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ABSTRACT: MXenes are a large family of two-dimensional
materials with a general formula M,, X, T, where M is a
transition metal, X = C and/or N, and T, represents surface
functional groups. MXenes are synthesized by etching A-
elements from layered MAX phases with a composition of
M,,,,AX,. As over 20 different chemical elements were shown to
form A-layers in various MAX phases, we propose that they can
provide an abundant source of very diverse MXene-based
materials. The general strategy for A-modified MXenes relies on
the synthesis of M, A’,_,A". X, MAX phase, in which the
higher reactivity of the A’-element compared to that of A”
enables its selective etching, resulting in A”-modified M,,,X,T..
In general, the A”-element could modify the interlayer spaces of
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MXene flakes in a form of metallic or oxide species, depending on its chemical identity and synthetic conditions. We
demonstrate this strategy by synthesizing Sn-modified Ti;C,T, MXene from the Ti;Al,,sSn,,sC, MAX phase, which was used
as a model system. Although the incorporation of Sn in the A-layer of Ti;AlC, decreases the MAX phase reactivity, we
developed an etching procedure to completely remove Al and produce Sn-modified Ti;C,T, MXene. The resulting MXene
sheets were of very high quality and exhibited improved environmental stability, which we attribute to the effect of a uniform
Sn modification. Finally, we demonstrate a peculiar electrostatic expansion of Sn-modified Ti;C,T, accordions, which may find
interesting applications in MXene-based nano-electromechanical systems. Overall, these results demonstrate that in addition
to different combinations of M and X elements in MAX phases, an A-layer also provides opportunities for the synthesis of

MXene-based materials.
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INTRODUCTION

MXenes are a large family of two-dimensional transition-metal
carbides, nitrides, and carbonitrides with diverse physical
properties and applications.””” The general chemical formula of
MXenes is M, X, T,, where M is a transition metal, such as Ti,
Cr, Nb, T4, etc., X is carbon and/or nitrogen, n = 1, 2, 3, 4, and
S, and T, represents surface functional groups. MXenes are
synthesized by selective etching of the A-element from layered
MAX phases, with a general formula of M,,,;AX,, in which the
A-layers separate the M,,,;X,, layers. Although elements such as
Fe, Ir, Cu, Au, Ga, Sb, Si, etc,, from Groups 8 through 16 can
be used as components of the A-layers,”* the most frequently
used A-element is aluminum, with the most established etching
process.s’6

Despite ongoing investigations on numerous combinations
of M and X elements, such as Ti,C,,”” Ti,C,” Ti,N,” Ti,CN,"’
Nb,C,'"' Nb,C,,'>"* V,C,'*"* Cr,TiC,,'* Mo,VC,,"” TiVNb-
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MoC;, and TiVCrMoC;,'® and their impact on MXene
synthesis, product quality, and characteristics, there has been
far less interest in exploring the chemical diversity and
significance of the A-element for the synthesis of MXene
1920 Yet, the known MAX phases contain a large
variety of elements in their A-layers (Figure la), either as

materials.

single elements or as combinations of different elements,
potentially providing plentiful opportunities for the synthesis
of MXene-based materials.
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Figure 1. Schematic illustration of the proposed synthetic approach. (a) Periodic Table of MAX phases. The data were collected from review
papers on MAX phases,** as well as recent literature. Blue represents transition metals for the M layer, black represents the X elements, and
green and red represent the available elements for the A-layer (Al is shown in red as the most frequently used A-element for the MXene
synthesis, and Sn is shown in dark green as the second A-element used in this study). (b) Scheme of the selective etching of the A’-element
from the M,,;A’;_ A", X, MAX phase to form A”-M,, X, T, MXene. The functional groups between the split M, ,;X, layers are omitted for

clarity.

While the A-element is not directly included in the MXene
layers, the plethora of MAX phases with a great chemical
diversity of A-layers could be a rich source of MXene-based
materials and composites. Many studies involve various
MZXenes in combination with other functional materials, such
as metals, oxides, etc.”' ™% A general synthetic approach for
such composite materials is to first synthesize a MXene by
completely removing the A-element from the precursor MAX
phase and then modify it with another material of interest. One
recently developed approach focusing on the chemistry of A-
elements involves Lewis acidic molten salts (LAMS) and
LAMS scissors,””*" enabling a control over the A-layer
elements and their substitution using strategically designed
etching methods. In this work, we suggest a different approach
by which the A-elements can be integrated with MXenes
directly at the MXene synthesis step without a need for any
postprocessing.

In order to implement this approach, we suggest the
following synthetic strategy. If there is a need to synthesize a
MXene material modified with an element A”, one should
select a complementary A-layer element, which we label as A’,
that could form M,,,A"|_,A".X, MAX phase and would be
easier to etch than the A”-element. Then, if a pair of A" and A”
elements is properly chosen, it would be possible to utilize the
difference in their reactivities to selectively etch away the A’
while leaving the A” between the MXene layers, as shown in
Figure 1b. The resulting material could be described as A-
MXene, suggesting that MXene is still formed from the
corresponding MAX phase precursor but the A-element is not

eliminated entirely and modifies the interlayer spaces of the
flakes.

