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ABSTRACT: Despite prior reports on oxidation and oxidation
mitigation for Ti,,;C,T, MXenes, there have been no reports on
the oxidative stability of MXene dispersions outside of this family
to date, including Nb-based MXenes. Here, we monitor the
oxidative stability of Nb,,;C, T, MXenes by using UV-—vis
absorbance and XPS and demonstrate methods to mitigate
oxidation. We show that the inclusion of an antioxidant (i.e.,
ascorbic acid) and low temperature storage improve the oxidative
stability of Nb,,,,C,T, MXenes. We also demonstrate that MXenes
with higher “n” are more oxidatively stable. Our results suggest that
the use of an antioxidant and low temperature storage may be
generalized for improving the oxidative stability of all MXenes
outside of the Ti,,;C,T, family. This discovery shows potential for
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the future use of new MXenes and that MXenes with higher “n” are more favorable for long-term storage and use.

B INTRODUCTION

Despite the widespread interest in MXenes with compositions
beyond the Ti family, little is known about the colloidal and
oxidative stability of Nb-based MXenes. MXenes are a class of
2D nanomaterials with numerous possible compositions owing
to the ability to vary both the M and X elements of the parent
MAX phase with Nb-based MXenes being among the possible
compositions that have been successfully synthesized."”
Although numerous MXenes have been theoretically predicted
to exist, only a fraction has been experimentally synthesized to
date.” MXenes have the chemical formula M,,,X,T, and are
obtained by selectively etching the ‘A’ element from a MAX
phase precursor where M is a transition metal, A is a group 13
to 16 element, X is either carbon or nitrogen, T is a surface
terminal group, and n is 1, 2, or 3. By changing the M and X
components, a broad range of electrical and optical properties
can be obtained, enabling the use of MXenes in a wide variety
of applications (e.g., energy storage, sensing, catalysis, and EMI
shielding).”™” Despite the wide variety of possible MXenes,
most studies to date have been focused on Ti;C,T,. More
recelgtllyz, Nb-based MXenes have drawn increasing inter-
est.

However, the shelf life of MXenes is significantly hindered
by their poor oxidative stability, which makes it difficult to use
them in a number of devices, and in the case of Nb,,,C,T,
MXenes, the shelf life has not been reported to date.*”'
Previous studies by Zhang et al. demonstrated that colloidal
dispersions of TiyC,T, oxidize completely within days."* The
poor oxidative stability of Ti;C,T, was also observed by Lee et
al. for MXene films."> Oxidation of the MXene results in the
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conversion of the MXene to its respective metal oxide
accompanied by a significant reduction in conductvity."’

As such, a number of methods have been explored to
improve the oxidative stability of MXenes."”™">'"~'? Initial
studies explored storage at low temperatures and in inert
environments such as Ar.'*'® Unfortunately, these storage
conditions are not always feasible when using MXenes in
devices. More recently, our group has demonstrated that the
use of antioxidants can significantly improve the shelf life of
Ti,C,T,'”*" The effectiveness of this method has already been
demonstrated for their respective MXene-based films.® In this
case, films assembled with antioxidant-treated Ti;C,T, were
less prone to oxidation as compared to those assembled
without an antioxidant. Although a number of studies have
explored the oxidation of Ti;C,T, MXenes, the oxidation of
Nb,,,,C,T, MXene dispersions is yet to be studied. Palisaitis et
al. had previously shown that the Nb/O ratio of Nb,CT,
MZXenes will decrease over time, indicating oxidation.”!
However, this study was done using drop-cast films as opposed
to dispersions. As new MXenes are synthesized and their
possible applications are explored, it is critical to expand these
oxidation studies to new MXenes.
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Here we report, for the first time, on the oxidation stability
of Nb,,,C, T, MXenes in aqueous dispersions and demonstrate
methods to improve their shelf lives. The two methods
evaluated in this work are low-temperature storage and the
addition of an antioxidant, specifically ascorbic acid, to verify if
these methods are applicable to MXenes outside of the
Ti,,,C,T, family. We then compare the oxidative stability of
Nb,,,,C,T, MXenes with different n values. Similar to previous
reports for Ti;C, MXenes, UV—vis absorbance of Nb,,,C,T,
dispersions was used as a metric for the degree of oxidation.'*
We then use a first-order reaction model to assess the
oxidation reaction kinetics.

