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Swelling is a property of hydrophilic layered materials, which enables the penetration of polar solvents
into an interlayer space with expansion of the lattice. Here we report an irreversible swelling transition,
which occurs in MXenes immersed in excess dimethyl sulfoxide (DMSO) upon heating at 362-370 K with
an increase in the interlayer distance by 4.2 A. The temperature dependence of MXene TizC,T, swelling in
several polar solvents was studied using synchrotron radiation X-ray diffraction. MXenes immersed in
excess DMSO showed a step-like increase in the interlayer distance from 17.73 A at 280 K to 22.34 A
above ~362 K. The phase transformation corresponds to a transition from the MXene structure with one
intercalated DMSO layer into a two-layer solvate phase. The transformation is irreversible and the
expanded phase remains after cooling back to room temperature. A similar phase transformation was
observed also for MXene immersed in a 2:1 H,O : DMSO solvent ratio but at a lower temperature. The
structure of MXene in the mixed solvent below 328 K was affected by the interstratification of differently
hydrated (H,O)/solvated (DMSO) layers. Above the temperature of the transformation, the water was
expelled from MXene interlayers and the formation of a pure two-layer DMSO-MXene phase was found.
No changes in the swelling state were observed for MXenes immersed in DMSO or methanol at tempera-
tures below ambient down to 173 K. Notably, MXenes do not swell in 1-alcohols larger than ethanol at
ambient temperature. Changing the interlayer distance of MXenes by simple temperature cycling can be
useful in membrane applications, e.g. when a larger interlayer distance is required for the penetration of
ions and molecules into membranes. Swelling is also very important in electrode materials since it allows
penetration of the electrolyte ions into the interlayers of the MXene structure.

Water and many other polar solvents are known to pene-

1. Introduction

Two-dimensional (2D) materials have been rather actively
studied over the past decade in both single layered and multi-
layered forms. 2D materials can be both hydrophobic (e.g. gra-
phene or boron nitride) and hydrophilic (clays, graphite/gra-
phene oxide and some MXenes'). Swelling is a key property of
hydrophilic multilayer 2D materials that is crucial in many appli-
cations. For example, swelling determines the size of permeation
channels in membrane applications,>* the pore size of electro-
des inside energy storage devices (e.g. supercapacitors)* and the
sorption properties for the removal of pollutants.’
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trate easily between individual sheets of hydrophilic 2D
materials, expanding the interlayer distance. Saturated swell-
ing is easily achieved by immersing hydrophilic materials into
liquid water (or other solvents) or by exposure to saturated
vapours.®® Intercalated solvent molecules are relatively weakly
bound to 2D sheets by hydrogen bonding and in many cases
the swelling is reversible. For example, water easily evaporates
from the swelled structures of clays and graphite oxide after
the exposure of hydrated materials to air.’

The swelling of clays and graphite/graphene oxide has been
studied rather extensively over last 100 years, revealing many
unusual effects.'® For example, the swelling of graphite
oxide in a variety of solvents (e.g. water, alcohols, amines,
nitriles, etc.) was studied under temperature and pressure
variations.""*® Solvent molecules can be intercalated into
the GO structure, forming one or several layers depending
on the solvent nature and specific temperature/pressure
conditions.”’”?* Temperature- and pressure-driven phase
transitions related to the insertion or de-insertion of solvent
layers were discovered for Brodie GO (BGO) immersed in

This journal is © The Royal Society of Chemistry 2022
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several alcohols, acetonitrile, DMF and some other
solvents.'>'*?272% Gradual changes in the interlayer distance
have been found for BGO and Hummers GO (HGO) as a func-
tion of humidity or under temperature variations in a solvent-
immersed state.>'>?° The gradual changes in the GO structure
are commonly explained by random interstratification: random
stacking of differently hydrated (or solvated) interlayers.>*>°

Unlike clays and GO that have been known for over a
century, 2D MXenes were discovered relatively recently. So far,
only a very few focused studies are available on MXenes swelling
in polar solvents even under ambient conditions.””° A single
study of the swelling of MXene Ti;C,T, under compression and
decompression has been reported so far,>® but systematic
studies of temperature-dependent swelling are not yet available.

