, there is a research interest in
pursuing etching without the use of fluoride ions."? TisC,T,
possesses high electrical conductivity, excellent electromagnetic
shielding properties, and a high in-plane stiffness.*™®

The terminal groups (such as -F, -OH, and =O0) of Ti;C,T, MXenes
are polar, making them hydrophilic and suitable for processing in
water without the need of a dispersant. Aqueous TisC,T,
nanosheet dispersions can be assembled into films, polymer
composites, or even into 3D crumpled morphologies®™"" These
MXene-based bulk materials have been utilized for hydrogen
storage, antibacterial films, flexible electronics, water desalination,
and absorption of heavy metals.>™'® Additionally, because of their
high conductivity and ease of processing, there is substantial
research interest in utilizing these materials for batteries, super-
capacitors, and strain sensors.®'’23

Despite the promising properties of MXenes, questions about
their chemical stability linger. Although a number of reports do
not mention this, TizC,T, MXenes are known to oxidize over time.
This hampers the utility of Ti;C,T, (and other MXenes) in
numerous applications. Only a few prior studies have explored

this problem, but methods for preventing or delaying the
oxidation of MXenes are still not well understood. Ghassemi
et al. demonstrated the controlled oxidation of TizC,T, MXenes
under air to obtain TiO, by varying the heating rate, temperature
range, and exposure time and showed that slow heating rates
cause the formation of rutile TiO, particles whereas quick heating
rates result in the formation of anatase TiO, particles. The
formation of TiO, grains was observed through transmission
electron microscopy.>* Halim et al. observed oxidation on the
surfaces of air-aged free-standing disks made by cold pressing
various multilayer MXene nanosheets (TizC,T,, Ti,CT,, TizCNT,,
Nb,CT,, and Nb4CsT,). The authors observed an increase in oxygen
content on the surface with time.>> Maleski et al. dispersed TisC,T,
in a wide range of organic solvents (polar protic, polar aprotic, and
nonpolar) and analyzed the colloidal dispersion quality using
Hildebrand and Hansen solubility theory. The authors noted that
the color of TizC,T, in water dispersion changed from black to
white, whereas that in organic solvent dispersions stayed black
(TisC,T, MXenes are generally black and TiO, particles are white).
They proposed that the lack of color change indicates a slower
oxidation rate in organic solvents when compared to water,
suggesting the reaction of water molecules with Ti;C,T,.%° Zhang
et al. studied the degradation of MXene flakes in aqueous
solutions and reported the following: (i) the degradation of MXene
flakes is size-dependent, (ii) the decreasing colloidal stability is
correlated with MXene oxidation, and (iii) an oxidation-preventive
storage method: storing MXene-water dispersions in hermetically
sealed Argon-filled vials at 5°C. The authors suggest that the
dissolved oxygen in MXene dispersion plays a role in oxidation.?’

Despite these efforts, our current understanding of the
comparative oxidation of MXenes in different media and
conditions remains elusive. In this paper, we examine the
oxidation of TisC,T, in air, liquid (water, acetone, and acetonitrile),
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were dispersed in various media

and solid (ice and polymer) media to understand how storage
and/or dispersion media influence TisC,T, oxidation processes.
Under air, we observe a continual decrease in conductivity with a
longer exposure time. In aqueous dispersions, we observe a sharp
decrease in electrical conductivity while the dispersion retains its
dark color and colloidal stability even when the majority of it is
oxidized. Ti;C,T, dispersed in organic solvents (acetone and
acetonitrile) had a sharp drop in conductivity after being aged
14 days in each medium. In air and solid media (frozen samples
and polymer composites), the drop in conductivity was slower
than that in liquid media.

RESULTS

To prepare TisC,T, MXene clay, we followed a previously reported
procedure for etching the A layer from the parent TizAlC, (MAX
phase) in a mixture of LiF and HCl for 45 h.""?® After etching, the
TisC, T, (MXene) clay was washed with deionized (DI) water. The
TizC,T, powder was intercalated with dimethyl sulfoxide (DMSO)
and then solvent exchanged to water. The Ti;C, T, MXene in water
was bath sonicated and centrifuged, and the supernatant of
dispersed, delaminated TizC,T, nanosheets was collected. These
dispersions were freeze dried to obtain TizC,T, nanosheets, which
were used to prepare samples by re-dispersing them in liquids (DI
water, acetone, and acetonitrile) and in solid media (ice and
polymer matrices). The experimental procedure is schematically
depicted in Fig. 1.