B METHODS

Nb,,,AlC, MAX phases were synthesized by pressureless
sintering in a S0 mm alumina tube vacuum furnace (MTI
Corp.). First, Nb (325 mesh, 99.8%, Alfa Aesar), Al (325 mesh,
99%, Alfa Aesar), and graphite (7—11 um, 99%, Alfa Aesar)
elemental powders were mixed at 300 rpm for 24 h using 35
mm diameter zirconia cylinders in a jar rolling mill. Atomic
ratios of Nb/Al/C = 2:1.1:0.95 and Nb/Al/C = 4:1.5:2.7 were
used for Nb,AlC and NbLAIC;, respectively. The mixed
powders were then loaded into alumina crucibles for sintering
in the tube furnace. The tube furnace was evacuated using a
two-pump vacuum system and backfield with ultra-high purity
Ar (UHP Ar). Sintering was completed at 1600 °C for Nb,AIC
and 1650 °C for Nb,AlC; under flowing UHP Ar with a dwell
time of 4 h. The samples were then allowed to cool under
ambient conditions to room temperature and were then
ground with an alumina mortar and pestle and sieved to obtain
20—45 pm particle size distribution.

Similar to previous reports, Nb,,;C, T, was obtained by
selectively etching Al from the parent MAX phase using HF
(48—51%, Alfa Aesar).””** 20 mL of stock HF was added into
a 100 mL polypropylene beaker with a lid. Holes were drilled
in the lid to prevent gas buildup during etching. 1 g of the
MAX phase powder was slowly added to the etching container
over 5 min to mitigate overheating due to the exothermic
reaction. MAX phase powders were then etched for 90 and 118
h for Nb,AIC and Nb,AIC;, respectively, at room temperature
with constant stirring. After etching, excess HF was removed
by centrifugal solvent exchange with DI water at 9000 rpm for
20 min. Washes were repeated until the pH of the decanted
solution reached ~ 6.

The obtained Nb,,,,C, T, clay was dispersed in 25 mL of 20
wt % tetrabutylammonium hydroxide (TBAOH, 40 wt %,
Sigma-Aldrich) in water per gram of the starting MAX phase
and left to intercalate for 8 h with constant stirring. Excess
TBAOH was removed by two centrifugal solvent exchanges
with milli-Q water at 10,000 rpm for 20 min. The intercalated
clay was then bath-sonicated in an ice bath for 60 min to
delaminate the expanded clay. The final MXene supernatant
was then obtained by centrifuging the bath-sonicated
dispersion for 30 min at 3500 rpm and collecting the
supernatant. Dispersion concentration was initially determined
using vacuum-assisted filtration (VAF) with a 0.1 ym pore size
filter paper. UV—vis absorbance of the same supernatant was
measured at varying concentrations using a Shimadzu
SolidSpec-3700 UV—vis—NIR spectrophotometer. Using the
concentrations determined from VAF, an extinction coefficient
was determined for both MXenes and UV—vis absorbance was
used to measure the concentration of all other MXene
supernatants. L-ascorbic acid (AA, 99%, Sigma-Aldrich) was
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added to dispersions at a concentration of 1 mg/mL, if
indicated.

Samples for SEM (scanning electron microscopy, JEOL
JSM-7500F), XRD (Bruker-AXS Advanced Bragg—Brentano
X-ray powder diffractometer), and XPS (X-ray photoelectron
spectroscopy, Omicron XPS/UPS system with Argus detector)
were prepared by VAF of the as-prepared MXene supernatant.
All samples were stored under vacuum before characterization.
Detailed constraints for XPS deconvolution can be found in
the Supporting Information. The samples for dynamic light
scattering (DLS) and ¢ potential measurements (Malvern
Zetasizer Nano ZS) were prepared by diluting the as-prepared
dispersions to ~0.05 mg/mL.