The most common MXene, Tiz;C,T,, is also the most
studied for its swelling properties. It can be considered as a
model material for many other MXenes. Swelling is one of the
key properties of MXenes, which helps to delaminate bulk
materials on single sheets using, e.g. mild sonication, in polar
solvents.?> The swelling of Ti;C,T, depends very strongly on
the synthesis method. An original and still most common
method to produce Ti;C,T, is to etch Al away from the “MAX
phase” using HF.** The resulting Ti;C, sheets are terminated
by several kinds of functional groups, including fluorine,
oxygen and hydroxyls denoted as “T,”. Ti;C,T, produced by
this method can be delaminated to produce 2D sheets using
dimethyl sulfoxide (DMSO).>**** The delamination is enabled
by swelling in DMSO, which seems to be one of few solvents
capable of intercalating Ti;C,T, prepared by HF etching. This
type of MXene does not swell in most common polar solvents
like water and alcohols.**

However, swelling in water, alcohols and several other sol-
vents has been found for Ti;C,T, prepared by HF + LiCl' and
LiF + HCIl etching procedures. “Clay-like” swelling under
ambient conditions was reported for Ti;C,T, synthesized with
Li-intercalation or after ion exchange with alkali or alkali-earth
cations."?”**?%37 There are also data suggesting that water is
more ordered in swollen ion-intercalated MXenes.**

It is important to distinguish between “crystalline” swelling,
when the lattice expansion clearly corresponds to the insertion
of one or several discrete solvent layers, and osmotic swelling,
which is typically rather large and controlled by the charge
balance inside interlayers.*® The swelling of MXenes in pure
solvents is typically crystalline but in some case it could also
be osmotic, e.g. in NaOH solutions with low concentrations.*°
Once again, there are some strong similarities in the swelling
of GO*"*? and MXenes in NaOH solutions.*°

The surface of a single MXene sheet is terminated, at least
partly, by the same types of functional groups (e.g. OH groups)
as graphene oxide. Therefore, one could possibly expect to find
some temperature-dependent swelling effects for TizC,T,
immersed in liquid polar solvents similar to those found in
BGO and HGO. On the other hand, the presence of fluorine-
related functional groups in MXenes and the absence of these
groups in graphene oxide could result in some significant
differences.

This journal is © The Royal Society of Chemistry 2022
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Here we report the results of in situ temperature-depen-
dence experiments with Ti;C,T, immersed in several common
polar solvents performed using synchrotron radiation X-ray
diffraction (XRD). No transitions between differently swelled
phases were found for Ti;C,T, immersed in water and metha-
nol upon cooling or heating. Moreover, swelling in alcohols
larger than ethanol was not found even under ambient con-
ditions. A sharp phase transformation related to the insertion
of an additional solvent layer was found for Ti;C,T, immersed
in DMSO at temperatures above ambient. The transformation
was not reversible and an expanded two-layer DMSO-Ti;C,T,
structure remained upon cooling back to room temperature.

2. Materials and methods

Ti;C,T, was synthesized here using two procedures reported
previously.?3%43:44

The first method was the synthesis of MXenes using a LiCl +
HF etching procedure. The MAX phase Ti;AlC, precursor
(Carbon®, Ukraine) was first etched with a mixture of LiCl (99%
Sigma Aldrich) and 10% HF (by diluting commercial 48% HF,
Sigma Aldrich) for 22 h at 50 °C using a molar ratio of 1:5
between the initial MAX phase and LiCl. At the end of the oxi-
dation, the resulting mixture was centrifuged (15000 rpm for
15 min) and washed with 6 M HCl in order to remove all the Li-
salt impurities. The resulting material was placed in a 1 M LiCl
solution for 24 h under argon to ensure the intercalation of Li
into the final structure.®® After this, the material was washed
using water until a pH value of 6 was achieved. Finally, the
water dispersion was centrifuged at 500-1000 rpm for 10 min
and only the supernatant was collected and vacuum dried to
obtain MXenes. Mild centrifugation helps to remove few-layered
sheets, leaving single-layer MXenes in the dispersion.

