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ABSTRACT: Two-dimensional transition metal carbide and nitride
nanomaterials, known as MXenes, exhibit low chemical stability in aqueous
environments; they tend to oxidize and react with water molecules, resulting
in structural degradation and decreased electrical conductivity. This
significantly limits their storage lifetime and potential use in the presence
of water, particularly in nanosheet-assembled films for battery electrodes
and functional coatings. Here we demonstrate that thermal annealing of
Ti3C2Tz films at elevated temperatures (∼600 °C) causes changes in the
termination distribution as well as the formation of a protective layer of
TiO2 on the outermost layer of films. The induced chemical and structural
changes during thermal treatment arrest MXene oxidation and enable the
MXene films to be stable in aqueous solutions for over 10 months.
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MXenes are a family of 2D layered transition metal
carbides, carbonitrides, and nitrides with the general

chemical formula of Mn+1XnTz, where M represents an early
transition metal such as Ti, V, Nb, Cr, and Mo; X is C and/or
N; T refers to terminal groups; n ranges from 1 to 5; and z
reflects the number of terminal groups.1−5 MXenes with a
multilayered structure (MXene clay) are typically synthesized
by a top-down selective etching step in fluoride-containing acid
(i.e., HF) to dissolve and extract an A layer from their MAX
counterpart, where A refers to a group 13 or 14 element, such
as Al and Si.6,7 Single- or few-layered MXene nanosheets,
which are one to a few nanometers thick, can be further
derived by exfoliation of these multilayered MXene structures
by agitation or sonication.7−11 One of the most-studied
members in the family of MXenes, Ti3C2Tz, is terminated
with numerous functional groups (-OH, -O-, -F, and -Cl)
during etching and exfoliation in the aqueous phase. Terminal
groups such as -OH and -O- enable MXene nanosheets’
hydrophilicity and surface electronegativity, making them
readily dispersible in water and certain polar organic solvents.
Freestanding films made from Ti3C2Tz have shown promise in
flexible energy storage devices such as supercapacitors,2,12,13

portable electronics,14 electromagnetic interference shielding
coatings,15 and gas-separation membranes.16 The wide range
of applications are enabled by MXenes’ excellent electrical
conductivity, abundant surface functionalities, metallic proper-
ties, in-plane stiffness, and large-scale processability by
filtration, blade coating, spray coating, layer-by-layer coating,
and drop-casting methods.7,17−19

However, MXene nanosheets oxidize rapidly in aqueous and
humid environments, resulting in the degradation of the 2D
structure into transition metal oxides and carbon residues,
which precludes many of the properties that make MXenes-
made devices attractive.19−21 Early reports claimed that
Ti3C2Tz nanosheets react with dissolved oxygen in water and
fully oxidize within just 15 days.22 More recent studies,
including our own, revealed that MXenes are prone to react
with water molecules rather than dissolved oxygen.19,21 In
addition, freestanding MXene thin films also suffer from
oxidation and loss of functional performance, but at a slower
rate than in the dispersed form. Rapid decreases in the
electronic conductivity and growth of TiO2 nanocrystals were
observed on Ti3C2Tz films stored in humid air.19,23,24

This limited lifetime for MXene devices has prompted a
search for strategies to mitigate MXene oxidation and
degradation. A number of studies have focused on slowing
down MXene oxidation by controlling the storage conditions
and restricting the exposure of MXenes to water and
oxygen.19,20,22,25−27 In addition, oxidation can be mitigated
by introducing antioxidants such as ascorbate and polyphos-
phoric anions.28,29 Lee et al. reported that reducing Ti3C2Tz by
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H2 annealing can mitigate the oxidation of MXene film.23 They
reported that the TiO2 formed by MXene oxidation could be
reduced by H2 gas at elevated temperatures. They also found
that the fresh MXene films annealed in a H2 environment have
even slower oxidation rates in humid environments. However,
the enhanced stability of MXene films was solely attributed to
its reaction with H2; the effect of structural alterations brought
up by thermal annealing on film stability was not addressed. In
addition, the long-term stability of annealed MXene films that
are immersed in water has not been discussed in prior studies.
In this study, we demonstrate that thermally annealing

freestanding MXene films under inert argon gas can induce
surface and structural modifications which increase the
chemical stability of the films and extend their storage life in
water. Through annealing, a sandwich-like film structure was
developed, with the formation of a protective TiO2 layer on the
films’ surfaces and more compact nanosheet stacking that
prevents water ingress and degradation of the interior
structure, shown schematically in Figure 1. As-prepared
Ti3C2Tz films were annealed at 300 and 600 °C, respectively,
to address the differences in stability caused by low and high
annealing temperatures. In contrast to the fully degraded
untreated Ti3C2Tz film and films annealed at 300 °C, almost
no changes in chemical structure and composition were
observed in films annealed at 600 °C, even after 10 month
storage in water. This method allows MXene thin films to have
an extended lifetime and be used in a range of environments.
Ti3C2Tz nanosheets (Figure 2a) were first derived from

