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Herein we report on a general approach to delaminate multi-layered MXenes using an organic base to induce swelling that

in turn weakens the bonds between the MX layers. Simple agitation or mild sonication of the swollen MXene in water

resulted in the large-scale delamination of the MXene layers. The delamination method is demonstrated for vanadium

carbide and titanium carbonitride MXenes.

Introduction

Two-dimensional (2D) layers of transition metal carbides and
carbonitrides, so-called “MXenes”, are synthesized by etching
atomically thin metal layers from “MAX phases”.l'4 The latter is a
large family of hexagonal layered, P6s;/mmc, ternary transition
metal (TM) carbides and/or nitrides with a composition of M,,;AX,
where M stands for a transition metal (Sc, Ti, V, Cr, Nb, Mo, etc.), A
are group 13 and 14 elements (Al, Si, Sn, In, etc.), X is carbon or
nitrogen, and n =1, 2, or 3. MXenes are both hydrophilic and good
electrical (:onductors,2 a rare combination in 2D materials. Despite
their short materials development history, the exploratory use of
MXenes in many applications shows great promise due to their
inherent physiochemical properties. For example, excellent
volumetric capacitances were reported for Ti;C, when tested as
electrodes for electrochemical supercapacitors.s'8 MXenes also
exhibit good capacity and rate capability when used as electrodes
for Li-ion batteries (LIBs) and Li-ion capacitors.3’ 13 MXenes were
found to be good supports for catalysts.m'16 Water purification is
another venue where MXenes show great promise since they can
selectively remove lead"” and chromium (VI)18 from water. MXenes
could be used also as a precursor for novel hybrid structures of
nanoscale transition metal oxides on carbon.'® Theoretical
calculations also predict other possible applications for MXenes,
e.g. some MXenes are predicted to be have good thermoelectric
properties ,ZO‘ 1 and also in principle could be used as anodes for
other ion batteries including Ca, K, Na,zz’ z Mg and AlL%

During MXenes synthesis, the aluminum, Al, in the MAX
phase is replaced by a mixture of functional groups (OH, O, and F;
represented hereafter by T,). The latter weakens the bonding
between M,,1X, layers which then allows sonication to separate the
layers from each other.” However, the low yields of delaminated
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flakes are too small to be used in many applications where fully
delaminated layers are required, such as in polymer
reinforcements. Thus, most of the explored applications for MXenes
have focused on stacked MXenes multi-layered powders,s’ 910,14, 22,
i.e. not fully delaminated ones. To date the only exception has been
TisC,T,, that was delaminated by the intercalation of
dimethylsulfoxide (DMSO) followed by sonication in water.” This
procedure resulted in delaminated Ti;C,T, layers, which form a
stable colloidal solution in water. For reasons that are not obvious,
this approach has only been successful with Ti;C,T,, since DMSO
does not appear to intercalate other MXenes. Another approach to
delaminate Ti;C,T, was achieved by treating Ti;AlC, with a mixture
of hydrochloric acid, HCI, and lithium fluoride, LiF, instead of using
HF dire(:tly.7 Sonicating materials synthesized by this approach in
water resulted in a colloidal solution of delaminated Ti;C,T, in
water. Again, this approach to date has only been successful with
Ti3C,T,. The successful delamination of Ti;C,T, allowed them to be
used in compositeszs’ 77 that showed excellent performance as
electrodes for LIBs and electrochemical capacitors. Also, flexible
additive-free delaminated TisC,T,, 'paper' with an outstanding
volumetric capacitance, was produced by simply filtering the
colloidal solutions.* ® Ammonium bifluoride, NH,4HF,, was used
successfully to etch Al from Ti;AIC, instead of HF, but this technique
did not result in delaminating the resulted MXene. 8

