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Vadym N. Mochalin & *°¢ and Michel W. Barsoum & *¢

Degradation of MXenes in aqueous environments severely limits the application and industrialization of this
large family of two-dimensional (2D) materials. Hydrolysis and oxidation are now considered as two main
degradation mechanisms and while significant efforts have been directed to prolonging the shelf-life of
MXenes, separating and studying their degradation mechanisms have lagged behind. Herein, gas analysis
via gas chromatography and Raman spectroscopy were used to investigate the effect of sodium
polyphosphate, PP, on the degradation of TisC,T, MXene. Transmission and scanning electron
microscopies, as well as X-ray photoelectron spectroscopywere also used as complimentary techniques
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Accepted 14th September 2022 to support conclusions derived from gas analysis and to confirm the extent of degradation via
characterization of solid reaction products. Based on these studies we have determined that the addition
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1. Introduction

Transition metal carbides/nitrides (MXenes) with a general
formula M,,,,X,,T, where n = 1-4, M is an early transition metal
(e.g- Ti, Nb, V, Ta), X - carbon and/or nitrogen, and T stands for
surface terminations (-OH, -F, and -O-) whose fraction (z) in
the formula is unknown, but usually close to 2, constitute
a large and growing family of two-dimensional (2D) materials.'
The combination of hydrophilicity with high electrical
conductivity provided by MXenes is unique among 2D mate-
rials.>* Similar to their more known counterparts, bulk transi-
tion metal carbides, MXenes offer high elastic properties®” and
bending rigidity,* extra-low coefficient of friction achieving the
superlubric regime®, and attractive adhesive properties.'>'*
Because of their 2D structure and extraordinary properties,
MXenes have attracted significant interest for many
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applications such as optoelectronic devices,’*™ triboelectric
nanogenerators, supercapacitors,****” lithium ion
batteries,'®*® lithium-sulfur batteries,?*** lasers,?* sensors,>>°
solid lubricants,®?® THz wave transmission and communication
technology,'>*” among others.

However, it is well known that MXenes degrade when
exposed to water and/or oxygen, the final result of which is their
spontaneous transformation into the corresponding transition
metal oxides.”®*** Several methods have been proposed to
suppress their degradationduring storage. Nicolosi et al
proposed refrigeration and de-aerated environment to
substantially improve shelf life of Ti;C,T, and Ti,CT, MXenes in
aqueous colloidal solutions.** Freezing of MXene solutions at
low temperatures (below —20 °C) was also considered as an
efficient way to reduce the degradation.**** Zhao et al. have
demonstrated that sodium r-ascorbate, used as antioxidant, can
effectively protect MXenes from oxidation.*® As more applica-
tions rely on the robust performance of MXenes, more attention
is focused on extending their shelf life. Gogotsi et al. demon-
strated that the modified synthesis method (changing the
composition of TiC : Ti: Al = 2 : 1 : 1 from molar ratio to mass
ratio) produced a less defective Ti3AlC, MAX phase because of
excess of Al in the starting mix, resulting in a more oxidation
resistant Ti;C,T, MXene.*® Koo et al. have found that Ti;C,T,
MXene decomposed faster in acidic environments than in basic
environments.*” Kim et al. and Wang et al. also reported deep
eutectic solvents (DESs) and salt solutions with high hydration
enthalpies (e.g. saturated LiCl solutions), respectively, as effi-
cient agents to suppress MXene degradation.*®**

This journal is © The Royal Society of Chemistry 2022
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Using analysis of gaseous products, we previously experi-
mentally demonstrated that hydrolysis is one of the main
factors leading to MXene degradation in aqueous colloids.****
Since then, hydrolysis and oxidation were considered as parallel
processes contributing to MXene degradation. According to
previous publications, MXene degradation starts from the edges
and defects of the flakes.** Based on this hypothesis, Natu et al.
further demonstrated that the positively charged edges of
MXene flakes could be capped using polyanions: poly-
phosphates, PP, polysilicates, and polyborates, thus suppress-
ing MXene degradation.**** The addition of antioxidants can
reduce the oxidation of MXenes, while application of low
storage temperature in general suppresses all involved reactions
(including hydrolysis and oxidation). However, it is not trivial to
distinguish which route is suppressed more upon the addition
of polyanions. To further investigate the mechanisms of
polyanion-mediated suppression of MXene degradation, one
can measure the carbon-containing gaseous products of the
degradation because hydrolysis yields methane, while oxidation
is expected to form carbon oxides.*”