We used the electrical conductivity of vacuum-filtered MXene
films as an indicator of the degree of oxidation in air. Prior studies
have shown that an increased oxygen content in titanium oxide
films leads to lower conductivity; similar trends also exist for
graphene conductivity and oxidation.?*3' After delamination,
aqueous dispersions of TizC,T, nanosheets were vacuum filtered
to obtain a TizC,T, nanosheet buckypaper. The buckypaper was
vacuum dried overnight to remove any excess moisture, and its
electrical conductivity was measured to be 2.49 x 10* +1.16 x 10°
Sm™'; this was used as a starting conductivity value for studying
TisC,T, oxidation in air and water. The buckypaper was kept at
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An overview of the experimental procedure: after the synthesis of Ti;C,T, MXene nanosheets from parent MAX phases, the samples

room temperature for the duration of the experiment, and its
electrical conductivity was measured over time. Over a period of
2 months, these TisC,T, vacuum-filtered films exposed to atmo-
spheric air displayed a strong decrease in conductivity (Fig. 2a).
After 27 days of exposure, the conductivity was roughly 7% of the
original value of 249x10*+1.16x10®Sm™, suggesting rapid
oxidation. The conductivity on the 64™ day was 4.90x 102Sm™,
which was less than 2% from the original 0™ day measurement.
This su%gests a strong decrease in conductivity between the 0™
and 27" day, and a weaker rate of decrease thereafter. In other
words, the sample had more reactive sites in the early stages of
the experiment such that the oxidation occurs much faster. As the
number of reactive sites decreases with time, the oxidation rate
becomes slower. The fluctuations on the later days (27" day
onwards) can be attributed to changes in air humidity since
humidity has been shown to affect the electrical conductivity of
TisC, T, MXenes.>

For our study of oxidation in liquid media, three solvents (water,
acetone, and acetonitrile) were used. We chose acetone and
acetonitrile because non-delaminated MXenes were observed to
be the most resistant in these solvents (Supplementary Figs S5
and S6). The freeze-dried TisC,T, nanosheet powder was re-
dispersed in all the three liquid solvents at a concentration of
Tmgml™" using a vortex mixer. The freeze-dried powder
dispersed back in water forming a colloidal dispersion but it did
not disperse in acetone and acetonitrile. All the samples were
prepared on the same day.

We will first discuss the oxidation of TisC,T, in aqueous
dispersions (Table 1). After storing MXenes in water for 1 week,
a portion of the dispersion was vacuum filtered into a film and its
electrical conductivity was measured; the conductivity of the
MXene sample dropped from 249x10*+1.16x10° Sm™ to
8.52x10%+1.21x 10> Sm™, or by more than 65% compared to
the original sample. After 14 days, a portion of the remaining
dispersion (supernatant) was again vacuum filtered into a film and
its conductivity was measured. The conductivity of this MXene
buckypaper was below the measurement threshold (<10°Sm™),
suggesting a significant oxidation of TisC,T,. The results are in
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Fig. 2 Conductivity vs time measurements with error bars (standard deviations) for a TisC,T, films in air, b films made from aged TisC,T,
dispersed in ice, and ¢ TisC,T,/PVA composite films. The decrease in conductivity is indicative of increasing oxidation

Table 1. Conductivity (Sm™) of films made from aqueous MXene
dispersions with varying dispersion age

Day 0 Day 7 Day 14
Water 25+0.1x10* 85+12x10% <1073
Acetone 79+37x10° 24+09x10% 40+0.6x10'
Acetonitrile 3.0+£0.2x10° 1.3+0.1x 10? 9.6+0.5x% 10"

agreement with prior literature; Zhang et al. has also reported the
complete oxidation of their Ti;C,T, MXene dispersion within a
span of 2 weeks.?” Their claim was based on a drop in ultraviolet
(UV) absorbance while ours is based on a drop in conductivity.
Although our water-TizC,T, system was (initially) a stable colloidal
dispersion and black in color (Supplementary Fig. S1), UV-visible
(UV-vis) measurements (Supplementary Fig. S2) revealed a
massive drop in concentration to 0.2mgml~" from the original
Tmgml~". The remaining stable colloidal particles had a ¢
potential of —25.1mV, indicative of a strong electrostatic
repulsion between the dispersed particles. This suggests that
the TisC,T, colloidal particles may be oxidized but not to the
extent that they become colloidally unstable. X-ray photoelectron
spectroscopy (XPS) analysis revealed a high TiO, content of 55.8%,
confirming oxidation (Supplementary Fig. S3). These data collec-
tively suggest that TisC,T, colloidal stability and black color are
not always directly correlated with the degree of oxidation.?%?’