This approach is expected to have multiple advantages for
advancing the field of MXene materials. First, it potentially
provides access to many possible combinations of different A”-
elements and different MXenes, and such complex materials
could be synthesized in a single step by etching the
corresponding MAX phases. Furthermore, instead of a single
A"-element, several such elements could be potentially
incorporated in the A-layer of a precursor MAX phase and
combined with a sacrificial A’-element with higher reactivity.
Second, the x content of the A”-element could be controlled
during the synthesis of the M, ,;A’; A", X, MAX phase. Third,
the A”-element distribution within the A-layers of the
precursor MAX phase is very uniform and is expected to
translate into the uniform modification of the resulting
MXenes. This is an important advantage over postsynthesis
modlﬁcatlons of MXenes, such as atomic layer deposmon
(ALD),” in situ growth of metal oxide nanoparticles,* etc.,
that often result in nonuniform nucleation of nanoparticles at
the edges and defect sites of the flakes.

The A-elements shown in Figure la are found in various
metallic and oxide materials that are known for a great variety
of very diverse functional properties, and the combinations of
these materials with MXenes are expected to find applications
in catalysis, energy storage, gas sensing, and other fields.
Examples of such MXene-nanoparticle composites are very
abundant. For instance, CuO and ZnO are among very
common metal oxides that were, either physically or
chemically, incorporated into Ti;C,T, for applications in the
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Figure 2. Comparison of etching behavior of Ti;AlC, and Ti;Aly,Sny,sC, MAX phases. (a, b) XRD patterns of (a) Ti;AlC, and (b)
Ti;Aly ;551 ,5C, MAX phase powders with their Rietveld refinement. The experimental data are shown in black, theoretical fits are shown in
red, the differences are shown in blue, and the green vertical bars indicate the Bragg angles. The insets show structures of the Ti;AlC, and
Ti;Aly,sSny,5C, MAX phases as well as optical photographs of their powders. (c) Representative SEM images of the etching products
obtained from the Ti;AIC, MAX phase by 2 h treatment with 48% HF (left) and 24 h etching using the MILD method (right). (d)
Representative SEM images of the etching products obtained from the Ti;Al, ,sSn,,;C, MAX phase by 2 h treatment with 48% HF (left) and

24 h etching using the MILD method (right).

detection of organic vapors,”' hydrogen evolution reaction
(HER),”* photo-electrochemical water splitting,”* and many
other areas.”*™%* Among other nanoparticles, Pt, Pd, Sn, Ag,
SnS,, Fe;0,, and SnO, have been extensively combined with
MXenes for applications in batteries,””* gas sensors,””” solar
cells,’”* ion storage,”*® and supercapacitors.”” All of these
metallic elements are known to be components of A-layers in
various MAX phases (Figure la), which means that their
integration with MXenes may be possible through the
suggested synthetic approach (Figure 1b).

Considering the multitude of these synthetic and application
opportunities, we could not explore all of them in this study
and focused on a single model MXene material as a proof of
concept. We demonstrate the viability of the described
synthetic strategy (Figure 1b) by considering Al as A’-element
and Sn as A”-element and preparing a Sn-modified Ti;C,T,
MXene. The choice of this model material was supported by
the availability of both Ti;AlC, and Ti;SnC, MAX phases as
well as differences in their etching behavior. Ti;AIC, is the
most common precursor in MXene synthesis, while Ti;SnC, is
not etchable using the standard procedures established for Al
removal from Ti;AlC,,® which we verified in our preliminary
studies.

We synthesized the Ti;Al;,5Sn,5C, MAX phase and used it
as a precursor for Sn—Ti;C,T, MXene according to the general
procedure shown in Figure 1b. We found that while the
incorporation of Sn in the A-layer of the MAX phase decreases
its etching reactivity, with a modified etching procedure
discussed in this work, it is possible to completely remove Al
and produce Ti;C,T, MXene uniformly modified with tin.
Despite the use of harsher conditions than those needed for
the etching of Ti;AIC,, the resulting MXene sheets were of
very high quality and exhibited improved environmental
stability, which we attribute to the effect of Sn modification.
Finally, we demonstrate a peculiar electrostatic expansion of
the Sn—Ti;C,T, accordions, which may find interesting

18749

applications in MXene-based nano-electromechanical systems
(NEMS).*'=* Although we demonstrated the feasibility of the
described synthetic approach (Figure 1b) using
TizAly75Sny,5C, as a model system, the generality of this
method should be further investigated in the future with other
interesting combinations of A-elements that may potentially
include Ir, Cu, Nij, etc. Overall, these results demonstrate that
in addition to different combinations of M and X elements in
MAX phases, an A-layer also provides opportunities for the
synthesis of MXene materials.