In this work, we studied hydrolysis and oxidation, as two
possible routes of Ti;C,T, MXene degradation, upon addition of
sodium polyphosphate (PP) via gas chromatography (GC) and
Raman spectroscopy. The degradation kinetics of Ti;C,T,in
water, with different concentrations of PP, under air or Ar
atmospheres were also investigated. Additionally, TEM and
SEM imaging, as well as XPS, XRD, and Raman of the resulting
solids were used to characterizeTi;C,T, and its solid degrada-
tion products.

2. Experimental
2.1 MAX phase powder

Ti;AlC, powder was made by mixing titanium carbide (Alfa
Aesar, 99.5%, 2 um), Al (Alfa Aesar, 99.5%, —325 mesh), and Ti
(Alfa Aesar, 99.5%, —325 mesh), powders in a molar ratio
2:1.05: 1, respectively. The powder mixture was ball milled
(U.S. Stoneware) for 24 h at 70 rpm using zirconia balls under
ambient air in polypropylene bottles and then transferred to an
alumina boat, placed inside a tube furnace, and heated under
argon (Ar) (flow rate 15 SSCM) to 1480 °C for 2 h followed by
cooling to room temperature (RT) also under an Ar atmosphere.
The heating and cooling rates were set at 5 °C min~". The
resulting loosely sintered block was ground using a milling bit
on a drill press and the milled powder was further sieved
through a 400 mesh sieve (particle size < 38 um).

2.2 MXene synthesis

First, 1 g of LiF (Alfa Aesar, 99.5%, 325 mesh) was dissolved in
10 ml of 12 M HCI (Fisher Scientific), afterwards 1 g of the sieved
TizAlC, powder was slowly added to the solution and stirred for
24 h at 35 °C and 300 rpm. The slurry was transferred into
a plastic centrifuge tube and de-ionized (DI) water was added to
50 ml. The tube was then centrifuged at 3500 rpm for 2 min, and
the clear supernatant was discarded. This washing step was
repeated several times with fresh water until the pH of the

This journal is © The Royal Society of Chemistry 2022

View Article Online

Journal of Materials Chemistry A

solution reached =7, at which point DI water was again added
to the resulting MXene sediment and the suspension was bath
sonicated while bubbling Ar for 1 h. The bath temperature was
kept below 20 °C with ice to suppress oxidation/hydrolysis. The
solution was then centrifuged for 1 h at 3500 rpm and the
supernatant was separated for further use. The concentration of
delaminated MXene in the supernatant was determined by
vacuum filtering a known volume of the solution and measuring
the weight of the resulting free standing MXene film after
drying in a vacuum oven at 100 °C overnight.

2.3 Preparation of MXene samples for degradation studies

To investigate the effect of PP on Ti;C,T, degradation, we
diluted and divided the as-prepared concentrated MXene
suspension (~7.5 mg ml") into 6 parts of 6 ml each in 10 ml
glass vials. The gas phase in the vials was either air or Ar. The
samples were labelled as Ti;C,T,-air (no PP added, no Ar
purging), TizC,T,-Ar (no PP added, purged with Ar for 15 min),
and TizC,T,~PP (30 ul of 1 M PP solution added, no Ar purging).
The samples were prepared in duplicates, one was stored at
70 °C to accelerate the degradation while the other was stored at
RT for slower degradation and better monitoring of the
morphological changes in the 2D flakes.

Another batch of Ti;C,T, was prepared to optimize the
amount of PP added in order to suppress its degradation. The as
prepared Ti;C,T, suspension (~15 mg ml ') was diluted to
~2.5 mg ml~! and mixed with different proportions of PP by
weight to yield: Ti;C,T,-5PP (MXene : PP = 1 : 5), TizC,T,~1PP
(MXene : PP = 1:1), Ti;C,T,~0.2PP (MXene:PP = 5:1),
TizC,T,~0.005PP (MXene : PP = 1:0.005), TizC,T,-Ar, and
TizC,T,-air. In these sample names XPP indicates mass ratio
between Ti;C,T, and PP. The ratio 1 : 0.005 was chosen as the
minimal amount of PP necessary to cap the edges oftypical
MXene particles, according to calculations based on the PP
chain length and the perimeter of a typical MXene flake (Fig. S5
and calculation details are shown in ESIf). Again, the samples
were prepared in duplicates, half stored at 70 °C and half at RT.