To quantify the degree of oxidation, UV—vis absorbance of
MZXene dispersions was taken at varying storage times. UV—vis
of MXene dispersions was measured using spectrophotometry
(Shimadzu SolidSpec-3700 UV—vis—NIR spectrophotome-
ter). All samples were redispersed by hand shaking prior to
measurements. In between measurements, the samples were
left undisturbed. All samples were baselined using milli-Q
water and scans were taken from 300 to 800 nm. Equation 1
was then used to fit the experimental data and quantify the
oxidative stability of each of the samples as'*

A=A, + A exp(—t/7) (1)

where A is the absorbance, A, and A; are the constants, t is the
storage time, and 7 is the reaction timescale. The ratio of A, to
Ay + A, indicates the fraction of the sample that is prone to
oxidation. Standard error for the model fitting constants was
calculated in MATLAB using a 95% confidence interval.

XPS of MXenes before and after aging were also compared
to evaluate the degree of oxidation. Nb,CT, and Nb,C,T,
dispersions were allowed to age for 2 weeks. For each MXene,
dispersions were aged under two different conditions, either at
RT without AA or at 15 °C with AA, to compare the expected
extremes. After aging, the samples were vacuum-filtered and
dried under vacuum prior to XPS measurements.

B RESULTS & DISCUSSION

Nb,CT, and Nb,C,T, MXenes were synthesized by the
selective etching of Al from their respective MAX phase
precursors similar to previous reports.”””’ The detailed
procedure can be found in the Supporting Information. The
final solid in the supernatant was then used for further
characterization and to determine the oxidative stability. The
colloidal stability of the dispersions was then assessed visually
by the Tyndall effect. Figure la,b shows the Tyndall effect
occurring in Nb,,,,C,T, aqueous dispersions (~0.05 mg/mL).
The visible laser throughout the sample indicates colloidal
stability of the dispersion.

The as-prepared aqueous dispersions were then prepared
into films using VAF. X-ray diffractograms of VAF films
(Figure 1c) indicated that a downshift in 26 occurred after
etching. This indicates successful removal of Al from the MAX
phase and thereby successful etching. From the positions of the
(002) peaks in XRD, the respective d-spacings in the Nb,CT,
and Nb,C;T, MXene films can be calculated and increased
from 0.7 to 1.1 nm and 1.2 to 1.5 nm, respectively, after
etching. The presence of some non-basal peaks is attributed to
the presence of multilayers which can be seen in top-down
SEM images of the vacuum-filtered films (Figure 1d,e).

X-ray photoelectron spectroscopy was then used to verify
the composition of the Nb,,,C, T, MXenes. Samples for XPS
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Figure 1. Colloidal dispersions of (a) Nb,CT, and (b) Nb,C,T.. (c)
XRD of Nb,,,C, T, MXenes and their respective MAX phase
precursors. Top-down SEM images of vacuum-filtered (d) Nb,CT,
and (e) Nb,C,T, supernatants. MXene samples for XRD were
prepared by VAF. MAX phase powders were used as prepared for
XRD.
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Figure 2. { potential distribution of (a) Nb,CT, and (b) Nb,C,T,

dispersions. Hydrodynamic size distribution of (c) Nb,CT, and (d)

Nb,C,T, dispersions. Dispersion concentrations were ~0.05 mg/mL.

were prepared by VAF of the solid in the supernatant. Survey
scans of both VAF MXene films (Figure S1) indicated the
presence of all expected components (Nb 3d, C 1s, O 1s, and F
1s). The absence of a peak for Al 2p indicated the removal of
Al and confirmed successful etching. Component spectra were
then deconvoluted following previous reports (Figures S2 and
$3)** and detailed peak fitting results are provided in Tables
S1 and S2. The presence of surface terminal groups (—OH,
—F, and —O) was confirmed for both MXenes. Additionally,
Nb (I, IL, IV) and Nb* peaks are present in the Nb 3d spectra,
confirming successful MXene synthesis. Although oxide peaks
are apparent in both the starting MXene dispersions, this is
likely caused by the oxidation of the MXenes during the
processing procedure after etching. Processing lasts several
hours and during this time the MXenes are exposed to an
oxidizing environment, leading to the formation of the oxide
peak in XPS.