RESULTS AND DISCUSSIONS

We compared the etching behavior of TizAly;5Sny,5C, with
Ti;AIC,, which is by far the most studied MAX phase in
MXene research"” and thus served as a reference. Both
Ti;AIC, and TizAly,5Sng,sC, were prepared via a high-
temperature solid-state synthesis, as described in the
Experimental section. The Ti;AlIC, MAX phase was synthe-
sized by annealing a mixture of TiC, Ti, and Al powders under
the flow of Ar at 1450 °C. The Sn-modified Ti;AlIC, MAX
phase was synthesized using the same procedure but with an
addition of Sn to the precursor mixture, as described in the
Experimental section. The Ti;AIC, and Ti;Al,;sSng,sC, MAX
phase samples are visually indistinguishable, appearing as gray
powders with a bluish tint; see the optical photographs in
Figure 2a,b. The elemental composition of the samples was
studied using energy-dispersive X-ray (EDX) spectroscopy.
The EDX analysis of the Ti;AlC, MAX phase confirmed the
Ti/Al atomic ratio of 3.0:1.0. In the case of the Sn-modified
Ti;AlC, MAX phase, the EDX analysis showed a Ti/Al/Sn
atomic ratio of 3.00:0.77:0.23, which is very close to the
expected value based on the precursor mixture composition.
EDX analysis does not provide information about how the
tin is incorporated into the structure of the MAX phase. In
order to address this question, we employed the Rietveld
analysis to find which atomic positions are occupied by Sn
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Figure 3. Synthesis of Sn—Ti;C,T, MXene from Ti;Al,,sSn,,;C, MAX phase. (a) Scheme of the two-step etching approach; see text for
details. The functional groups between the split Ti;C, layers are omitted for clarity. (b) SEM images demonstrating the progression of the
etching of Ti;Al),Sn,,;C, MAX phase particles with 48% HF after their initial etching for 2 days using the LiF and HCL (c) The
concentrations of Al and Sn in the etching products according to the EDX results. The data are shown in wt % relative to the metal content
(Ti, Al, Sn) in Ti;Al,,sSn,,5C, MAX phase and the etching products due to the limitations of EDX to accurately determine concentrations of
light elements (carbon, T, functional groups). (d) SEM image of a Sn—Ti;C,T, MXene accordion produced using the 2D4D method. (e)
EDX maps of the Sn—Ti;C,T, MXene accordion shown in panel (d) for Ti, C, and Sn.

atoms in the crystal structure of Ti;AlC,. The Rietveld method
relies on a careful collection of powder X-ray diffraction
(XRD) patterns. Figure 2a,b shows XRD patterns and their
Rietveld refinements for both MAX phases, demonstrating that
the synthesized Ti;AlC, and Sn-modified Ti;AlIC, MAX phases
were phase-pure and highly crystalline. The general forms of
both XRD patterns are very similar, each containing all major
peaks that are usually used to identify Ti;AlC,. However, there
are several minor differences in the relative intensities of some
peaks, such as the (002) peak at 2@ = 9.5° or the visual
absence of others, such as the (004) peak at 20 = 19.5° and
the (008) peak at 2@ = 36.7° in the Sn-modified MAX phase.
The origin of these differences is the presence of foreign atoms
in the crystal structure of Ti;AlC,, which alter the electronic
density of the crystallographic planes. The Rietveld method
can be used to confirm the crystal structure and get
information about the occupation of atomic positions,
providing information about the chemical composition of an

analyzed compound. Satisfactory results of the Rietveld
refinement for the Sn-modified Ti;AlC, MAX phase XRD
pattern were achieved when 24.24(1)% of Al atomic positions
in the A-layer were occupied with Sn, resulting in the
composition of TizAly-¢Sny,4C,. The unit cell parameters of
the Ti;AIC, phase were found to be a = b = 0.30733(1) nm, ¢
= 1.8596(1) nm, and V = 0.15210(1) nm?, in line with the
previous studies.”* The unit cell parameters of the
TizAl;5¢Sny,4C, MAX phase were found to be almost the
same: a = b = 0.30821(1) nm, ¢ = 1.8571(1) nm, and V =
0.15277(1) nm® The lack of difference in the unit cell
parameters and volume may be surprising, given that the
atomic radius of Sn (145 pm) is substantially larger than that
of Al (125 pm) and more comparable to Ti (140 pm).
However, interatomic distances between Al and Ti of 288 pm
in the Ti;AlIC, structure are much larger than the sum of
atomic radii of Al and Ti (125 + 140 = 265 pm), meaning that
Al is fairly loose inside the trigonal prism formed by six

18750 https://doi.org/10.1021/acsnano.3c02198

ACS Nano 2023, 17, 18747-18757


https://pubs.acs.org/doi/10.1021/acsnano.3c02198?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c02198?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c02198?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c02198?fig=fig3&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c02198?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

titanium atoms, and there is room for a larger atom. Indeed, if
Al is replaced by Sn, the latter perfectly fits within the
structure, as the sum of atomic radii of Sn and Ti (145 + 140 =
285 pm) matches their interatomic distance in the
TizAly,5Sng,5C, structure.

In previous studies, the synthetic approaches for etching Al
from Ti;AIC, were thoroughly investigated and optimized.’
Historically, concentrated HF was initially employed as an
etchant,” while later studies shifted toward the LiF-HCI
etchant, which is used in the well-established minimally
intensive layer delamination (MILD) method.”> Another
important attribute of the MILD method is the avoidance of
any ultrasonication of the reaction mixture and the etching
products to preserve the flake size of Ti;C,T, MXene."**"” We
compared the efficiencies of the 48% HF and MILD methods
for etching the A-elements from the Ti;Aly;sSny,5C, and
Ti;AlIC, MAX phases. The scanning electron microscopy
(SEM) images demonstrating the results of these etching
experiments are shown in Figure 2¢,d. The etching of Ti;AlC,
with 48% HEF for 2 h successfully removes Al layers from bulk
MAX phase particles, splitting them into Ti;C,T, MXene
accordions, as shown in the left panel in Figure 2c. The use of a
LiF-HCI mixture for 24 h is also very efficient for etching
Ti3AlC,. The MILD delamination protocol that avoids
ultrasonication results in the solution exfoliation of the
MXene accordions into large individual Ti;C,T, flakes; see
the right panel in Figure 2c. With proper optimization of the
delamination procedure, these flakes can be made into
monolayers and reach tens of micrometers in lateral size.**’