Sodium PP (Acros Organics, pure) was used as received. Ar
gas (UHP300, Airgas) used in this work was 99.999% pure.

2.4 Characterization

Raman spectra of the gas phase above the colloids were recor-
ded through the glass vial wall, without opening the vial, using
a 532 nm laser with 1200 lines/mm grating, 5x objective, 20 s
exposure time, 100% of laser power, and 10 accumulations.
Raman spectra of the solidswere recorded using a 532 nm laser
with 2400 lines/mm grating, 50x objective, 10 s exposure time,
10% of laser power, and 10 accumulations. Raman spectra were
collected with a Renishaw InVia confocal Raman
microspectrometer.

The gases collected from MXene degradation were analyzed
with a gas chromatograph (GC, Thermal Scientific Trace-1300)
equipped with a fused silica capillary column (Carboxen 1006
PLOT, length 30 m, diameter 0.53 mm and 30 um thickness)
and a thermal conductivity detector (TCD). Helium, He, was
used as the carrier and reference gas. The flow rates were 4 and

J. Mater. Chem. A, 2022, 10, 22016-22024 | 22017
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4.3 ml min ', respectively. The purge flow of He was 5
ml min~". The oven, TCD detector, and TCD filament temper-
atures were held at 35, 230, and 280 °C, respectively. For each
measurement, 0.1 ml of gas was manually injected into the GC
unit with a 1 ml gastight syringe (Hamilton).

Transmission electron microscope (TEM) images of Ti;C,T,
degraded in different environments were acquired on a JEM
2100 (JEOL, Ltd) TEM at an accelerating voltage of 200 kV. To
remove the PP from the samples before TEM imaging, the
Ti;C,T,-PP suspension was washed 2 times using DI water,
centrifuged at 5000 rpm, and re-dispersed in DI water before
measurements. Finally, the TEM sampleswere prepared by
depositing 5 pl of this diluted Ti;C,T, suspension onto copper
TEM grids (Electron Microscopy, China).

XPS (ESCALAB 250Xi, Thermo Scientific) equipped with an Al
Ko source (1486.6 eV) was used for characterization of MXenes
and the solid products of their degradation. The binding energy
was calibrated based on C 1s line (binding energy 284.8 eV).
Charge neutralization was applied. No sputtering was used for
the measurements.

Solid products of MXenes were characterized using powder
X-ray diffraction (XRD, D8 Advance, Bruker) with Cu K, radia-
tion (A = 1.5406 A) at U = 40 kV and I = 40 mA.

Scanning electron microscope (SEM) imaging for Ti;C,T,
degraded in different environments, was carried out on a Hita-
chi SU8010 SEM at a 10 kV accelerating voltage and a 10 pA
current. Prior to imaging, PP containing MXene samples were

View Article Online
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washed 2 times using DI water to remove the PP, centrifuged at
5000 rpm, and re-dispersed in DI water. The SEM samples were
prepared by drop casting 10 pl of this Ti;C,T,suspension on a Si
wafer.

3. Results and discussion

Direct analysis of the evolved gas products, by well-established
sensitive analytical chemistry techniques, provides probably the
best way to monitor MXene degradation.** It is unambiguous
because carbon containing gaseous products directly corre-
spond to the fraction of degraded MXene in the sample,
whereas different oxidation states of transition metal, typically
detected with XPS by deconvolution of the corresponding
overlapping peaks, may correspond to fully or partially
degraded MXene flakes. Similarly, analysis of solids by Raman
spectroscopy and XRD is not as easily interpretable as chro-
matography results, and does not directly provide the fraction
of decomposed MXene in the sample. These characterization
techniques are also inferior to gas chromatography in terms of
sensitivity. In our previous studies we showed that the main
component of the gas formed due to Ti;C,T, degradation was
CH,4, which is the carbon-containing product of MXene hydro-
lysis.** Following these earlier results, here we monitored
Ti;C,T, degradation by measuring CH, evolution over time.
Fig. 1a shows a schematic of the Raman spectroscopy setup for
quantifying the gaseous products of degradation without ever
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. . .
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(a) Schematic of Raman spectroscopy detection of gaseous products of TizC,T, degradation in colloidal solution without opening the

reaction vial. Raman spectra of gas phases collected from (b) TizC,T,—air, (c) TisC,T,—Ar, and (d) TisC,T,—PP samples degraded in glass vials over

time indicated on plots.
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Fig. 2 Degradation kinetics of TisC,T,—air, TizC,T,—Ar, and TizC,T,—
PP samples at 70 °C as measured by Raman spectroscopy.