SEM (Figure 1d,e) was then employed to assess the surface
morphology of the vacuum-filtered Nb,,,,C, T, films. For both
Nb,CT, and Nb,C,T, films prepared by VAF of the solid in
the supernatant, well-exfoliated nanosheets were visible along
with few-layer nanosheets.

{ potentials of the Nb,,,C,T, dispersions at ~0.05 mg/mL
(Figure 2ab) were then measured to assess the colloidal
stability. The pH of the as-prepared dispersions was ~6 and
was not adjusted. No antioxidant was used at this point. The
measured { potentials were —38.0 + 9.2 and —60.3 + 15.9 mV
for Nb,CT, and Nb,C;T, respectively. The high magnitude of
{ potentials (>30 mV) indicates that both dispersions are
colloidally stable. These highly negative { potentials are
comparable to the values obtained for Ti,,,C,T, MXenes and
are attributed to the highly functionalized surfaces of the
MXenes.”’

Hydrodynamic diameters were measured using DLS (Figure
2¢,d) and determined to be 87.4 and 318 nm for Nb,CT, and
Nb,C;T,, respectively. Because of the anisotropic nature of the
MZXene nanosheets, these values are not equivalent to the

lateral size of the nanosheets. However, previous reports have
shown that the hydrodynamic size can be directly correlated to
the lateral size from SEM for MXenes and other 2D
nanomaterials.”**> Maleski et al. utilized a generalized
correlation between the hydrodynamic size and the lateral
sizzcz for a variety of different nanosheet types as shown in eq
2:

L = 0.07ap;s )

where L is the lateral size and ap;g is the hydrodynamic size
from the primary peak. This results in an average lateral size of
§7.2 and 397 nm for Nb,CT, and Nb,C,T,, respectively.
More specifically, a multimodal size distribution was
observed for both Nb,,,C,T, dispersions. For Nb,CT,, three
peaks occurred at 13.6 + 3.0, 139 + 71, and 4730 + 760 nm
with intensities of 7.1, 91.6, and 1.4%, respectively. In the case
of Nb,C;T,, three peaks also occurred but at 76.0 + 23.1, 474
+ 289, and 4430 + 960 nm with intensities of 12.9, 75.1, and
12.0%, respectively. The leftmost peak is likely due to the
formation of small nanosheets after sonication and oxides. Due
to the harsh nature of sonication, small nanosheets can easily
be broken off. As shown later in this work, MXenes are highly
prone to oxidation into their metal oxides which can result in
the presence of small particles. The formation of small oxides
has been previously confirmed by the in situ formation of TiO,
nanoparticles when oxidizing Ti;C,T, MXenes.””*’ Although
DLS measurements were taken with fresh MXene dispersions,
the low dispersion concentrations (~0.05 mg/mL) necessary
for DLS hasten oxidation.””” This is because oxidation actually
occurs more quickly at lower concentrations; at high
concentration, oxidation is slowed because of intersheet
interaction and steric shielding.”’ Additionally, it is possible
that some oxidation occurs during the delamination step of
MZXene synthesis. This is confirmed by XPS of the as-prepared
MXenes (Figures S2 and S3) where oxide peaks are observed
(~207.5, 210.5 eV). Due to the pore size of the filter paper
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used for VAF (0.1 pm), it is possible that these smaller
particles pass through the filter paper, resulting in their absence
in the SEM images. The highest diameter peak is likely due to
under-exfoliated MXenes which can be seen as larger particles
with an accordion structure in the top-down SEM images
(Figure 1d,e). Lastly, the middle peak with the highest
intensity is attributed to the desired MXene nanosheets.