Figure 2d shows SEM images of the products of the initial
attempts to etch Ti;Aly;5Sn,,5C, by using the same protocols.
For the Sn-modified MAX phase, we did not observe the
formation of separate layers using either method. The 24 h
MILD method left Ti;Aly,5Sny,5C, particles almost intact, as
shown in the right panel in Figure 2d. The 2 h etching with
48% HF was slightly more aggressive and resulted in some
particle grains being etched in the center, as seen in the left
panel in Figure 2d. These results show that substitution of even
25% of Al atoms with Sn in Ti;AlC, dramatically changes the
etching behavior of the resulting MAX phase, decreasing its
chemical reactivity. Interestingly, a recent theoretical study
investigated the synthesizability of MXenes from various MAX
phases, including Ti;AIC, and Ti,;SnC,."* Overall, from 1122
MAX phase candidates, only 466 MAX phases were predicted
to be synthesizable, and 136 MAX phases were predicted to be
etchable to make 26 MXenes.* In the case of the Ti,AlC,
MAX phase, the relative formation energy was calculated to be
0.039 eV/atom, while for the Ti;SnC,, it was 0.055 eV/atom.
Furthermore, both Ti;AlC, and Ti;SnC, were predicted to
have an exfoliation energy of 0.164 eV/A2 suggesting that
these MAX phases are comparable in terms of their possible
etching. However, in our experiments, we did not observe an
appreciable etching of tin from Ti;SnC, MAX phase using
standard 48% HF (2 h) and MILD procedures for Ti,AlC,,° as
well as the modified procedure that is discussed further in this
paper. Based on our results, even TizAly-sSng,sC, is highly
resistant to conventional etchants, despite containing only 25
atom % of Sn in the A-layers. It should be noted that we have
also tried to etch Ti;Aly;5Sn;,sC, MAX phase crystals using
concentrated HF for longer periods of time (up to 48 h);
however, the results were not satisfactory and the etching
products were heavily damaged; see Figure S1 in the
Supporting Information.

Because of the decreased chemical reactivity of
TizAly5sSng,5C,, we had to develop a different chemical
procedure that is considerably harsher compared to the
conventional methods that are used for etching of Ti;AlC,.°
After testing numerous synthetic conditions, we ended up with
a procedure that is schematically illustrated in Figure 3a. This
is a two-step process that essentially combines both the 48%
HF and the MILD methods in one procedure. We rationalize
the effectiveness of this procedure for the complete removal of
Al from Ti;Aly-5Sng,5C, and producing a high-quality MXene
material as follows. A prior comparison of the HF and the LiF-
HCI procedures demonstrated that a concentrated HF might
be too harsh as an etchant of Ti;AIC,, often overetching it and
producing MXene flakes with pinholes.** Therefore, a LiF-HCI
mixture could be advantageous as a milder etchant because it
slowly produces HF in the reaction mixture in situ, as opposed
to having a high concentration of HF from the beginning of the
reaction. Another widely discussed benefit of a LiF-HCI
mixture is that it produces bulky solvated Li* species that
intercalate between the MXene layers once the reaction starts,
exposing the interlayer spaces of the MAX phase particles for
more efficient etching.

In the case of Ti;Aly,sSng,5sC,, we employed the advantages
of both methods. We first used a LiF-HCI mixture for 2 days to
start the etching of the A-layers and initiate the intercalation of
solvated Li* ions between the MXene layers. This intercalation
facilitates further etching with a harsher etchant, 48% HEF,
which is needed for inert Ti;Aly,sSnj,sC,. Due to the low
reactivity of TizAly,5Sng,5C,, the 48% HEF etching was
performed for 4 days (in addition to the preliminary 2 day
LiF-HCl etching) as opposed to 2 h needed to etch Al from
Ti,AlC, (Figure 2c). Figure 3b demonstrates that shorter
etching times were not sufficient. After 2 days of LiF-HCI
etching and 1 day of 48% HF etching (the conditions that we
refer to as 2D1D), the splitting of the layers in TizAl;;5Sn9,5C,
particles becomes obvious, especially compared to the initial
etching attempts (Figure 2d). Two additional days of 48% HF
etching (the 2D3D conditions) extend the degree of etching of
the MAX phase particles. Finally, 2 days of LiF-HCI etching
and 4 days of 48% HF etching (the 2D4D conditions) result in
a complete removal of Al from Ti;Al;,sSn;,sC, and the
formation of well-split Sn—Ti;C,T, MXene accordions (Figure
3b). Transmission electron microscopy (TEM) studies
demonstrate that the Sn—Ti;C,T, MXene accordions prepared
by the 2D4D method look similar to the Ti;C,T, MXene
accordions produced from Ti;AlC, (Figure S2). Other etching
conditions that we tested either did not produce MXene flakes
from Ti;Aly;sSny,5C, or produced very defective materials
(Figure S1). Moreover, the mechanical stirring can notably
alter the synthesis yield (as shown in Figure S3), and uniform
mixing is an important factor for producing high-quality
MZXene samples from TizAl)-sSng,5C,.