In addition to investigating the chemical stability of TizC,T, in
aqueous dispersions, we also investigated the effects of humidity
on the chemical stability of TisC,T, buckypaper. The TisC,Ty
buckypaper samples were stored in three different relative
humidity (RH) conditions: 0, 50, and 80%. The conductivity of
these samples was measured and the results are shown in
Supplementary Fig. S7a. The samples stored in a dry condition (RH
0%) maintained their conductivity well over a span of 3 weeks,
while the samples stored in humid conditions experienced
significant drops in conductivity. The wettest sample kept in RH
80% experienced the highest drop in conductivity; the increase in
TiO, content in this sample correlates well with the decrease in
conductivity as shown in Supplementary Fig. S7b.

The freeze-dried TisC,T, powder formed a temporary stable
colloidal dispersion in acetone and acetonitrile (Supplementary
Fig. S8) after vortex mixing even though the Ti;C,T, powder did
sediment out after a few minutes. Vacuum-filtered films were
prepared by vacuum filtering the temporary dispersions right after
vortex mixing (results in Table 1). By day 14, TizC,T, aged in all
three of the solvents experienced a similar drop in conductivity.
However, by day 21, samples prepared from aging in each
acetone and acetonitrile possessed a higher conductivity than the
sample prepared from water. This indicates that Ti;C,T, oxidation
in acetone and acetonitrile occurs at a lower rate than in water.
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The continued oxidation in acetone and acetonitrile can be
attributed to their hygroscopicity. It is probable that they (acetone
and acetonitrile) absorbed and retained water during the
experiment. Ti3C,T, MXenes also have a high affinity for water
molecules, such that any water present in the atmosphere and/or
the solvents would interact with the nanosheets and contribute to
oxidation over time® Overall, our data suggest that storing
MXenes in liquid media is conducive to oxidation.

Oxidation in ice was assessed by first dispersing TisC,T, in water
and then freezing it below 0 °C. The ice samples were thawed by
keeping the vials in room-temperature water for 20 min. Post
thawing, the samples were vacuum filtered to obtain buckypaper;
the buckypaper was vacuum dried overnight to remove any
excess moisture and then its electrical conductivity was measured.
The electrical conductivity (as seen in Fig. 2b) compared to the
original was, and 23% over 7, 14, and 21 days, respectively (in
comparison, Zhang et al. reported a 43% drop in MXene
concentration in the fresh sample after 25 days in their system
in which the samples were kept at 5°C and pressurized under
Argon; presumably, the drop in concentration is the result of the
MXenes sedimenting out). Overall, the frozen samples retained the
electrical conductivity (within the same order of magnitude) quite
well compared to the samples in liquid medium, indicating slower
oxidation. The slower oxidation can be attributed to the slower
kinetics due to the solid media and lower temperature. TizC,Ty
MXenes in solid media display slower oxidation rates. Even so, the
oxidation process cannot be entirely prevented.

TizC,T, has also shown its potential as a filler in polymers with
enhanced electrical conductivity, mechanical performance, and
electromagnetic interference shielding performance.>®'% 1434
However, no studies have explored any decrease in performance
of these materials due to TisC,T, nanosheet oxidation. This issue is
critical because of the potential commercial applications of these
TizC,T,/polymer composites. If MXene/polymer composites
degrade over a short time scale (1-3 weeks), then the long-term
utility of such materials becomes compromised, especially for
materials that rely on electrical conductivity.

To assess the degradation of MXenes in polymer composites,
we synthesized Ti3C,T,/polyvinyl alcohol (PVA) composites and
measured the decrease in electrical conductivity with time (Fig.
2¢). PVA is a water-soluble polymer with a repeat unit of [CH,CH
(OH)],.. It is widely used commercially because of its hydrophilicity,
biodegradability, and non-toxicity.>> The freeze-dried TisC,T,
nanosheet powder was used to prepare these vacuum-filtered
polymer composites at the following ratios: (1) 50-50 wt% TizC,T,
to PVA respectively and (2) 10-90 wt% TisC,T, to PVA respectively;
both samples were kept under atmospheric conditions for the
duration of the experiment. The conductivity of 50-50 wt%
TisC,T,/PVA sample was roughly 40% of its original value on the
30™ day and 20% of the original value by the 57™ day. The
conductivity of 10-90 wt% TisC,T,/PVA sample was roughly 7% of
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the original value on the 29™ day and 4% of the original value by
the 50" day. Similar to the TisC,Ty film in air, there seems to be a
strong decrease in conductivity within the first 4 weeks, followed
by a more gradual decrease in conductivity thereafter (seen in
detail in Fig. 3). This indicates a slowdown in the oxidation of
TizC,Ty, most likely due to the decreasing number of reactive sites
with time. Note that the two polymer composite samples
(regardless of the amount of polymer) and the TisC, T, film in air
sample follow a similar trend. This suggests that the mechanism of
oxidation in polymer composite is not affected by the amount of
polymer, and the hydrophilic polymer does not form an effective
protective barrier to prevent oxidation.