The second method was the synthesis of Ti;C,T, by LiF +
HCI etching according to a previously reported procedure.****
The MAX phase Ti;AlC, precursor (Carbon®, Ukraine) was first
etched with a mixture of LiF (98% Sigma Aldrich) and HCI
(37% Sigma Aldrich) for 22 h at 40 °C using a molar ratio of
1:5 between the initial MAX phase and LiF. The next washing
steps were identical to ones described in the previous method.

X-ray photoelectron spectra (XPS) were recorded with a
Kratos Axis Ultra electron spectrometer equipped with a delay
line detector. A monochromated Al Ka source operated at 150
W, a hybrid lens system with a magnetic lens, providing an
analysis area of 0.3 x 0.7 mm, and a charge neutralizer were
used for the measurements. All spectra were processed with
the Kratos software.*’

Thermogravimetric analysis (TGA) curves were recorded
using a Mettler Toledo TGA/DSC1 STARe system. Experiments
were performed from room temperature up to 700 °C at a
heating rate of 5 °C min~" under nitrogen flow (50 mL min).

A Panalytical X’pert X-ray diffractometer in reflection mode
with CuKa radiation was used to record part of the data for the
characterization of powder samples and powder samples
immersed in excess of several solvents. A thin polyethylene foil
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was used as a cover to prevent solvents from evaporating.
Typically, a pattern was recorded in an angle range from 3.5°
to 50° with a step size of 0.007°, a time per step of 65 s, and
a total of 32 min per scan. The patterns were recorded a
few minutes after sample preparation and the addition of
solvent. For some samples repeated patterns were recorded to
make sure that swelling is saturated and does not increase
over time.

Experiments with heating and cooling were performed at
the Rossendorf Beamline (BM20) of the European synchrotron
radiation facility (ESRF),’® using a CyroStream 800 system
(Oxford Cryosystems) and radiation wavelength 1 = 0.7381 A.
The MXene powder was loaded into 0.7-1 mm capillaries with
excess liquid solvent and sealed to prevent solvent evaporation.
Experimental data were collected in transmission geometry
using a Pilatus3 X 2M detector and extracted with Bubble soft-
ware.”” The detector geometry parameters were calibrated with
PyFAI using the NIST standard LaB,. The MXene samples
showed rather different sensitivities to degradation caused by
the high-brilliance synchrotron X-ray beam as verified by
testing using filters, which cut the intensity by factors of 50
and 100. MXenes immersed in DMSO demonstrated no degra-
dation with 50 filters. A slow downshift of d(001) was observed
for unfiltered radiation. MXenes appeared to be especially sen-
sitive to X-ray radiation in the water-immersed state, as evi-
denced by the change in the sample colour and the evolution
of gas bubbles in the irradiated spot. Therefore, following the
stability testing, temperature-dependence experiments with
water and methanol immersed MXenes were performed using
the intensity of incident radiation cut by a factor of 100 to
ensure the absence of degradation.

3. Results

Two types of MXene Ti;C,T, were studied here for swelling in
several polar solvents under ambient conditions. MXenes were
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prepared vig LiF + HCl (MXene 1) and HF + LiCl (MXene 2)
etching. The materials were characterized using XPS, XRD and
TGA shortly after synthesis (see Fig. 1 and Fig. S1-S5 in the
ESIT). The characterization data are in good agreement with
earlier reports, confirming the successful synthesis of
materials.