The removal of Al from Ti;Al)-sSn;,sC, was monitored by
EDX spectroscopy, and the results tracking the change in Al
and Sn concentrations at different etching conditions are
shown in Figure 3c. The initial two-day etching of
TizAly75Sng,5C, using the MILD method only slightly
decreases the concentration of Al and leaves Sn practically
unaffected. The concentration of Al in the MAX phase
continues to gradually decrease as the sample is treated with
48% HF for one (2D1D) and 3 (2D3D) days until no
aluminum is observed after 4 days in 48% HEF (2D4D).
Interestingly, Sn is also affected by the etching, although at a
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Figure 4. SEM, XRD, and BET analyses of etched Ti;AlC, and Ti;Aly,sSn,,;C, MAX phases in air and N,. (a) SEM images of Ti;C,T,
MXenes synthesized from the Ti;AlC, MAX phase by the MILD method in air (left) and nitrogen (right). (b) SEM images of the etching
products of the TizAl,,Sny,sC, MAX phase prepared using the 2D4D method in air (left) and nitrogen (right). (c) XRD diffraction patterns
of the TiyAl,,sSny,sC, MAX phase (black) and its etching products prepared using the 2D4D method in air (red) and N, (blue). (d) BET
isotherms of the etching products of the Ti;Al,,sSn,,;C, MAX phase prepared by the 2D4D method in air (red) and N, (blue). The inset
shows the surface areas of the etching products of the Ti;Al,,sSny,sC, MAX phase prepared by different methods in air and nitrogen.

much slower rate compared to aluminum, so that around $ wt
% (relative to the overall metal content) of tin remains in Sn—
Ti;C,T, MXene at the end of the process. We also analyzed
the Sn content using flame atomic absorption spectrometry
(FAAS). The detection sensitivity of FAAS is well below the
concentration of Sn in the MXene samples; therefore, it is a
reliable method with a sensitivity of 1.7 mg L™ and a dynamic
linear range (LDR) of 300 mg L™". We dissolved 10 mg of Sn—
Ti;C,T, MXene in aqua regia, and the final volume of the
sample was 10 mL (after dilution). We measured three
different batches of samples. According to our analysis, the Sn
content was 46 + 1.8 ug mL™' (44—48 ppm), which is
equivalent to 4.42—4.78% of the initial weight (close to 5%).
Thus, the EDX and FAAS analyses produced comparable
results on the tin content in Sn—Ti;C,T, MXene. It should be
noted that the Sn content of about ~5 wt % in Sn—Ti;C,T,
MXene determined by EDX is based on the metal content and
excludes the mass of carbons and T, groups, and if light
elements could be accurately accounted for by the EDX
analysis, the EDX and FAAS results would likely be even closer
to each other.

Importantly, tin is very uniformly distributed over the Sn—
Ti;C,T, particles, as shown by SEM and EDX mapping data in
Figure 3d,e, which is caused by the uniform distribution of Sn
within the A-layers of Ti;Al;,5Sn;,5C,. The uniform
modification of MXene layers with an A-element is one of
the advantages of the proposed method (Figure 1b) compared
to other possible approaches for MXene modification based
on, for example, electrochemical deposition or sol—gel

18752

chemistry, which often result in nonuniform nucleation of
nanoparticles at the edges and defect sites of the flakes.

Our experiments on the optimization of etching conditions
for Ti3Aly7sSny,C, MAX phase revealed a peculiar role that
oxygen plays in the process. We found that oxygen from air is
not necessary for etching of Ti;AlC,, but it is a critical factor
for etching of the Sn-modified MAX phase. To demonstrate
the effect, we etched Ti;AlC, and Ti;Al)-sSny,;C, MAX
phases using the optimized conditions in air and then repeated
the processes with nitrogen being bubbled through the etching
solutions to displace oxygen. The results of these experiments
are summarized in Figure 4. SEM images in Figure 4a compare
the Ti;C,T, MXene flakes synthesized using the MILD
method with (air, left panel) and without (N,, right panel)
the presence of oxygen. The visual comparison of these images
suggests that the etching process is not affected by the change
in the reaction atmosphere. SEM images in Figure 4b compare
the products of etching of the TizAly;5Sny,;C, MAX phase
using the 2D4D method with and without oxygen, and the
difference is significant. Crystals of the Ti;Aly;5Sng,5C, MAX
phase that have been etched in air produced particles with a
well-etched accordion-like morphology (left panel in Figure
4b). However, in contrast to the air environment, crystals
etched in N, do not exhibit any visible morphological change
(right panel in Figure 4b). According to the results of the EDX
analysis presented in Table S1, the crystals etched in N, do not
exhibit any significant change in their Al content, which
remains comparable to that in the parent MAX phase (about
13.5 wt %). The Sn—Ti;C,T, samples produced in ambient
conditions, on the other hand, showed the complete etching of
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Figure 5. XPS analysis of Sn—Ti;C,T, MXene. (a) XPS survey spectra for the Ti;Al,,sSny,sC, MAX phase (blue) and Sn—Ti;C,T, MXene
(red). (b) High-resolution XPS Ti2p spectrum of Sn—Ti,C,T, MXene. (c) High-resolution XPS Sn3d spectrum of Sn—Ti;C,T, MXene.

Al. The same trend regarding the effect of the reaction
atmosphere was observed for other etchants tested in this
study (10%, 20%, and 30% HF), and the SEM images of the
etching products from these experiments are summarized in
Figures S4—S6.