Unlike mechanical delamination techniques, such as using
Scotch tape,zg’ 30 liquid delamination of layered materials is an
effective and simple technique for large-scale production of 2D
materials that can be used in many applications that vary from
reinforcements in polymers to energy storage and catalysis.31 Many
2D materials were successfully produced by liquid delamination,
such as graphene,gz’ 3 transition metal dichalcogenides (TMDs),
boron nitride,34 TM oxides and hydroxides.35 For most of these
examples, the weak out-of-plane van der Waals bonds between the
layers in the parent 3D materials can be easily broken by sonication
in certain solvents resulting in stable colloidal solution of 2D layers.
In the case of layered TM oxides and hydroxides, extra steps of
exchanging alkali metal cations in-between the layers with protons,
followed by replacing the protons with large organic cations, such
as tetrabutylammonium (TBA) are needed. The latter step is
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accompanied by a significant swelling of the layered TM oxides that
in turn facilitates the delamination process. Recently, Jeong et al®
reported on a similar “Tandem” intercalation of Lewis base to
effectively delaminate TMDs.

Herein we report a general approach for the large-scale
delamination of MXenes using a relatively large organic base,
namely tetrabutylammonium hydroxide (TBAOH), choline
hydroxide, or n-butylamine. These bases react with the MXenes
resulting in intercalated MXenes with a large increase in the d-
spacing, i.e. swollen MXene, compared to pristine as-synthesized
MXenes (Fig. 1). Hand shaking the intercalated MXenes in water
resulted in stable colloidal solutions of delaminated flakes. As
shown in Fig. 1 the process is highly scalable (from mL to L) to
produce large quantities of colloidal solutions. Unlike the previously
reported procedures for the delamination of Ti;C,T,, the approach
described here is much more universal, since it successfully
delaminated many MXenes, not just a single composition, using
several organic bases. Also, as a result of the organic base
treatment of MXenes during the delamination process, the F-
content in the MXenes was significantly reduced/eliminated which
is an important step toward controlling the surface chemistry of
MXenes. Although the volumes produced here are not at the
industrial scale, the simplicity of the delamination process shows a
potential for a straight forward scale-up.

:/7/ 444;;
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MXene in Water
Fig. 1 Schematic for MXene delamination process by reacting
MXenes with an organic base that causes multilayered MXene
powder (pictured in bottom left) to swell significantly. Then by
simply hand shaking or mild sonication in water the layers
delaminate forming a stable colloidal solution (right side). A typical
SEM image of the as synthesized Ti;CNT, multi-layer MXene is
shown top left.

MXene Powder

V,CT, and TisCNT, were used as examples for MXenes that
could be delaminated using this technique. The rationale behind
selecting V,CT, for this study as a representative M,X MXene, was
the fact that it showed the highest Li uptake when tested as
electrodes for LIBs compared to all the other multi-layer MXenes.?
Thus, delaminated V,CT, could be useful for application in LIB
batteries. Ti;CNT, was selected in this study, since it behaves
differently from Ti;C,T, but has the same transition metal and the
same number of atomic layers (per single MXene sheet). For
example, the change in c-lattice parameter, Ac-LP, upon the
conversion from MAX phase to MXene is about 50% higher in the
case of TizCNT, (~3 A) compared to Ti;C,T, (~2 A). Also, the TisC,T,
could be intercalated with DMSO and delaminated while Ti;CNT,
could not be.

2| J. Name., 2012, 00, 1-3

Experimental

A detailed description for the synthesis of the MAX phases
(VLAIC and Ti;AICN), their corresponding MXenes (V,CT, and
TisCNT,), and the organic base treatment of MXenes as well as the
details for the characterization techniques used in this work are
given in the electronic supplementary information (ESIt). Briefly,
MXene powders were mixed with an aqueous solution of 54-56%
TBAOH, (C4Hs)sNOH, (Sigma Aldrich, St. Louis, MO, USA) in a ratio of
1g MXene to 10mL base solution. The mixture was then stirred at
room temperature (RT) for 2, 4 or 21 h.

After the prescribed mixing time, the mixtures were
centrifuged at 2000 rpm for 0.5 h. The supernatant liquids were
then decanted, and the sediment was used for further
characterization and delamination. More details about the
delamination process can be found in the ESIt. In short, mixtures of
DI water with MXenes (1 g of MXene : 400 mL of DI) were either
hand-shaken for 2 minutes (for V,CT,) or sonicated for 20 minutes
(for Ti3CNT,). Then, the solutions were centrifuged at 2000 rpm for
0.5 h, and the black supernatants were decanted and used for
further investigation.