After verifying the successful etching of the MXenes, the
oxidative stability was then evaluated using UV-—vis
spectrophotometry. Because MXene concentration has an
effect on the rate of oxidation, both MXene dispersions were
diluted to the same starting concentration (0.05 mg/mL).20
Concentration was measured by UV—vis absorbance using
extinction coefficients of 1080 and 990 L/g/m for Nb,CT, and
Nb,C,T,, respectively (Figure S4). These extinction coef-
ficients were determined by measuring the absorbance of the
MZXene dispersions at varying concentrations (Figure S4a,b)
and verifying the concentration by VAF. While higher
concentrations would result in longer shelf lives, a dispersion
concentration of 0.05 mg/mL was used to mitigate the effect of
intersheet interaction on the rate of oxidation and ensure
dispersion absorbances were low enough to be accurately
correlated with the concentration.”’

To evaluate the effect of low temperature storage and the
use of an antioxidant, four samples were prepared for each
MZXene at the same concentration: with the antioxidant stored
at RT (~23 °C), without the antioxidant stored at RT, with
the antioxidant stored at 15 °C, and without the antioxidant
stored at 15 °C. Absorbance at 776 nm was then measured
regularly to evaluate the degree of oxidation (Figure 3). This
wavelength was chosen because it is a peak in absorbance for
both MXenes (Figure S4a,b). As the MXenes oxidize, their
dispersion changes color. The full absorbance spectra as a
function of storage time are shown in Figures S5 and S6. The
fitting parameters resulting from eq 1 are summarized in Table
S3.

In both the cases, the absorbance of the samples that were
not treated with an antioxidant plateaued at a much higher
absorbance; this indicates that these samples were more prone
to oxidation. A plateau occurs when the fraction of the sample
that is prone to oxidation has oxidized. This ratio is quantified
in Table S1. We then used this metric as a means to compare
the oxidative stability of the samples, where a lower oxidizable
fraction indicated improved oxidative stability, similar to
previous observations of our group when using conductivity
as a metric for stability of Ti,C,T,."”

First, the effect of an antioxidant on the oxidizable fraction
was evaluated. When no measures were taken to improve the
oxidative stability (e.g, no antioxidant, RT storage), the
oxidizable fraction for Nb,CT, and Nb,C,T, were 0.62 and
0.51, respectively. When adding the antioxidant, this fraction
decreased significantly in both cases to 0.43 and 0.14 for
Nb,CT, and Nb,C,T,, respectively, when stored at RT. This is
shown in Figure 3 where the samples with AA show a much
higher absorbance plateau than the samples without AA. The
significant improvement in oxidizable fraction with the
addition of the antioxidant indicates that this is an effective
method for improving the oxidative stability of Nb,,,C,T,
MXenes. The large decrease in the oxidizable fraction is
attributed to the antioxidants shielding the edges of the MXene
nanosheets. Previous simulation work from our group
demonstrated that antioxidants, specifically sodium ascorbate,
will associate with the edges of the nanosheets.'” Because
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Figure 3. Absorbance at 776 nm at various storage times for (a)
Nb,CT, and (b) Nb,C,T, dispersions stored under varying
conditions. Points represent experimental data. Lines represent a
model fit using A = A, + A, exp(—t/7). Absorbance at 776 nm was
chosen because it is a peak in absorbance for both MXenes.

oxidation is edge-induced, the antioxidant is able to mitigate
oxidation by shielding the edges and preventing the water
molecules from interacting with the nanosheet edges.'* The
edge-capping effect was also demonstrated by Natu et al. for
Ti;C,T, and V,CT,, albeit using polyanionic salts instead, to
considerably increase MXene shelf life.”® Similarly, they
attributed this to the polyanion blocking the water molecules
and dissolved oxygen from reacting with the nanosheet edges.