The results of XRD and Brunauer—Emmett—Teller (BET)
surface area analysis also demonstrate the difference in the
etching behavior of Ti;AlC, and Ti;Aly;5Sng,sC, MAX phases
(Figures 4c,d, S7, and S8). As evident from the comparison of
the XRD patterns in Figure 4c, the Ti3Aly,sSny,sC, MAX
phase etched in ambient conditions using the 2D4D protocol
(red line in Figure 4c) shows a successful etching process with
the prominent peaks of Sn—Ti;C,T, at 9.1°, 18.3° and 27.5°
indexed as (001), (002), and (003), respectively. However, the
XRD pattern of the sample etched under N, (blue line) is
almost indistinguishable from the XRD pattern of the parent
MAX phase (black line). Figure 4d presents the results of
textural properties analysis, showing one order of magnitude
increase in N, gas adsorption and surface area (Figure 4d,
inset) for the product of the etching of Ti;Aly;5Sng,5sC, (the
2D4D method, ambient conditions) compared to the parent
MAX phase. Similar to the XRD data, the samples etched
under N, were comparable to the parent MAX phase in terms
of their gas adsorption and surface area characteristics.

The synthesis of Sn—Ti;C,T, from Ti;Al),Sny,sC, is
accompanied by the etching of all Al and a considerable
amount of Sn, whose content, if presented in terms of the Sn/
Ti weight ratio, decreases from 0.17 in the precursor MAX
phase to about 0.06 in the final MXene using the 2D4D
conditions; see Table SI1. Therefore, the difference between
the etching behavior of Ti;AlC, and Ti;Aly,sSn,,sC, MAX
phases suggests that unlike aluminum, tin cannot be easily
etched from the A-layers of a MAX phase using HF only and a
secondary reagent, such as oxygen, is necessary. In general, the
HF etching of layered Ti;AlC, particles starts at the exposed
edges of the layers, and a layer opening is necessary for the
etching to proceed, so that HF could intercalate between the
split Ti;C, layers and react with Al in the bulk of the
particles.”” As we demonstrate in this study, for Ti;AIC,, the
HF etching does not require oxygen. However, if
TizAly75Sn,5C, is treated with HF without oxygen, there is
a large number of Sn atoms in the A-layers that cannot be
etched, and as a result, the unreacted tin between the Ti;C,
layers keeps them close and prevents the layer opening.
Correspondingly, HF cannot access the aluminum inside the
TizAly,5Sng,5C, particles, and the MAX phase remains
unetched, as we observed experimentally. In contrast, in the
presence of oxygen, both Al and Sn are being etched from

Ti3Aly7sSn9,5C, in a HF solution, though at very different
rates; see Figure 3c.

In general, tin is a less reactive metal than aluminum, and it
is, therefore, reasonable that Ti;Al,Sny,sC, is more difficult
to etch compared to Ti;AlC,. This general difference in the
reactivities of the two elements can be further amplified by the
fact that their etching should occur in the confined space
between the Ti;C, layers. As we point out in the discussion of
the XRD data, a Sn atom perfectly fits in a trigonal prism
formed by six titanium atoms, while a smaller Al is loose in this
cavity, which makes it more accessible to the reagents.
Noteworthy, there is an apparent analogy between the
observed effect of oxygen on the etchability of TizAly-5sSny,5C,
MAX phase in HF and the earlier report on Ti;C,T, MXene
synthesis from TiySiC,.°° It was demonstrated that the
concentrated HF alone cannot be used for etching Si from
Ti;SiC, MAX phase, but various HF/oxidant mixtures, where
an oxidant could be H,0,, (NH,),S,05, KMnO,, FeCl,, and
HNO;, were shown to be effective.’” Sn is in the same group of
the Periodic Table as Si, and it is noteworthy that the
TizAly75Sny,5C, MAX phase also requires an oxidant, such as
O,, in addition to HF for a successful etching. The role of an
oxidant is related to the fact that in the process of HF etching,
an A-element forms a soluble fluoride, in which it is in an
oxidized rather than its original metallic form. The discussed
experimental data suggest that Al is sufficiently reactive to be
etched by HF even in a confined space between the Ti;C,
layers, while both Si and Sn have higher electronegativities and
require an additional oxidant to facilitate their transition to
soluble fluorides.

As we discussed in the Introduction, the synthesis of A”-
M, X, T, MXenes from M, A"|_ A", X, MAX phases can
result in many interesting combinations of MXenes with
various A-elements that could find applications in various
fields, such as catalysis, energy storage, and gas sensing.
However, in addition to these potentially anticipated out-
comes, we also found two unexpected behaviors of Sn—
Ti;C,T, that also offer practical benefits. First of all, our data
suggest that Sn—Ti;C,T, has significantly improved environ-
mental stability compared to the unmodified MXene. Ti;C,T,
is known to degrade even under the established conditions of
few-hour etching that often result in flakes with pinholes and
oxide nanoparticles.’”*> Here, Sn—Ti;C,T, produced by the
2D4D method was exposed to extremely harsh acidic
conditions for a total of 6 days, and the resulting flakes looked
clean and uniform. A possible explanation for the improved
environmental stability of Sn—Ti;C,T, could be related to the
passivating role of the chemically inert Sn species that may
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terminate the defect sites in the MXene layers where oxidation
would have started without such passivation.””**