The swelling of MXenes 1 and 2 was studied by XRD in
several liquid solvents (Fig. 1) shortly after the synthesis. The
swelling of MXenes is expected to result in the intercalation of
solvent between 2D sheets with expansion of the interlayer dis-
tance. The solvent-free structure shows the ordering between
individual sheets in a hexagonal structure with interlayer dis-
tances of 12.4 A and 12.9 A for MXene 2 and MXene 1, respect-
ively. Adding solvents results in the immediate saturation of
the swelling state within several minutes required to start the
measurement. Both MXenes showed almost the same increase
in interlayer distance in the water-immersed state, by 3.8 A
and by 4.0 A for MXene 2 and MXene 1, respectively. The
increase is clearly larger compared with the expected thickness
of one water layer (~2.5-3 A) but smaller than the thickness of
two water layers, suggesting the presence of interstratification.
The swelling in water was found to be reversible; the pristine
phase recovers after exposing the sample to air and water evap-
oration. Swelling is almost absent in acetonitrile with the
increase in the d-spacing by only 1.0 A and 0.6 A for MXene 1
and MXene 2, respectively. Once again, random interstratifica-
tion is the most common explanation for the changes in the
interlayer distance of hydrophilic layered materials, which are
smaller compared with the size of the solvent molecules.*®

Note that typically swelling results in the disappearance of
ordering between MXene layers. Some ordering might remain
in water-swollen LiCl + HF MZXenes after careful etching
according to some reports but more as an exception than a
rule. Therefore, the XRD reflection, which corresponds to the
interlayer distance of the swollen disordered phase, should be
indexed as (001) rather than (002). The d(001) value directly
corresponds to the interlayer distance in the MXene structure.

1 L 1 1 1

Mxene 1 o
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Fig. 1 XRD patterns recorded for MXenes prepared using HF + LiCl (MXene 2) (a) and LiF + HCl (MXene 1) (b) under ambient air conditions and
immersed in liquid acetonitrile and water (CuKa radiation). The peak marked with * is from the plastic cover foil used to prevent solvents from

evaporating.
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Swelling does not result in structural changes to the 2D sheets
of MXenes, changing only the distance between the layers due
to the intercalation of solvents. Therefore, mostly the low-
angle region of XRD patterns exhibiting a 007 set of reflections
will be discussed below.

The increase in the interlayer distance is in good agreement
with the thickness of one methanol layer. However, the swell-
ing of MXene 2 in ethanol was only partial with the (002)
reflection of the pristine phase still present and the reflection
from the swollen phase with d(001) = 14.6 A.

The relative intensity of reflections from pristine and
swollen phases did not change over time and was not
related to the kinetic effects within 1 hour after immersion.
Almost no swelling was observed for MXene 2 in larger
primary alcohols: propanol, butanol and pentanol. A pro-
gressively weaker shoulder at 13.8 A was the only trace of
some swelling effect, most likely reflecting random interstra-
tification of swollen and non-swollen layers. Almost no
swelling of MXene 1 was found in all the tested alcohols
except for methanol.

Summarizing the results presented in Fig. 1 and 2, the
swelling of MXene 1 and MXene 2 is, in general, rather
similar. Both MXenes showed good swelling in water and
methanol, no swelling in acetonitrile and very poor or comple-
tely absent swelling in longer chain alcohols. This is in strong
contrast to the swelling of GO, which shows strong swelling
even in much longer chain alcohols (at least up to carbon
number 20). The difference in swelling properties could be
explained at the qualitative level by taking into account that
the 2D sheets of MXenes are thicker and a lot heavier com-
pared with GO sheets. Therefore, a lot of stronger hydration
forces and swelling pressures*® are required to move apart
MXene layers. Alcohols are polar solvents due to the presence
of the ~-OH group. However, the alkyl chain is hydrophobic
and the longer the chain is, the less polar is the alcohol as a
solvent.
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It has to be noted that the swelling is a very sensitive indi-
cator for the degradation of MXenes. The swelling becomes
weaker with time if the samples are stored in air and even after
storage in vials tightly closed under argon. The samples ana-
lyzed several weeks after synthesis no longer demonstrate the
same swelling as freshly prepared materials.