Results and Discussion

In order to ascertain the surface charge and the fundamental
interaction of the delaminated MXene layers with water, zeta
potential measurements were performed as a function of pH.

As shown in Fig. 2, zeta potential () measurement for Ti;CNT,
at different pH values showed a negatively charged particle
behavior at neutral and basic pH, which is similar to what was
reported for Ti3C2TX.18 At a pH of 11.7, a T of -77 mV was recorded,
while in the pH range of 6.2 to 8.3, { varied from -51 to -71 mV. The
midrange of those T values is almost twice as negative compared to
what was reported for Ti;C,T, at a pH of 7 (~ -29 mV)18 which
explains why Ti;CNT, appears to form a more stable colloidal
solution in water as compared to TizC,T,. The point of zero charge
(PZC) of TizCNT, was found to be 3.3 which is higher than that of
Ti3C, T, (2.4).18 For V,CT,, the particles were found to be negatively
charged within the entire range of pH we tested at (from 0.97 to
11.3), and the zeta potential curve did not cross the PZC line.
Around neutral pH, in the range of 6.06 to 8.00, the { were found to
be in the range of -46 mV to -58 mV.
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Fig. 2 Zeta potential dependence on pH for TisCNT, (blue curve with
square points) and V,CT, (red curve with round points) multi-layer
powders with a concentration of 1 mg/mL. The horizontal green
dashed line indicates the position of zero zeta potential, which
intersects with the zeta potential plot at the point of zero charge
(PZC).
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The XRD patterns for Ti;CNT, before and after TBAOH
treatment, after various mixing times, are shown in Fig. 3A. A
significant shift in the 0002 peak of Ti;CNT, from 20 of 8.26° to
4.57° after 2 h of treatment in the TBAOH solution was observed.
This shift corresponds to an increase of the c-LP from 21.4 A to 38.6
A. After 4 h of mixing, the 0002 peak shifted to a 26 of 4.5° that
corresponds to c-LP of 39.2 A (Ac-LP ~ 17.9A, A d-spacing ~ 8.9 A).
Mixing for 21 h did not result in further increase in the c-LPs. It
follows that 4 h is a sufficient time to achieve maximum
spontaneous swelling in the Ti;CNT, case in a 54-56% TBAOH
aqueous solution at RT. Spontaneous intercalation of alkali metal
hydroxide in aqueous system was reported for Ti;C,T,, and the
maximum reported increase in the c-LP in the case of KOH was
about 5.1 A% Not surprisingly, given the large size differences
between K" and TBA®, the increase reported here is significantly
larger.

For V,CT, (Fig. 3B), the 0002 peak shifted from a 26 of 8.9° to
4.6° (c-LP from 19.9 A to 38.6 A) after 2 h mixing in TBAOH solution.
By doubling the time to 4 h, a very slight down shift in the 0002
peak position was observed (shifted down to 4.56°). This new peak
location corresponds to a c-LP of 38.72 A. The overall increase in
the d-spacing was ~ 9.4 A. It is worth noting that the 0004 and 0006
peaks appeared after the TBAOH treatments. Also, a smaller broad
shoulder for the 0002 peak at 20 around 5.6° appeared after the
TBAOH treatment. As shown in Fig. S1 (ESIT), other strong organic
bases, such as choline hydroxide, (CsH;,NO)OH, and even weak
bases like n-butylamine, C,H;;N, were found to induce swelling in
V,CT, but less than what was observed for TBAOH (the c-LP after 4 h
treatment was found to be 36.0 A for 50% aqueous choline
hydroxide V,CT,, and 36.3 A for n-butylamine treated V,CT,). More
details about the other bases treatments are given in the ESIt.
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Fig.3 XRD patterns for: (A) Ti;CNT, before (black pattern at bottom)
and after mixing with TBAOH for 2, 4, and 21 h (red, blue, and
green, respectively). (B) V,CT, before (black pattern at bottom) and
after mixing with TBAOH for 2 and 4 h (red and blue patterns
respectively). The peaks denoted by * are those for the un-reacted
MAX phase; in A that phase is TisAl(C,N);, in B it is V,AIC. The insets
are schematics of the MXene unit cells before, and after, TBAOH
intercalation with the corresponding change in the c¢ lattice
parameter.