Ti3AlC2 following prior methods; we use the in situ HF
method with a solution of LiF and HCl as etchant, followed by
intercalation and delamination (sonication) steps.6,7,30,31

MXene films used in this work were prepared by vacuum
filtration of nanosheet dispersions through a poly(ether
sulfone) filter; these films were dried under vacuum and
peeled off from the polymeric filter (Figure 2b). The
freestanding films were heated and annealed at either 300 or
600 °C in a tube furnace under argon flow. Before heating, the
quartz tube was purged with desiccated high-purity argon for
36 h to remove trapped air and water molecules. After

annealing, films were transferred into DI water and stored for
10 months.
X-ray diffraction, XRD, indicates the structural trans-

formation from Ti3AlC2 MAX phase to Ti3C2Tz nanosheets
by the shift of the (002) XRD peak from 2θ = 9.8° to 2θ = 6.0°
(Figure 2c). After annealing at 600 °C, the (002) peak shifted
slightly back from 2θ = 6.0° to 2θ = 8.7° (Supporting
Information Figure S1), suggesting a decreased interlayer
spacing which may be caused by the loss of bonded water and
terminal groups.32 Anayee et al. and Persson et al. discovered
that annealing MXenes up to 600 °C results in the release of
intercalated and bonded H2O, H2, OH, CO2, CH4, and HF.

1,33

The absence of these attached or desorbed species caused the
nanosheet stacking to become more compact. After the 10
month storage in water, MXene film previously annealed at
600 °C retains the pronounced (002) peak; however, the
(002) peaks completely vanish for unannealed and 300 °C
annealed films. Instead, (101) and (110) peaks appear,
indicating the formation of anatase TiO2 and rutile TiO2,
respectively, suggesting the complete oxidation and degrada-
tion of unannealed and 300 °C annealed films.34,35 We
observed that Ti3C2Tz films become less flexible and more
brittle after annealing and storage, likely due to the reduced
number of functional groups. Functional groups can act as a
“mortar” between nanosheet “bricks”, similar to terminal group
behavior for graphene oxide (GO).36,37 This may potentially
limit the films’ performance in particular applications.
Ti3C2Tz films annealed at elevated temperatures did not

show significant changes in appearance compared to as-
prepared films (Figure 2d,e). However, after 10 month storage
in DI water, films annealed at 300 °C turn cloudy white, while
the samples annealed at 600 °C did not show any noticeable
difference in appearance, as it is shown in Figure 2f,g. The
color change of the films suggests that the MXene film
annealed at 300 °C fully degraded in water after the 10 month
storage. MXenes typically degrade and lose properties in water
within a month.19−22 However, MXene films annealed at 600
°C remained gray-black, with no visible changes in color before
and after storage. This is remarkable because MXene films can

Figure 1. Schematic of Ti3C2Tz film preparation. Films were made by vacuum filtering Ti3C2Tz MXene nanosheets and then annealing at high
temperatures under argon. Annealed MXene films were stored in distilled water for 10 months. The films annealed at 300 °C were completely
oxidized and degraded. The films annealed at 600 °C only show oxidation on the surface; the oxidized layer acts as a barrier for water penetration
and protects the inner layers of the film.
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be stable for over 10 months in water without any changes in
synthesis recipes and introducing any antioxidation additives.
The cross-sectional SEM image of a film annealed at 600 °C

and then stored for 10 months in water appears similar to the
as-prepared film displaying a layered structure (Figure 2h,j and
Figure S2). However, the film annealed at 300 °C changed
from a layered structure of stacked nanosheets to an
amorphous structure after long-term storage in water (Figure
2i).
The surface morphology of Ti3C2Tz film after being

annealed at 300 °C and stored in water for 10 months
exhibited an amorphous nature with large aggregates present
(Figure S3). In contrast, stacked nanosheets were observed on
surface of the film annealed at 600 °C and stored at the same
conditions. We next compare the surface of 600 °C-annealed
film before and after 10 month storage; Figure S3f shows that
the surface of the stacked nanosheets are covered with 30−60
nm hills, which were not visible on the as-prepared (Figure
S3a) and 300 °C-annealed films (Figure S3b).