A temperature-dependence study was performed using syn-
chrotron radiation XRD using samples of MXene powder
loaded into glass capillaries with an excess amount of solvent.
The capillaries were sealed to prevent the evaporation of the
solvent and studied using transmission geometry. A new batch
of MXene 1 was prepared about 2 weeks prior to these experi-
ments. MXene 1 appeared to be more stable to brief exposure
to air in the process of loading into capillaries. The major part
of the sample showed good swelling in methanol with d(001) =
17.6 A at 300 K and much weaker reflection from the non-
swelling part with d(001) = 14.1 A.

The temperature-dependent XRD of MXene 1 immersed in
methanol did not reveal phase transitions in a temperature
interval range of 172-333 K (Fig. 3).

A slight decrease in the d(001) of the swollen phase was
observed upon cooling (4(001) = 17.3 A at 172 K). This is in
strong contrast to the earlier reported temperature-dependent
swelling of graphite oxides, which showed either a phase tran-
sition between 1-layer and 2-layer solvate structures (for
BGO)' or a very strong increase in the interlayer distance (for
HGO)" upon cooling to the freezing point of methanol. No
change in the structure was also observed for MXene 1
immersed in DMSO upon cooling. This is in agreement with
an earlier study of an MXene-DMSO system using neutron
scattering, which did not reveal anomalies below room temp-
erature down to 20 K.*°

However, a step-like change in the d(001) value due to the
swelling transition was found for MXene 1 in DMSO at temp-
eratures above ambient (Fig. 4a). MXene 1 immersed in DMSO
showed a 00¢ set of narrow reflections from (001) to (007) with

b) in Pentanol
d(001)= 44A
T in Buthanol
2
c
]
o \_k in Propanol
®©
>
£ _\'/L in Ethanol
= d(001)=17.3A
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002 =12.8A
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T T T T T T
5 10 15 20

Diffraction angle, 20

Fig. 2 XRD patterns recorded for MXenes prepared using HF + LiCl (MXene 2) (a) and LiF + HCl (MXene 1) (b) under ambient air conditions and
immersed in liquid alcohols (CuKa radiation). Plastic cover foil was used to prevent solvents from evaporating.
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Fig. 3 Temperature-dependent swelling of MXene 1 in methanol. (a) Low-angle part of XRD patterns recorded for MXene 1 in methanol during
cooling from 333 K to 172 K; 1 = 0.7381 A and (b) temperature dependence of d(001) observed in the temperature cycling experiment performed by
heating from ambient temperature to 333 K and cooling from 333 K to172 K.
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Fig. 4 (a) XRD patterns recorded for MXene 1 immersed in DMSO upon
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heating from ambient temperature to 370 K (part of data close to the tran-

sition temperature); only the low-angle region is shown. (b) XRD patterns recorded for MXene 1 immersed in DMSO at 282 K and 370 K. The inter-
layer distance of the low-temperature phase corresponds to intercalation with one layer of DMSO; the high-temperature (HT) patterns show the

presence of a two-layered phase with expanded lattice.

the refined value of c-unit cell parameters (which corresponds
to the interlayer distance) equal to 17.73 A at 280 K. The diffr-
action pattern of MXene 1 in DMSO also shows relatively
strong in-plane reflections of (010) and (110), corresponding to
the g-unit cell parameter value of 3.052 A. As noted above, no
ordering of layers was observed, as evidenced by the absence
of reflections, which combined 4, k and ¢ indexes. Heating the
MXene-DMSO sample resulted in a phase transformation. The
XRD patterns recorded above 362 K showed reflections from
the second set of 00¢ reflections with an expanded c-lattice.

10944 | Nanoscale, 2022, 14,10940-10949

The XRD pattern of MXene-DMSO recorded at 370 K showed a
strong reflection from the expanded phase with d(001) =
22.34 A and a weaker reflection from the ambient temperature
phase with d(001) = 18.10 A (Fig. 5).