Next, the effect of temperature on the oxidative stability was
examined. In the case of the samples treated with AA, the
samples stored at 15 °C plateaued at a slightly higher value
than the samples stored at RT. For the samples stored without
AA, the plateau value, A, is not significantly different. Looking
at the oxidizable fraction, we generally see that the fraction
decreases slightly with lower temperature storage. Two
exceptions occur with Nb,CT, without AA treatment and
Nb,C,T, treated with AA. The former is likely due to the
samples being highly oxidized without an antioxidant treat-
ment, indicating that the antioxidant is more important for
improving the oxidative stability. In the case of Nb,C,T,
treated with AA, there is no significant difference between
the fractions. Overall, the trend is in agreement with the
previous reports on the effect of storage temperature on the
oxidative stability for Ti;C,T,."”"*"® It is expected that further
reduction in the storage temperature will result in more
pronounced improvements in the oxidative stability of
Nb,,,C, T, MXenes. This is supported by the work of Zhang
et al. who demonstrated improved stability when reducing the
storage temperature from RT to 4 °C to —20 °C."* This trend
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with changing temperature is typical of most reactions. As the
temperature decreases, the water molecules that induce
oxidation will begin to move slower, resulting in it taking
longer for those molecules to reach and interact with the
MXene nanosheets.

When comparing the oxidative stability of Nb,CT, and
Nb,C,T,, the latter demonstrated a lower oxidizable fraction in
all cases. This indicates that MXenes with higher “n” are more
oxidatively stable. This is in agreement with the previous work
from our group comparing the oxidation of Ti;C,T, and
Ti,CT,*" The stability of Nb,C;T, is likely due to the
protected inner layers of Nb, in contrast to Nb,CT,. The prior
literature indicates that surface-terminated Nb-based MXenes,
especially —OH terminated, are less stable."””” Because the
internal Nb layers of Nb,C,T, are not surface-terminated, they
are expected to be more stable. This leads to a higher fraction
of the MXene that is less prone to oxidation as compared to
Nb,CT,. Similarly, prior reports have proposed that MXene
oxidation begins at the nanosheet edges; the lower fraction of
Nb on the edges and a higher hydrodynamic diameter likely
contributes to the higher shelf life as well."*

To verify that low temperature storage and the use of an
antioxidant improved the oxidative stability, we also used XPS
to evaluate how the oxide content of the MXenes changed after
aging (Figures 4, S7—S12). In this case, we focused on the two
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Figure 4. Deconvoluted Nb 3d spectra of (a) unprotected and (b)

protected Nb,CT, and (c) unprotected and (d) protected Nb,C,T,

after aging.

extremes of storage conditions: stored at RT without AA
(unprotected) and stored at 15 °C with AA (protected) after 2
weeks of storage. Both MXene dispersions were stored as-
prepared without dilution. Concentrations of Nb,CT, and
Nb,C,T, were ~3.8 and ~1.3 mg/mL, respectively. Similar to
previous reports, the Nb/O ratio in each case was then
compared to the as-prepared MXene dispersion to compare
the oxidative stability.”' In the case of Nb,C, the Nb/O ratio
decreased from 0.63:1 for the as-prepared MXene to 0.52:1
and 0.53:1 for the unprotected and protected Nb,CT,,

respectively, after aging. The low Nb/O ratio of the as-
prepared MXene is indicative of the poor oxidative stability of
Nb,C MXenes, in agreement with the high oxidizable fraction
of the samples and is attributed to the oxidation of the MXenes
during processing (e.g., intercalation, delamination, and sample
preparation). Comparing the two aged samples, a higher Nb/
O ratio is observed for the protected sample, supporting that
these conditions improve the oxidative stability of Nb,CT,.
This trend was also observed in the case of Nb,C,T, where the
Nb/O ratio of the as-prepared Nb,C,T, decreased from 1.0 to
0.55 and 0.65 for the unprotected and protected Nb,C,T,,
respectively, after aging.