opening the glass reaction vial. The suspensions were stored in
a 70 °C oven to accelerate the reaction except the time when they
were extracted and cooled down to RT for a few minutes to
record the Raman spectra of the gas phase. The accumulation of
CH, over time was monitored by integration of the Raman peak
corresponding to the C-H stretch vibrations at ~2918 cm™".
The Raman spectra collected from gas phase of Ti;C,T,-air,
Tiz;C,T,-Ar, and Ti;C,T,-PP in glass vials over time are shown in
Fig. 1b—d. The N, and O, peaks in the Ti;C,T,-air and TizC,T,~
PP samples (Fig. 1b and d) originate from air in the vials and in
the space between the vials and the lens of the spectrometer.
The least intense N, peaks were observed in the Ti;C,T,-Ar
sample since in this case these peaks originate only from the air
in the gap between vial and lens. The increasing intensity of
CH, peaks over time is observed for all samples, indicating
progress of the hydrolysis reaction. However, the intensities of
the CH, peaks in the Ti;C,T,—air sample increase faster
compared to other samples. In contrast, the increase in inten-
sities of the CH, peak in the Ti;C,T,-PP vial is the slowest
compared to other samples.

The kinetics of degradation of Ti;C,T,-air, Ti;C,T,-Ar, and
Ti;C,T,-PP samples based on their Raman spectra are
summarized in Fig. 2. The results were fit to an exponential
growth function, viz.

A([) = A() — Awef('m (1)

where A, is the maximum value of the CH, peak area corre-
sponding to fully hydrolysed MXene (i.e., at t — ), A, is the
offset, A(¢) is the area of CH, peak recorded at time ¢, and the
time constant 7 is inversely proportional to an apparent rate
constant of degradation. The fitting parameters for all samples
are listed in ESI.¥ Not surprisingly, at a given time more CH,
was produced from the Ti;C,T,—air sample (t = 120 £ 10 h) than
the TizC,T,-Ar (r = 182 + 22 h), indicating that hydrolysis is
faster in the presence of oxygen. The amplitudes A of Ti;C,T,~
air (60 000 £ 2000) and TizC,T,-Ar (54 000 £+ 2000) samples,

This journal is © The Royal Society of Chemistry 2022
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corresponding to the maximum area of CH, peak, are similar,
which means the complete degradation of MXene in both air
and Ar environments produces similar amounts of CHy, i.e., C
atoms of MXene end up mainly in CH,4, not carbon oxides, and
thus, hydrolysis dominates the degradation. However, the A, =
9700 + 900, obtained from fitting of the Ti;C,T,—-PP curve, is
considerably smaller compared with the other two samples
which did not contain PP, thus indicating that the addition of
PP is effective in suppressing hydrolysis.

After complete degradation of the samples, the gas phases
were analyzed by GC with TCD. Fig. 3 shows chromatograms of
gaseous products collected after complete degradation of
Ti;C,T,—air, TizC,T,-Ar, and Ti;C,T,-PP samples. Mainly CH, is
detected for Ti;C,T, in either air or Ar atmosphere with a small
amount of CO,. The relative integrated area of the CO, peak in
ambient air is ~0.05%, while in the gaseous phase of Ti;C,T,~
air and TizC,T,-Ar this area is 0.06-0.08%, indicating that only
a small amount of CO, is formed during Ti;C,T, degradation in
water under eitherair or an Ar atmosphere without PP addition.
Since CO, is a product of MXene oxidation while CH, is the
hydrolysis product, this result also illustrates the dominant role
of MXene hydrolysis in the process of its degradation in
aqueous colloids. However, CH, peak for Ti;C,T,~PP is much
less intense and the intensity of the CO, peak is higher,
resulting in larger CO,:CH, ratios of peak intensities
compared with chromatograms of either Ti;C,T,-air or TizC,T,~
Ar, again indicating that PP addition mostly suppressed
hydrolysisrather than oxidation. To summarize this section,
Raman and GC demonstrate that the addition of PP consider-
ably reduces the rate of hydrolysis but has less of an effect on
the oxidation of Ti;C,T,. It should also be noted that as the