The difference of ~4.2 A corresponded to the thickness of
the DMSO layer (Fig. 4b). The incomplete transformation was
likely related to the inhomogeneous structure of MXene
materials with part of the layers not accessible for solvents. A
similar kind of incomplete swelling transition was previously
observed in a BGO-ethanol system and assigned to the

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Temperature dependence of the interlayer distance d(001) pro-
vided for MXene 1 immersed in excess DMSO. Black symbols are for
heating, and grey symbols are for the cooling parts of the temperature
cycle.

inhomogeneous oxidation of graphene oxide layers.*
Therefore, the XRD data provide evidence for the transition
between the 1-layer solvate and 2-layer solvate phases in the
MXene-DMSO system. Schematic structural models of these
solvates are shown in Fig. 6.

To build up the theoretical models, we used the MXene
structure with MXene layers terminated only by OH groups
and the close-packed monolayers of DMSO cut from the crystal
structure of pure DMSO.>"

The unit cells of the intercalated structures were chosen to
be commensurate with both MXene and monolayers of DMSO.
The compositions of one-layer and two-layer solvates in these

a) b)
ML
e ) v
A P @ ”
'}"r.v_ z&:"“:‘)‘ w7y

TTYTY YT Y Y
& RO RC R RO R

R

View Article Online

Paper

models are 77 mg and 154 mg of DMSO per gram
(Ti;C,(OH),), respectively. The model is strongly oversimplified
since the MXene layers in the real material are terminated by
several kinds of functional groups and the solvent layers are
completely disordered. Nevertheless, the XRD pattern-simu-
lated models provide reasonable agreement with the experi-
mentally observed interlayer distance in one- and two-layer sol-
vates (Fig. S6 in the ESIf). The patterns are dominated by the
high-intensity 001 reflection in both phases.

Heating and cooling experiments were also performed with
a H,0:DMSO mixture in a 2:1 (volume) proportion (Fig. 7).
The temperature cycle started at 280 K with heating to 373 K
(black symbols) followed by cooling to 173 K (green symbols)
and heating back to ambient temperature (blue symbols)
(Fig. 8). The d(001) = 20.8 A is in good agreement with the pre-
viously reported value for MXene 1 immersed in DMSO and
“hydrated” at room temperature (d(001) = 20.2 A).>>

The heating resulted in a continuous shift of the d(001)
peak from 20.8 A at 280 K to 22.1 A during the heating to
373 K. The continuous shift is typically considered as evidence
of interstratification. However, splitting of the (001) reflection
into two components was observed at 328 K. Simultaneously,
an increase in the intensity of the (002) reflection and a sharp
step-like decrease in the full width at half maximum (FWHM)
of the (001) reflection occurred (see Fig. 8b). The MXene phase
formed in the H,0-DMSO mixture (d(001) = 22.1 A) at high
temperatures was very similar to the phase observed in the
experiment with pure DMSO (d(001 = 22.3 A). The data allow
the following interpretation: the MXene exposed to a mixed
solvent is intercalated by both water and DMSO at ambient
temperature, forming randomly interstratified packing.
Heating results in an increased number of layers intercalated
by pure DMSO, providing a gradual shift in d(001) and at temp-
eratures above 360 K all water is expelled from the MXene
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Fig. 6 A schematic structural model of MXenes intercalated with one layer of DMSO (a) and two layers of DMSO (b). The simplified model assumes

that the surface of T3C; layers is terminated only by OH groups.
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structure. The weak reflection found at 19.2 A (373 K) is likely
to originate from a small part of the sample intercalated with
one DMSO layer (as in the experiment with pure DMSO).
Cooling from 373 K to 173 K followed by heating back to
ambient temperature resulted only in small continuous shifts
of d(001) while the high-temperature expanded phase pre-
served an interlayer distance of ~22 A (Fig. S8 in the ESI}).