In addition, the effect of annealing on individual Ti3C2Tz
nanosheets was investigated. The nanosheets were first drop-
cast and dried on a plasma-treated mica disc and then annealed
at 550 °C. Atomic force microscopy (AFM) suggested that
small bumps 3−9 nm in height formed on annealed nanosheets
(shown in Figure S4). In contrast, as-prepared nanosheets
exhibited cleaner surfaces without bumps. This indicated that
some TiO2 particles may form on the nanosheets during high-
temperature annealing even in an inert atmosphere.
X-ray photoelectron spectroscopy (XPS) was used to

measure changes in the MXene film surface chemistry after
annealing and 10 month storage in water. The survey spectra
and surface elemental compositions obtained by XPS are
displayed in Figure S5 and Table S1. After being annealed at
300 °C, the high-resolution spectra of Ti 2p and C 1s did not
vary much from the as-prepared films, except for a slight
increase of Ti(IV) content (around 5 at. %), shown in Figure
3a,b. The slight oxidation may be caused by the reaction
between the debonded surface water and Ti−C. After 10

Figure 2. (a) Morphology of freeze-dried Ti3C2Tz nanosheets by scanning electron microscopy (SEM) and (b) freestanding Ti3C2Tz film made by
vacuum filtration; (c) X-ray diffraction (XRD) spectra of Ti3AlC2 MAX phase particles, as-prepared film made by nanosheets prior to annealing,
and annealed MXene films subject to 10 month storage in water. Images of (d) films after annealing at 300 and 600 °C, (e) annealed films in water
after 24 h, (f) films stored in water after 10 months, and (g) annealed, stored films after being dried. Cross-section images for (h) as-prepared
MXene film, (i) film annealed at 300 °C and then stored in water for 10 months, and (j) film annealed at 600 °C and then stored in water for 10
months.
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month storage in water, films annealed at 300 °C were
completely oxidized, as it is indicated by the rise of Ti(IV)
component percentage from 23.1 to 88.1 at. % and the
disappearance of the C−Ti−Tz peak (shown in Figure 3e and
Figure S6). Combined with the evidence of the films’ color
change, these data suggest that the films annealed at 300 °C
were completely oxidized and degraded after the 10 month
storage in water.

XPS suggests that the surface of MXene films was severely
oxidized after being annealed at 600 °C by showing a Ti(IV)
content of 56.0 at. % and decreased C−Ti−Tz content in
Figure 3c,d. Titanium carbonates (-O−CO−O-) were also
observed after 600 °C annealing, suggested by a pronounced
peak at around 290 eV. The Ti(IV) content increased even
more to 87.0 at. % after the 10 month storage in water. In
addition, films annealed at 600 °C showed relatively

Figure 3. Ti 2p and C 1s spectra obtained by X-ray photoelectron spectroscopy (XPS) analysis for (a, b) Ti3C2Tz film annealed at 300 °C, (c, d)
Ti3C2Tz film annealed at 600 °C, (e) 300 °C-annealed Ti3C2Tz film after 10 month storage in water, (f) 600 °C-annealed Ti3C2Tz film after 10
month storage in water, and (g, h) Ti 2p and C 1s spectra of the same film tested in panel f after being sputtered for 20 min by Ar+ at a current of
15 mA.
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unchanged Ti, C, and O compositions before and after the
long storage (indicated in Table S1). In combination with
prior SEM observations, the results indicate that a surface layer
of TiO2 formed uniformly after the 600 °C annealing step.
Since the system was purged with inert gas, the formation of
TiO2 and carbonates is more likely caused by the oxidation
reaction from surface attached H2O molecules and O-
containing functional radicals.
However, the oxidation of a 600 °C-annealed film surface as

indicated by XPS is not obvious in the unchanged visible
appearance of the film. Since XPS is limited to characterizing
only the topmost surface of the films, the removal of the film
top layer is needed to determine the interior film composition.
Argon sputtering was used to remove the outmost layer of the
stored MXene film annealed at 600 °C. The interior
composition of the film was much less oxidized, indicated by
a significant drop of Ti(IV) content from 87.0 to 33.0 at. % in
Ti 2p XPS spectra before and after Ar sputtering for 20 min. In
addition, pronounced C−Ti−Tz peaks (with binding energy of
281.6 and 282.4 eV) reappeared after sputtering, as it is shown
in Figure 3h. The chemical composition of Ti(IV) of the
sputtered sample may be even lower since Ar sputtering that
etched the surface layer, at the same time, could also have
mixed some surface TiO2 components into the interior region,
depending on the ion current and time applied in the
sputtering. Sputtering at a reduced duration resulted in a
relatively higher TiO2 composition, while longer sputtering
time leads to lower Ti(IV) content, as it is shown in Figure S7.
XPS results also suggest that a layer of TiO2 formed on the film
surface when the sample was annealed at 600 °C; however, the
protected interior part of the film did not show severe
oxidation even after 10 months of being in contact with water.
To better characterize the difference in the degree of