Intensity, Arb. U. >
Intensity, Arb. U. 00

V,CTy

By adding water to the TBAOH treated V,CT, samples
followed by hand shaking, a black colloidal solution was formed.
The solution was still black even after centrifuging (Fig. 4A). By
shining a laser beam into the solution (inset Fig. 4B), we noticed the
Tyndall effect thereby confirming it to be a colloidal solution. It is
worth noting that both samples treated using choline hydroxide and
n-butylamine formed very similar black colloidal solutions using the
procedure described above for TBAOH treated samples. This
indicates that other organic bases (either strong or weak) can also
be used to delaminate MXenes.

This journal is © The Royal Society of Chemistry 20xx

COMMUNICATION

Fig.4 (A) Photograph of a glass bottle filled with delaminated V,CT,
in water after centrifuging. (B) TEM image of a delaminated V,CT,
flake. Inset shows the Tyndall effect for this mixture. (C) TEM image
of a delaminated Ti;CNT, flakes (the inset is a photograph for vial of
delaminated Ti;CNT, colloidal solution, after centrifuging, showing a
Tyndall effect). Scale bars in B and C are equal to 1 um (D)
Photograph of additives free Ti;CNT, paper fabricated by vacuum-
filtering the colloidal solution of delaminated Ti;CNT, (US quarter
dollar coin added for size comparison). (E) A photograph of the
same paper shown in D, but bent and held using tweezers.

Fig. 4B shows a TEM image for a delaminated V,CT, flake
after the TBAOH treatment. The electron energy loss spectroscopy
(EELS) analysis of this flake (Fig. S2A, ESIT) indicated the presence of
V, C, and O. A high density of holes within the V,CT, flakes was
observed in most of the investigated samples. Those holes were
either formed during the TBAOH treatment or after delamination in
water. The latter is more likely since the XRD peaks of the TBAOH
treated powders were relatively narrow and more intense which
does not agree with a more defective structure. Also, it was noticed
that the color of V,CT, colloidal solution turned from black to
yellow, as shown in Fig. S3 (ESIT), by just storing the solution in air
for 48 h. The yellow color is characteristic for solutions contacting
pentavalent V (i.e. VO,", or VO;). This change in color was
accompanied with a reduction of the pH from neutral to values ~ 4.
No Tyndall effect was observed for the yellow solution, which can
be taken as evidence for the disappearance of the V,CT, flakes. In
other words, the delaminated V,CT, was completely dissolved in
water. Although vanadium carbide is known to be stable in water,
vanadium oxide is not. Thus, it is reasonable to assume that the
dissolution is taking place in two steps: oxidation followed by
dissolution. Similar oxidation of delaminated Ti3C,T, in water was
observed, but since titanium oxide is stable in water, white
sediment was obtained."® Consistent with this conjecture is the fact
that when the vial was completely filled with the black, delaminated
V,CT, solution and the lid was sealed, no change in color was
observed over the same time period. This indicates that, like in the
case of Ti;C,T,, dissolved oxygen in the water must play an
important role in the dissolution of delaminated V,CT,. To avoid this
problem, either the water needs to be replaced with other solvents

J. Name., 2013, 00, 1-3 | 3
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or the V,CT, colloidal solutions need to be used right away after
preparation. In the absence of water, the flakes are much more
resistant to oxidation.