XPS analysis was performed to investigate the quality of the
produced Sn—Ti;C,T, MXene, and the results are summarized
in Figure 5. The XPS survey spectrum of the parent
TizAly75Sn9,5C; MAX phase is shown in Figure Sa and
confirms the presence of Ti, Sn, Al, and C. In comparison, due
to the surface functionalization during the HF etching, the XPS
survey spectrum of Sn-MXene reveals an additional peak for
the terminal fluorine groups, while the Al peak disappears.
Despite the prolonged etching in concentrated HF for a total
of 6 days (144 h), the XPS Ti2p spectrum of Sn-MXene in
Figure Sb does not show a pronounced TiO, peak, suggesting
the stability of the material under very harsh acidic conditions.
The spectrum was analyzed usmg the Fit-V protocol described
by Barsoum and co-workers,”’ with different Ti2p;,,
components assigned to Ti atoms in various octahedral
environments in MXene structure, such as C—Ti—(0,0,0)
(455.1 €V), C—Ti—(O,0,F) (456.0 eV), C—Ti—(O,EF)
(457.0 eV), and C—Ti—(F,F,F) (4579 V), while the peak
at 459.6 eV was assigned to TiO,_,F,,. The separation Ary,,
between the Ti2p, , and Ti 2p;,, peaks was kept consistent for
all components and set to 6.1 + 0.15 eV, and the fitting peaks
are asymmetric because of the high conductivity of Ti;C,T,
MXene.”' For a comparison, we also show XPS Ti2p spectrum
of Ti;C,T, MXene that was subjected to the same prolonged
48% HF etching (144 h) using the 2D4D procedure; see
Figure S9. While the oxide peak at 459.6 eV (TiO,_,F,,) is
only revealed as a fitting component for Sn—Ti;C,T, it is very
prominent for Ti;C,T, treated under the same conditions,
demonstrating the improved chemical stability of the Sn-
modified MXene. Another manifestation of a higher degree of
oxidation of Ti;C,T, is the broad satellite oxide peak between
470 and 475 eV (Figure S9b) that is not observed for Sn—
Ti;C,T,. The XPS spectra in Figure S9 are also supplemented
with representative SEM images, which show the degradation
of Ti;C,T, compared to Sn—Ti;C,T..

The high-resolution XPS Sn3d spectrum of Sn—Ti;C,T,
MXene in Figure Sc demonstrates the presence of both
elemental Sn and its oxide forms (SnO,). As there was no
microscopic evidence for an aggregation of Sn and SnO,
(Figure 3d,e), these species should be present in a nanoscopic
form, which would be of significant benefit for various
applications, such as gas sensing and energy storage.””>*%*°

Another interesting observation regarding the behavior of
Sn—Ti,C,T, is the dramatic electrostatic expansion of the
MXene accordions that we frequently observed during their
SEM imaging. This behavior is schematically illustrated in
Figure 6a, which explains the progression of SEM images
recorded on the same Sn—Ti;C,T, accordion over a period of
10 s; see Figure 6b. As the electron beam of a microscope
irradiates the accordion particle, it charges the MXene layers
that spatially separate because of the electrostatic repulsion.
This electrostatic behavior could be facilitated by the presence
of wide-bandgap semiconductor SnO,, species in the interlayer
spaces within the accordions, which hampers the charge
sinking from MZXene layers. Practically, the electrostatically
driven elongation of Sn—Ti;C,T, accordions by over 100% of
their length could provide an interesting platform for MXene-
based NEMS devices.*'™* Figure 6¢,d demonstrates SEM
images of other Sn-MXene particles showing the same
electrostatic behavior and exfoliation of the accordions into
thin flakes.

Electrostatic Layer Expansion
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Figure 6. Electrostatic expansion of accordion-like Sn—Ti;C,T,
MXene particles deposited on a Cu foil substrate. (a) Animation
and (b) SEM images of the electrostatic expansion of a Sn—
Ti;C,T, MXene accordion under an electron beam; the particle
expands into a highly extended structure. The small arrows show
the same position in the accordion. (c, d) SEM images of Sn-
MXene crystals showing separated MXene flakes after the
electrostatic expansion.

Noteworthy, the Sn—Ti;C,T, MXene does not necessarily
have to be used in a form of the accordion-like particles. These
accordions can be exfoliated using tetramethylammonium
hydroxide (TMAOH) as an intercalant and a sonication for 30
min, forming stable colloidal solutions in water (Figure S10).
These solutions contain monolayer and few-layer flakes that
can be processed into uniform thin films (Figure S$10). Such
films are a standard test bed in the field of MXenes for study1n§
them for K variety of applications in energy storage,”
cataly51s, gas sensors,31 o3 electromagnetic interference
shielding,*® etc. Many of these applications may benefit from
modification of MXenes with some of the A-elements, either in
metallic or oxide form, and could therefore employ various A-
MXenes prepared using the general strategy disclosed in this
work.

CONCLUSIONS

In summary, we discussed a synthetic strategy for A-MXenes,
in which an A-element modifies the interlayer spaces of MXene
flakes in the form of metallic species or oxides, depending on
its chemical identity and conditions. The proposed strategy for
A-MXenes relies on the synthesis of a MAX phase with more
than one A-element, such as M, ;A’,_ A" X, MAX phase, in
which the higher reactivity of the A’-element compared to A”
enables its selective etching, resulting in A”-M,, X, T,. We
discuss the advantages of this strategy and demonstrate its
viability by synthesizing Sn-modified Ti;C,T, MXene from the
Ti3Aly75Sn0,5C, MAX phase. Although the incorporation of Sn
in the A-layer of Ti;AIC, decreases the MAX phase reactivity,
we developed an etching procedure to completely remove Al
and produce Sn—Ti;C,T, MXene. The resulting MXene sheets
were of very high quality and exhibited improved environ-
mental stability, which we attribute to the effect of uniform Sn
modification. Finally, we demonstrate a peculiar electrostatic
expansion of Sn—Ti;C,T, accordions, which may find
interesting applications in MXene-based nano-electromechan-
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ical systems. Overall, these results demonstrate that in addition
to different combinations of M and X elements in MAX phases
there is a great potential for the synthesis of MXene materials
based on the utilization of multiple elements in the A-layer.
The generality of this proposed method should be further
explored by testing various combinations of A-elements other

than Al and Sn.