oxidation between the Ti3C2Tz film’s surface and interior
structure of the film, elemental analysis was conducted by
energy dispersive X-ray spectroscopy (EDS), shown in Figure
S8. The elemental mappings of oxygen and titanium are
displayed in Figure S9. The extent of oxidation was determined
by oxygen content in the defined regions of the film cross-
section. The oxygen content in the region close to the surface
of the film was calculated to be 45.4 wt %, much higher than
25.6 wt % in the interior of the film. In addition, the titanium
percentage of the interior region was 51.6 wt %, which was

higher than the surface layers at 36.2 wt %. The elemental
contents of fluorine and chlorine are also found to be higher in
the interior region than close to the film surface. Our findings
with EDS confirm that the MXene film was more oxidized on
the surface, while Ti3C2Tz was mostly retained in the film
interior.
The oxidation layer formed on the film’s surface was also

confirmed by the surface wetting behaviors. Figure S10 shows
that after being annealed at 300 °C, the contact angle of water
on the film increased from 60° to 74°, indicating increased
surface hydrophobicity. This may be caused by the loss of
surface terminal groups and bonded water during annealing.
However, the film annealed at 600 °C exhibits a much smaller
contact angle of 28°. This suggests that the film surface turns
hydrophilic with the formation of a TiO2 layer at the elevated
temperature.
On the basis of XPS and EDS results, we propose that the

dense TiO2 layer covering the film’s surface may act as barriers
preventing water ingress and oxidation in the interior.
However, there are difficulties in determining these surface
property changes experimentally, which need to be addressed
in future work. In addition, XRD suggests that annealing
MXene films at elevated temperatures may cause the stacked
nanosheets to form a more compact packing, which could be
another obstacle for water permeation and oxidation. This is
consistent with prior reports.14,38 Another possibility for the
enhanced stability of 600 °C annealed film is reduction of the
number of oxygen-containing groups in the films. This is
indicated by the decreased content of Ti−Ox, Ti−OH, and
bonded H2O in O 1s XPS spectra shown in Figure S11 and
Table S2.
We next investigated how thermal annealing and storage

change the electrical properties of Ti3C2Tz films (Figure 4).
The electrical conductivity was found decreased after 300 °C
annealing but increased after 600 °C annealing. First, the
increased film conductivity after 600 °C annealing may be
caused by the reduced amount of oxygen-containing functional
groups attached to the MXene surface. Berdiyorov and Jiang et
al. reported that a considerable reduction of the electronic
transmission can be caused by the terminated oxygen-
containing groups.39,40 Attached functional groups may have
electron-withdrawing ability which prevents the electronic
transmission within nanosheets,41 so removal of these oxygen-

Figure 4. (a) Electronic conductivities of Ti3C2Tz film before and after being annealed at 300 and 600 °C and then stored for consecutive days in a
humidity-controlled chamber at 80% RH; (b) frequency dependence of the AC conductivities measured by dielectric spectroscopy.
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containing groups via high-temperature annealing (at 600 °C)
will accelerate the electronic transmission. In addition,
suggested by reduced d-spacing of MXene flakes after
annealing, more compact MXene films may cause faster
electronic transmission due to more nanosheets overlaps and
contacts. The stability of MXene film conductivity is also
investigated. When stored in a chamber with controlled
humidity at 80% RH (high humidity is used to shorten the
experimental duration), the film annealed at 600 °C exhibited
more stable conductivities than both the as-prepared and 300
°C annealed samples shown in Figure 4a.
We also investigated the frequency-dependent AC con-

ductivity in the annealed films’ cross-section direction by
dielectric spectroscopy, from 0.1 Hz to 10 MHz. The results
(Figure 4b) show that the Ti3C2Tz film annealed at 300 °C
exhibited the lowest conductivity. However, the as-prepared
and 600 °C annealed Ti3C2Tz films exhibited higher
conductivity and show similar electronic properties. This
suggests that the TiO2 layer induced in annealing is thin and
does not affect the electrical properties of the MXene film. In
addition, despite the existence of the thin oxidized surface
layers, the AC conductivity of 600 °C annealed film was
retained due to the more compact surface structure and
reduced amount of electron-withdrawing surface function-
alities.
Radio-frequency (RF)-induced heating can also be used to

quantify the interactions between the MXene films and
electromagnetic waves; this heating response is correlated
with the structure and AC bulk conductivities of the samples.42

Figure S12 shows the dynamic thermal response of these
structures; again, the 600 °C annealed films (before storage in
water) showed a response similar to the as-prepared structure,
whereas the plateau temperature for the 300 °C annealed films
is far lower, indicating a loss of conductivity.
Our study demonstrates that annealing Ti3C2Tz films at

elevated temperatures such as 600 °C helps to prevent film
degradation, even for films stored in water for over a 10-month
period. This method significantly extends the oxidation
resistance of Ti3C2Tz MXene films, which may be potentially
used as functional coatings, electrodes in batteries and
supercapacitors, membranes, and catalytic surfaces and may
broaden the durable application of MXene devices in aqueous
environments.
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