. Ti3C,T,-PP

co,
N

Response (mV)

Ti;C,T,-Ar

Fas Air+Ar

Response (mV)

Response (mV)

Response (mV)

Retention Time (min)

Fig. 3 Gas chromatograms of ambient air and gaseous products
collected from TizC,T,—air, TizC,T,—Ar, and TisC,T,—PP samples after
their complete degradation at 70 °C. Dashed pink lines indicate the
peak positions of CH4 and CO,. Dashed rectangle in the bottom panel
indicates the area represented in more detail by the inset in this panel.
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Fig. 4 TEM images of MXene flakes from (a) TizC,T,—air, (b) TizC,T,—Ar, and (c) TizC,T,—PP samples stored at RT over ~20 days.

experiments were carried out at 70 °C, MXene degradation rates
are significantly higher than at RT.

A duplicate set of Ti;C,T,-air, TizC,T,-Ar, and Ti;C,T,-PP
samples was stored at RT to observe the changes in MXene
morphology over time (Fig. 4). At the end of this experiemnt, the
entire surface of the MXene flakes from Ti;C,T,—air sample is
covered by TiO, nanoparticles (Fig. 4a) due to severe degrada-
tion. The flakes from the Ti;C,T,—-Ar sample (Fig. 4b) show TiO,
particles mainly along the edges, a consequence of a slower and
milder MXene oxidation/hydrolysis in the absence of oxygen.
However, when PP was added, the MXene flakes remained
largely intact over ~20 days storage time (Fig. 4c), showing
morphology similar to the freshly made Ti;C,T, MXene flakes
(Fig. S1t). Thus, suppression of hydrolysis by PP can largely
protect MXene from degradation, even in the presence of air.
This again demonstrates that hydrolysis is a crucial process in
MXene degradation.*

Encouraged by the results above, we moved ahead to deter-
mine the optimal concentration of PP needed to protect Ti;C,T,
from degradation. Samples with different mass ratios of MXe-
ne : PP (Ti;C,T,-5PP, Ti;C,T,~1PP, Ti;C,T,~0.2PP, and Ti;C,T,~
0.005PP) were studied. Samples Ti;C,T,-Ar and TizC,T,-air

a 5PP 1PP 0.2PP 0.005PP Ar Ar D
Oh

g

<

185 h T

J:

T

£

280 h 3
375h

Fig. 5

without added PP were also prepared for comparison purposes.
Fig. 5a shows the changes in the visual appearance of the
MXene suspensions in different environments over time at
70 °C. According to the photographs, Ti;C,T,-0.005PP and
Ti;C,T,~air samples both degrade within 185 h, implying that
very small amounts of PP added make no difference compared
with the control samples. Purging with Ar prolongs the shelf life
of MXene compared to the control, however Ti;C,T,-Ar sample
has completely degraded over 280 h. Although it seems that
a larger amount of PP suppresses the degradation of MXenes
better at 280 h, photographs acquired at 375 h show that both
Ti;C,T,-5PP and Ti;C,T,-0.2PP have completely degraded.
However, the Ti;C,T,-1PP sample showed no visual signs of
degradation at 375 h (end of experiment). It is worth noting that
MXene flakes in TizC,T,-5PP sample (the highest concentration
of PP studied) precipitate after 185 h storage at 70 °C (Fig. S27),
but can be re-dispersed with shaking (Fig. 5a). PP, especially in
high concentrations precipitates MXene flakes (a known
salting-out effect), which can slow down diffusion processes.
But, as Fig. 5 shows, precipitation-induced effects cannot
protect MXene from degradation to the same extent as the
proper (lower) concentration of PP, which is achieved ata 1: 1

_— Ti,C,T,-0.005PP
Ti,C,T,-Air
15000 ~
TiyC,T,-Ar
10000 4
Ti,C,T,-0.2PP
5000 - Ti,C,T,-5PP
0+