These findings are consistent with the observations made on
our recently reported layer-by-layer (LbL) films.?*> Over a course of
4 weeks, the absorbance of these MXene/PDAC LbL films
decreased, suggesting oxidation (Supplementary Fig. S9).

We also examined oxidation under UV irradiation. In previous
studies, TizC,T, dispersions have demonstrated a strong absor-
bance in the wavelength range of 250-300 nm."" Therefore, we
hypothesized that the exposure of TisC,T, to UV light in this
wavelength range would accelerate oxidation. Based on our data
(Fig. 4 and Supplementary Table S1), there is a strong downtrend
in conductivity with a longer UV time exposure, suggesting an
increase in oxidation. It took only 24h of UV exposure under
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atmospheric conditions to cause a conductivity loss of over > 85%,
while a similar sample under atmospheric conditions and stored in
relative darkness experienced a conductivity loss of over >85% in
27 days. This has serious implications for TizC,T, MXene
composites made from UV-cured polymers; UV curing may
degrade Ti3;C,T, MXenes within the monomer.

We argue that there are two reasons for the accelerated TizC,T,
oxidation under UV light. The first is the transformation of UV light
to heat, leading to an increased oxidation kinetics. It has been
demonstrated that TizC,T, MXenes can absorb light and convert it
to heat with almost 100% efficiency.>® The second is the
generation of radicals under UV light that may attack the TisC,T,
surface, causing further oxidation. We surmise that the UV light
interacts with the TiO, causing O- and OH- radical formation from
the oxygen and moisture present in the environment” With
longer UV exposure times, more radicals were generated, leading
to more oxidation. Even so, more experiments need to be done to
properly assess UV effects on Ti;C,T, oxidation.

DISCUSSION

We assessed TisC,T, oxidation behavior in air, liquid, and solid
media; we observed that the oxidation is the slowest in solid
media and the fastest in liquid media. In water, TizC,T, oxidizes
within 2 weeks, and the data suggest that the dispersion’s black
color and colloidal stability are not reliable indicators of oxidation,
contrary to the prior reports. From a storage perspective, TisC,Ty
can be preserved in ice (and to a lesser extent in some organic
solvents) to decrease oxidation or freeze dried to form a re-
dispersible powder. Ti;C,T, composites, regardless of the amount
of polymer, display similar profiles in terms of decrease in
conductivity, suggesting that the polymer does not act as a barrier
to decrease oxidation. Additionally, we have found that exposure
to UV accelerates oxidation in TisC,T, films. We anticipate that this
will be one of the many studies needed within the MXene
community to understand and prevent their oxidation and allow
for their longer shelf life and reliable functional properties.

METHODS
Synthesis of TizAlC, MAX phase

Commercial Ti (average particle size 44 um, 99.5% purity), Al (average
particle size 44um, 99.5% purity), and TiC powders (average particle size
2-3 um, 99.5% purity) (all from Alfa Aesar, MA, USA) were used as starting
raw materials to synthesize TisAIC, MAX phase. To prepare homogeneous
powder mixtures, Ti, Al, and TiC powders were first weighed to achieve Ti:
Al:C = 3.0:1.2:1.8 ratio and mixed together using ball milling with zirconia
beads in a glass jar at a speed of 300 rpm for 24 h. Then, the bulk high-
purity TisAlIC,; samples were sintered at a temperature of 1510 °C for 15 min
with a loading of 50 MPa using Pulsed Electric Current System (PECS). To
fabricate high-purity TisAIC, powder, the PECSed sample was first drill
milled and sieved to obtain powder with particle sizes below 44 um."