Because the Nb/O ratio of Nb,C;T, is naturally higher than
that of Nb,CT,, it is difficult to use this metric to compare the
oxidative stability of the two MXenes. As such, we looked at
the at % of the specific components in the MZXenes.
Deconvoluted XPS spectra of the aged samples and the
quantified results are shown in Figures 4, S7—S12 and Tables
S3—S6. Survey scans (Figures S7 and S10) verified the
presence of three major components: Nb, C, and O. As
compared to the as-prepared samples, F peaks were either
absent or of considerably lower intensity. This is attributed to
the oxidation of the —F terminated MXenes. The component
spectra from XPS were then deconvoluted to better compare
the degree of oxidation of the aged MXene dispersions. The
major components used for comparing the degree of oxidation
were the various oxides in the Nb 3d spectra, the MXene peak
(C=Nb-T, and Nb-C,) in the C 1s spectra, and the Nb,O;
component in the O 1s spectra. In the case of Nb,CT,, the
oxides are responsible for 92.2% of the Nb 3d spectra in the as-
prepared sample. The high oxide percentage in the as-prepared
sample further confirms the poor oxidative stability of Nb,CT,.
After aging, this percentage increased to 93.5 and 92.5% of the
Nb 3d spectra for the unprotected and protected Nb,CT,,
respectively. Next, the MXene peak in the C 1s spectra was
compared to verify that the antioxidant and low temperature
storage mitigated the rate of oxidation. For Nb,CT, the C—
Nb-T, and Nb-C, content in the C 1s spectra was initially
21.4% and decreased to 2.8 and 14.2% for the unprotected and
protected Nb,CT, dispersions, respectively, after aging. The
significantly lower MXene peak in the unprotected Nb,CT,
dispersion after aging indicates considerable oxidation. In
contrast, the MXene peak in the protected Nb,CT, dispersion
after aging is of considerably higher intensity, confirming that
our methods for mitigating oxidation are effective. Lastly, the
Nb,Og peak in the O 1s spectra was compared in each case. In
this case, the component AT % for the as-prepared Nb,CT,
dispersion was 27.5% and increased to 84.2 and 72.3% for the
unprotected and protected Nb,CT, dispersion, respectively,
after aging. The stark increase in the Nb,Og component AT %
in the O 1s spectra confirms the generally poor oxidative
stability of Nb,CT,. However, we again verify that the
protected Nb,CT, dispersion oxidized less than the
unprotected Nb,CT, dispersion.

We then evaluated the oxidative stability of Nb,C,T,
dispersions using XPS (Figures 4c,d, S11 and S12 and Tables
S5 and S6). Similar trends are observed in this case where the
MZXene peaks in the C 1s and Nb 3d component spectra are of
significantly lower intensity in the unprotected Nb,C,T,
dispersion after aging as compared to the same peaks in the
protected Nb,C;T, dispersion after aging. Additionally, as
compared to the Nb,CT, dispersions after aging, the aged
Nb,C,T, dispersions display an improved oxidative stability
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when comparing dispersions stored under the same conditions.
This is evidenced in Figure 4 where the low energy peak of the
Nb 3d spectra is of higher intensity in all the cases for the
Nb,C,T, samples than in the Nb,CT, samples. While the
concentrations of the dispersions were different, the Nb,C,T,
dispersions were of lower concentration, which is associated
with worsened oxidative stability, confirming that Nb,C;T, is
more oxidatively stable than Nb,CT,.*’

B CONCLUSIONS

In conclusion, the oxidative stability of Nb,CT, and Nb,C,T,
MZXene dispersions was examined. Low-temperature storage,
the use of an antioxidant, and higher “n” of the MXenes
promote oxidation resistance, considerably reducing the
oxidizable fraction of the MXene dispersion. The trends in
oxidative stability observed in the absorbance measurements
were further confirmed by comparing XPS results of the as-
prepared and aged dispersions where the aged dispersions were
either stored at RT without AA or at 15 °C with AA. By
improving the shelf life of Nb,,;C, T, MXenes, we open the
way for their future use in devices and extend their useful time
window for characterization. Further routes to improve the
shelf lives of these MXenes include increasing the dispersion
concentration, further reducing the storage temperature,
evaluating other antioxidants, and using the MXenes in
composites.
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