T T T

T T T T T
50 100 150 200 250 300 350 400
Time (h)

o -

(a) Optical photographs of TizC,T, MXene in different environments over time. (b) Amount of methane (measured by Raman spec-

troscopy) accumulated during the degradation of TizC,T, MXene in different environments over time.
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Table 1 Areas of peaks corresponding to main gaseous products of MXene degradation and ambient air, as measured by GC

CH, area CO, area CO, percent
Samples (mV min) (mV min) area (%)
Ti;C,T,~5PP (MXene : PP = 1: 5) 0.286 0.107 0.58
TizC,T,~1PP (MXene :PP=1: 1) 0.258 0.079 0.40
TizC,T,-0.2PP (MXene :PP=5: 1) 0.857 0.018 0.07
TizC,T,~0.005PP (MXene :PP=1: 0.005) 1.035 0.013 0.07
TizC,T,-Ar 0.876 0.013 0.08
Ti;C,T,-air 0.880 0.013 0.06
Air 0 0.009 0.05

mass ratio. Therefore, this observation clearly demonstrates
that PP indeed suppresses the chemical reactions of MXene
degradation, instead of hindering diffusion processes. We
hypothesize that the suppression of MXene hydrolysis by PP is
mainly due toa combination of two factors: (i) as explained in
some of our previous publications, the positively charged
MXene flake edges are capped by negatively charged PP anions,
which can protect the flake edges from the attack by water
molecules;* (ii) sodium polyphosphate ions, same as many
other electrolytes, are known to reduce the activity of water in
solution. Reduced water activity slows down the kinetics of
hydrolysis.****

In addition to GC, we have analyzed the head space of the 6
samples using Raman spectroscopy. The main advantage of
Raman spectroscopy compared to GC in our study is that it
allows to monitor gas composition of the samples through the
walls of the vials without ever opening them or taking any gas
aliquots out. The kinetics of degradation of all 6 samples based
on the corresponding CH, peak area are plotted in Fig. 5b.

These data show a trend similar to the changes in visual
appearance (Fig. 5a). Less CH, is produced from Ti;C,T,-5PP,
Ti;C,T,-1PP, and TizC,T,-0.2PP samples compared with the
samples containing no, or less, PP added (Ti;C,T,~0.005PP,
TizC,T,-Ar, and Ti;C,T,-air) due to hydrolysis suppression by
the PP.

The gaseous products of 6 samples were further analyzed by
GC when the degradation reactions come to an end (judging
from the color of the suspensions) and the results are
summarized in Table 1. These GC results are in line with the
discussion above that PP reduceshydrolysis resulting in less
CH, produced. The final CH, areas are 0.25-0.30 mV min for
Ti;C,T,-5PP and Ti;C,T,-1PP, while for the other four samples,
with low or no PP added, the areas are ~3 times larger, 0.85-
1.03 mV min. At the same time, the amount of CO, produced
during the degradation reflects the contribution of oxidative
route. The CO, percent area (Table 1, last column) is calculated
as a ratio of the CO, peak area to the sum of the peak areas of
air, CH,4, and CO,. The relative areas of the CO, peaks for the

(a) Ti,C,T,-fresh Ti 2p (d) (002) Ti,C,T,-fresh
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Fig. 6 High resolution XPS spectra in Ti 2p binding energy range for (a) fresh TizC,T, MXene, (b) TizC,T, MXene in different environments after 12
days, and (c) TisC,T, MXene in different environments after 24 days. XRD patterns of (d) fresh TisC,T, MXene, (e) TisC,T, MXene in different
environments after 12 days, and (f) TizC,T, MXene in different environments after 24 days.
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Fig. 7 SEM images of the solids dried from, (a) TizC,T,—5PP, (b) TizC,T,—1PP, (c) TizC,T,—0.2PP, (d) TizC,T,—0.005PP, (e) TizC,T,—Ar, and (f)
TizsC,T,—air samples stored at RT over time. Representative TiO, particles are highlighted by circles.

samples TizC,T,-5PP and Ti;C,T,-1PP are 5-10 times larger
compared to the other four samples with low, or no, PP added.
Thus, all results discussed above consistently point out to the
inhibition of MXene hydrolysis by PP, with less or no effect of PP
on MXene oxidation. The optimal amount of PP in terms of
prolonging shelf life of Ti;C,T, MXene was determined to be
MXene : PP = 1: 1 by weight.