Synthesis of TizC,T, MXene clay

TizC,Tx MXene clay was synthesized by etching Al from the TizAIC, phase
using the technique described by Ghidiu et al.3® Concentrated hydro-
chloric acid (HCI, ACS reagent, 37% w/w; Sigma-Aldrich) was diluted with
DI water to obtain 30 ml of 6 M HCl solution. This solution was transferred
to a polypropylene (PP) beaker and 1.98 g of lithium fluoride (LiF, 98 + %
purity; Alfa Aesar) was added to it. This dispersion was stirred for 5min
using a polytetrafluoroethylene magnetic stirrer at room temperature.
TizAlIC, MAX phase powder was slowly added to the HCl + LiF solution to
prevent overheating as the reaction is exothermic. The PP beaker was
capped to prevent the evaporation of water, and a hole was made in the
cap to avoid the buildup of hydrogen gas. The reaction mixture was stirred
at 40°C for about 45 h. The slurry product was centrifuged and washed
with DI water to remove the unreacted hydrofluoric acid and water-soluble
salts. This washing process was repeated until the pH of the filtrate
reached a value of about 5. The reaction product was collected at the
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bottom of the PP centrifuge tubes and was extracted as TisC,T, MXene
clay."

Intercalation and delamination of Ti;C,T, MXene clay

Ti3sC,Tx MXene clay was intercalated with DMSO and eventually bath
sonicated to obtain an aqueous dispersion of delaminated Ti;C,T, MXenes
following the procedure described in more detail by Mashtalir et al.” DMSO
(ReagentPlus, >99.5%; Sigma-Aldrich) was added to TisC,T, MXene to form
a 60 mg/ml suspension followed by about 18h of stirring at room
temperature. After intercalation, the excess DMSO was removed by several
cycles of washing with DI water and centrifugation at 5000 rpm for 4 h. The
suspension of intercalated TisC,T, MXene clay in deionized water was bath
sonicated for 1h at room temperature followed by centrifugation at
3500 rpm for 1 h to separate the heavier components.'

Preparation of Ti;C,T, vacuum-filtered film before freeze drying
After centrifugation, the supernatant was collected and vacuum filtered on
a polytetrafluoroethylene membrane (0.45-um pore size). The vacuum-
filtered film was then vacuum dried overnight. This was the reference for
all vacuum-filtered samples.

Freeze drying TisC,T, nanosheets

After centrifugation, the collected supernatant was stored in a freezer (<0°
Q) and then freeze dried (Labconco FreeZone) for 3 days to obtain TizC,T,
nanosheet powder.

TizC,Ty in organic solvent

The freeze-dried TizC,T, powder was added to 100 ml of acetone and
acetonitrile at a concentration of 1 mgml™". Ti;C,T, powder in both the
organic solvents was mixed with the aid of a vortex mixer to form a
temporary colloidal solution as all the TizC,T, powder sedimented out after
a few minutes (for both acetone and acetonitrile). Therefore, to obtain a
vacuum-filtered film, the solution was vacuum filtered right after vortex
mixing. The vacuum-filtered film was then vacuum dried (to eliminate any
moisture) before the conductivity was measured.

TisC,Ty in water

The TizC,T, powder (concentration of 1 mg ml~") was added to 100 ml of
water and shaken with the aid of a vortex mixer; the powder dispersed
upon contact with water. Ten milliliters of the sample was drawn out every
week to prepare a vacuum-filtered film. The film was then vacuum dried
overnight (room temperature) before its electrical conductivity was
measured.

TisC,Ty in ice

Forty milliliters from the water dispersion was drawn out and separated
into four 10 ml samples. The four samples were stored in the freezer to
freeze the samples. To prepare a film to measure the electrical
conductivity, each sample was thawed by submerging the sample
container in room-temperature water. After thawing, the sample was
vacuum filtered to obtain a film; the film was then vacuum dried overnight
before its electrical conductivity was measured.

TisC,T, in polymers

TizC,T, powder and PVA (one sample with 50-50wt% and another with
10-90 wt%, respectively, with a total solid concentration of 1 mgml~)
were bath sonicated for 15 min and then vacuum filtered to obtain a
polymer composite film. These films were vacuum dried overnight (room
temperature) before their electrical conductivity was measured.

UV oxidation

TisC,T, dispersion was vacuum filtered for 30 min to obtain a buckypaper
film and then it was vacuum oven dried overnight to remove all moisture.
Conductivity of the TisC,T, film was measured before and after UV
exposure. All the experiments were done under dark housing, where the
only source of light the sample was exposed to was the UV lamp (254 nm,
4W, 0.16A).
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Characterization

Conductivity measurements were done using 4-Point Resistivity Probe
powered by Keithley 2000, 6221, and two 6514s. XPS measurements were
conducted using Omnicron XPS. Zeta potential was measured using
Malvern Zetasizer ZS90. UV-vis measurements were done using Shimadzu
UV—vis 2550.
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