It is interesting to note that the phase transformation in
pure DMSO occurs at a higher temperature (362 K) compared
with the transition in the H,O-DMSO mixture (328 K). A
similar decrease in the temperature point of the swelling tran-
sition was observed previously in a GO-methanol system pro-
portionally to the amount of added water.>*>*

10946 | Nanoscale, 2022, 14,10940-10949

An irreversible phase transformation from the phase inter-
calated with one DMSO layer into two-layer DMSO-MXene has
never been observed previously. There is a single report of
DMSO intercalation into MXenes with the formation of a
phase with d(001) = 22.4 A available for the material produced
by a different method (HF etching) after 3 weeks of storage in
a desiccator.>® However, this phase was not observed again in
later studies from the same group.™®

The phase transformation in the MXene-DMSO system is very
different from transitions between one- and two-layered phases
observed in BGO systems with several solvents (e.g. methanol)."*

Phase transitions into expanded two-layered solvate phases
in BGO were observed upon cooling and were completely

This journal is © The Royal Society of Chemistry 2022
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reversible upon heating.'**> The swelling transition into an
expanded phase occurs in the DMSO-MXene system upon
heating and is not reversible.

DMSO is very commonly used for dispersing MXenes on
single sheets by sonication. However, it is usually performed at
ambient temperature. The expanded phase demonstrated in
our study is likely to be favourable for the delamination of
bulk MXenes on single flakes. Therefore, simple heating to
370 K and cooling back to ambient temperature can be used
as a preliminary step before performing sonication aimed at
delamination. Moreover, it is likely that the expanded DMSO
phase is more favourable for prolonged storage of MXenes
after the synthesis of materials. DMSO will not only protect
MXene layers from re-stacking and cross-linking reactions but
also prevent the penetration of water into the interlayer space
of the MXene structure. Therefore, excluding water from the
structure by heating to over 328 K is likely to prolong the shelf
storage time of the materials.

A possibility to change the interlayer distance of MXenes by
simple temperature cycling can also be useful in membrane
applications, e.g. when a larger interlayer distance is required
for the penetration of ions and molecules in membranes. It
can also be useful for the preparation of intercalated MXene
structures with larger “pillaring” molecules. Our study opens
up a possibility to change the size of MXene interlayers
between two sharply different “pore size” states, which could
also be useful in energy storage devices, allowing the pene-
tration of larger electrolyte ions. However, one needs to note
that the swelling of bulk powder materials can be significantly
different compared with multi-layered membranes as pre-
viously reported for graphite oxide and GO membranes.*

Independently of applications, the temperature-driven tran-
sition between the intercalation of 1- and 2-layer solvents is of
fundamental value for understanding swelling in hydrophilic
layered materials.

We note that our study provides the first ever example of
temperature-driven swelling transitions in MXenes but likely
not the last considering the variety of MXene structures known
at the moment®® and the many solvents possibly inducing
their swelling.

4. Conclusions

In summary, we report an irreversible swelling transition,
which occurs in MXenes immersed in excess DMSO upon
heating at 362-370 K with an increase in the interlayer dis-
tance by 4.2 A. The expansion of the c-lattice corresponds to
the thickness of one layer of DMSO and is explained by the
transformation from a one-layer solvate phase at ambient
temperature into a two-layered phase upon heating. Therefore,
a stable expanded two-layer MXene-DMSO solvate phase can
be easily produced by heating above 370 K and cooling back to
room temperature. The transition temperature is lower for
MXenes immersed in a 2:1 (by volume) H,O : DMSO mixture.
A continuous shift of d(001) as a function of temperature is

This journal is © The Royal Society of Chemistry 2022
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observed for MXenes immersed in the mixed solvent below the
transformation point (328 K). The effect of the continuous
shift in the XRD peak position is explained by random inter-
stratification of hydrated and DMSO solvated layers. However,
water is expelled from MXene interlayers at T > 328 K with the
formation of a pure two-layer DMSO solvate. The DMSO
solvate phase preserves upon cooling back to ambient tem-
perature in both cases when immersed in pure DMSO and
DMSO mixture with water. No swelling transitions were found
for MXenes immersed in DMSO/H,0 and methanol upon
cooling below the freezing point of solvents. No swelling was
observed in 1-alcohols longer than ethanol.
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