As mentioned above, gas analysis gives direct and unambig-
uous information about MXene degradation, which is sufficient
to monitor its progress. However, to further support the results of
gas analysis, solid products obtained after storing Ti;C,T, in
different environments at 70 °C were analyzed using XPS and
XRD (Fig. 6). The fresh Ti;C,T, shows two main peaks in the high-
resolution Ti 2p spectra at ~455 and 462 eV, which can be
assigned to Ti 2p;, and Ti 2p,,, in TizC,T,, respectively. The
green band centered at ~459 eV highlights the binding energy
associated with TiO,, which, as expected, is not detectable in
fresh TizC,T, (Fig. 6a). After 12 days, TiO, peak appears for all
MXene samples but with varying intensity. After 12 days Ti;C,T,-
5PP shows the lowest extent of degradation among all samples,

22022 | J. Mater. Chem. A, 2022, 10, 22016-22024

may be because of diffusion limitations due to precipitation,
slowing down the degradation on a shorter time scale. However,
after 24 days, the Ti peak belonging to Ti;C,T, (a broad peak
~455 €V) can be detected only in Ti;C,T,-1PP sample, while all
other samples show TiO,, confirming that the slowest degrada-
tion rate occurs in the Ti;C,T,~1PP suspensions.

Not surprisingly, the XRD patterns also demonstrate similar
trend. The fresh Tiz;C,T, shows characteristic (002) peak of
MXene. After 12 days, the (002) peak can still be detected in
Ti3C,T,-5PP and Ti;C,T,~1PP samples, while other MXene
samples (TizC,T,~air, TizC,T,~Ar, TizC,T,-0.005PP, and
TizC,T,~0.2PP) show only TiO, signals. After 24 days, however,
neither (002) peak of MXene nor TiO, peaks were detected for
Ti;C,T,-5PP and Ti;C,T,-1PP samples. This may be because
many defects have accumulated in the MXene structure by that
time, breaking the long-range order in MXene stacks. It is
interesting to note that Ti;C,T,-air and TizC,T,-Ar samples
show the formation of both rutile and anatase during the
degradation of MXenes, while only anatase can be detected with
the addition of PP even when the PP : MXene ratio is as low as

This journal is © The Royal Society of Chemistry 2022
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0.005. Raman spectra of solids acquired after the degradation of
different samples also confirmed the aformentioned conclu-
sions (Fig. S371).

SEM micrographs for the 6 samples stored at RT for ~30 days
are shown in Fig. 7. The image of the fresh MXene is shown in
Fig. S4.7 Consistent with the visual appearance (Fig. 5a) and
Raman results (Fig. 5b), the amount of TiO, observed in these
micrographs follows the trend: Ti;C,T,-air = TizC,T,—0.005PP
> Ti;C,T-Ar > TizC,T,~0.2PP > Ti,C,T,-5PP > Ti;C,T,~1PP,
further confirming that when PP is added to the aqueous
MXene colloid in a 1:1 mass ratio it results in the best
protection against degradation.

4. Conclusions

In summary, Ti;C,T, MXene degradation in water without, and
with, the addition of sodium polyphosphate was studied by
analyzing the evolved gases with Raman spectroscopy and gas
chromatography, complemented by visual observations, SEM
and TEM imaging, as well as XPS, XRD, and Raman spectros-
copy of the resulting solids. The kinetics of MXene hydrolysis
was measured from the data on the composition of gaseous
degradation products. The results show that the addition of PP
significantly suppresses the hydrolysis of Ti;C,T, but has less, to
no, effect on its oxidation. The long-term chemical stability of
Ti;C,T,was achieved by adding PP in a 1:1 mass ratio to the
aqueous MXene colloid.

This work also illustrates an effective and useful method for
the separation of the two main processes leading to MXene
degradation in aqueous environments (hydrolysis vs. oxida-
tion). We believe that our findings and experimental techniques
reported herein will be important for further understanding of
MXene chemistries, stabilities, and applications, and will have
broader impact in the area of chemistry of other 2D materials as
well.
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