Sonicating the Ti;CNT,, that was pretreated with TBAOH for
4h, in water for 20 minutes, followed by centrifuging, to separate
delaminated Ti;CNT, colloidal solution from the non-delaminated
settled MXene, resulted in a black colloidal solution (see
photograph on right in Fig. 1). A similar colloidal solution was
obtained for the powders mixed with TBAOH for 21 h. Here again,
hand-shaking was sufficient to form a stable colloidal solution even
after centrifuging but we decided to use sonication to ensure
reproducibility. As shown in the inset of Fig. 4C the diluted colloidal
solution showed a clear Tyndall effect. Investigating this
delaminated Ti;CNT, using TEM, showed a significant amount of
MXene flakes. Fig. 4C shows one of those flakes with many smaller
flakes laying on top of it. The EELS spectrum of this flake (Fig. S2B,
ESIT) showed peaks for Ti, C, N, and O.

Filtering the colloidal solution of delaminated TisCNT,
resulted in a free-standing additives-free flexible paper (Fig. 4D-E).
Similar paper was reported for Ti;C,T, and found to have
outstanding performances in LIBs® and supercapacitors.8 When the
same filtering procedure was repeated but using delaminated V,CT,
solution, the resulting paper disintegrated and crumbled upon
drying in air. Other MXene 'paper’, such as Ta,CsT,, was successfully
fabricated using the same delamination procedure described
herein, but due to space limitations these results will be presented
in a standalone paper.

Comparing the energy-dispersive X-ray spectroscopy analysis
(Table S1, ESIT) for samples before and after delamination shows a
significant reduction in the F content, while the oxygen content was
found to increase after delamination. In case of Ti;CNT, the atomic
ratio of Ti:O:F changed from ~ 3.0:1.5:2.0 for as the synthesized
MXene powder (before any treatment) to ~ 3.0:3.6:0.8 after
delamination. For V,CT,, the F was almost eliminated completely
after delamination and V:O:F atomic ratio changed from 2.0:1.1:1.0
for as synthesized V,CT, powder to 2.0:3.1:0.0 for delaminated
MXene. Although EDS results showed, qualitatively, that F content
was reduced while O content was increased after delamination,
more work is needed to accurately quantify the F and O contents in
MXenes. Similar reduction in the F content was observed for TizC,T,
when treated with KOH ® and it was explained by a replacement
reaction between KOH and F termination. The same analogy could
be used to explain the reduction of the F content upon TBAOH
treatment followed by delamination. Theoretical calculations
predict that F termination is less stable compared to O and OoH.”
Thus in presence of base compound, the F termination, in principle,
could be easily replaced by OH, forming a water soluble fluoride
compound. Replacing F by O or OH is very useful for controlling the
surface chemistry of MXenes, which had been a challenge since
their rise in 2011. The ability to reduce/eliminate the F content in
the delaminated MXene is another advantage of the delamination
approach described here.

Conclusions

In summary, treating multi-layer MXenes powders with the
organic base, TBAOH, at room temperature resulted in significant
and spontaneous swelling that in turn weakens the van der Waals’
bonds between MXene layers. Once the TBAOH intercalates the
MXene flakes, slight agitation or mild sonication results in their

4| J. Name., 2012, 00, 1-3

delamination. The MXenes are highly negatively charged and form
stable colloidal solutions in water as confirmed by zeta potential
measurements. Unlike the previously reported approach to
delaminate Ti3C,T, using DMSO, this approach is more universal for
different MXenes and different organic bases and can potentially
yield large quantities of delaminated MXenes. In this study, V,CT,
and Ti;CNT, were used as examples for MXenes (with different
composition and number of atomic layers) that could be
delaminated using the organic base treatment. Similar to TBAOH,
other organic bases including choline hydroxide and n-butylamine
resulted in successful delamination of V,CT,. Delaminated V,CT, was
found to have a high susceptibility for oxidation in water in the
presence of air, thereby forming the water-soluble pentavalent
oxide. Free-standing additive-free flexible paper of Ti;CNT, was
produced by filtering the colloidal solution of delaminated MXene.
Using this approach, the delaminated MXenes showed a significant
reduction in the F-content. Delaminating MXenes with various
compositions in large-scales and replacing the F-content by oxygen
will open the door for many applications that have not been
explored for MXenes yet.
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MXene Powder Delamiated
MXene in Water

Large-scale delamination of MXenes was achieved by using a simple aqueous organic base treatment
followed by agitation in water.
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