EXPERIMENTAL SECTION

Materials. Ti (99%, 325 mesh), Al (99%, 325 mesh), and TiC
(99.9%, 325 mesh) were purchased from Alfa Aesar. Sn (99.5%, 100
mesh) was purchased from Sigma-Aldrich. HCl and HF were
purchased from VWR, and LiF was purchased from Spectrum
Chemical and used as received. Potassium carbonate was purchased
from Sigma-Aldrich and used to neutralize acids.

Synthesis. Ti;AlC, MAX phase was synthesized according to the
previously reported procedure.”’ In brief, TiC, Ti, and Al were mixed
at a molar ratio of 2:1:1.2 using a pestle and mortar and annealed at
1450 °C for 4 h under the flow of Ar (300 sccm). The same approach
was taken for the synthesis of TizAly,sSn,sC, MAX phase, with the
molar ratio being 2:1:0.85:0.25 for TiC/Ti/Al/Sn. An excess of
aluminum to the stoichiometry is required to compensate for its
evaporation during annealing at high temperatures.

MXene samples were synthesized from the corresponding MAX
phases by several methods that included the HF etching,® the MILD
method,™ and the optimized two-step synthesis method (Figure 3).
For the HF method, 500 mg of the MAX phase powder was slowly
added to 10 mL of an aqueous solution of HF (10, 20, 30, or 48%),
and the mixture was stirred for different periods of time that ranged
from 2 to 48 h. Then, the samples were centrifuged and washed with
deionized (DI) water until pH 6 was reached.

For the MILD synthesis method, 500 mg of the MAX phase was
slowly dispersed in the mixture of LiF (800 mg) and 9 M HCI (10
mL) and stirred for 24 h. After the synthesis, the samples were washed
with DI water until pH 6 was reached and delaminated into flakes by
shaking for 15 min.

For the optimized two-step synthesis method, denoted as 2D4D,
the MAX phase crystals were first etched for 48 h in the mixture of
LiF in HCI (500 mg of MAX phase, 800 mg of LiF, 35 mL of 9 M
HCI). After 48 h, samples were centrifuged and without further
processing subjected to an additional 96 h etching in 48% HF (10
mL). When the synthesis was finished, the samples were centrifuged
and washed with DI water until pH 6 was reached.

Characterization. The morphology of the samples was studied by
SEM using an FEI Nova NanoSEM 450 instrument with an EDX
analysis capability. Ti;C,T, powder was sonicated in dehydrated
ethanol for 1 min and drop cast on a substrate, dried in air, and loaded
into the SEM instrument. TEM images were collected by using an FEI
Tecnai Osiris instrument (200 kV) on MXene particles deposited on
lacey carbon TEM grids. The textural properties of the samples were
determined from the nitrogen adsorption isotherms recorded at —196
°C using a Micrometrics ASAP 2460 Accelerated Surface Area and
Porosimetry Analyzer. Before performing the adsorption experiments,
all samples were dried at 180 °C for 48 h under N,. The standard
BET procedure was used to calculate the specific surface areas of the
samples. The amount of nitrogen adsorbed at a relative pressure of
0.985 was used to estimate the total pore volume. The Sn content in
Sn—Ti;C,T, MXene was analyzed by a 3100 PerkinElmer FAAS
instrument in an air-acetylene flame, according to the user manual.
XRD patterns were recorded with a PANalytical Empyrean powder
diffractometer with Ni-filtered Cu Ko radiation operated at 40 kV and
30 mA. A step size of 0.03° and 1 s dwelling times were used to collect
the XRD patterns. Quantitative Rietveld refinements of the powder
XRD patterns were performed using JANA2006 software,”® employ-
ing internal tables for X-ray atomic form factors. XPS of the samples
was performed at room temperature on a Thermo Scientific K-Alpha
X-ray photoelectron spectrometer using a monochromated Al Ko
(1486.6 eV) X-ray source and a low energy electron flood gun for

charge neutralization. The high-resolution Ti2p and Sn3d spectra
were collected using a pass energy of 20 eV and a 0.1 eV step.
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Additional electron microscopy images of the etching
products of Ti;AlC, and Ti;Aly;sSny,5sC, MAX phases
(Figures S1—S6); XRD data for Ti;Aly,sSn,,sC, MAX
phase and its etching products prepared under different
conditions (Figure S7); BET data for TizAly;5Sng,5C,
MAX phase and its etching products prepared under
different conditions (Figure S8); a comparison of XPS
and SEM data for MXenes produced by etching
Ti3Aly758n0,5C, and Ti;AlC, MAX phases using the
2D4D method (Figure S9); optical photographs and
SEM images illustrating the delamination of Sn—
Ti;C,T, MXene and its processing into thin films
(Figure S10); EDX data for the etching products of
TiyAly75Sn9,5C, MAX phase in air and N, (Table S1)
(PDF)
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