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ABSTRACT: The versatile property suite of two-dimensional o I
MXenes is driving interest in various applications, including 5 o
energy storage, electromagnetic shielding, and conductive coat- E (% Br2
ings. Conventionally, MXenes are synthesized by a wet-chemical 5 IC &,
etching of the parent MAX-phase in HF-containing media. The MAX Phase & °
acute toxicity of HF hinders scale-up, and competing surface + / 17C| ‘2 TigNCZ
hydrolysis challenges control of surface composition and grafting “ = -

methods. Herein, we present an efficient, room-temperature Br Atmus
etching method that utilizes halogens (Br, I,, ICl, IBr) in =

anhydrous media to synthesize MXenes from Ti;AlIC,. A radical- |

mediated process depends strongly on the molar ratio of the

halogen to MAX phase, absolute concentration of the halogen, the
solvent, and temperature. This etching method provides opportunities for controlled surface chemistries to modulate MXene
properties.

KEYWORDS: 2D materials, transition-metal carbide, MXene, synthesis, halogen etching

ayered transition-metal carbides and carbonitrides, also optical, electronic, and chemical performance, are highly

I known as MZXenes, offer a combination of high sensitive to the surface structure and composition resulting

electrical conductivity and excellent mechanical proper- in suboptimal performance, such as for supercapacitors or

ties, which are rarely seen in other two-dimensional (2D) electromagnetic coatings,4’1°’22_24’16_22’25’26 Solid-state meth-
crystals, such as element-enes (eg., phosphene), transition- ods such as molten salt etching27’28 have been developed as an
metal dichalcogenides (TMDs), phyllosilicates (nanoclays), attempt to mitigate aqueous HF approaches; however, they
etc.'~* MXenes are described by a general chemical formula of require high temperatures (550 °C), limiting many utilizations.
M, X, T, (n = 1—4), where M represents an early transition Safe, efficient formation of MXenes with a broad range of
metal, X is carbon and/or nitrogen, and T, represents the homogeneous surfaces thus remains an experimental challenge.
surface terminations." ® They are produced by the selective To this end, we discuss a room-temperature (RT) etching

etching of the A interlayer from their parent three-dimensional
(3D) MAX phase (M,,;AX,).” Delamination and incorpo-
ration of the MXene layers into composites, inks, and films
have attracted considerable attention in conductive coatings,
optoelectronics, catalysis, and energy storage.g_12
State-of-the-art etching utilizes HF-containing media such as
in situ generation of HF via salts or acids (LiF/ HCL,"* NaHF,,
KHF,, NH,HF,'"). A mixture of MAX powders and etchant
produces a clay-like precipitate, which upon postprocessing
(aqueous washing, intercalation, and mechanical agitation)
yields a distribution of MXene morphologies. However, HF- Received:  October 15, 2020
containing waste is highly toxic and corrosive. Additionally, Accepted: January 21, 2021
MZXenes, such as Ti;C,T,, are hydrolytically unstable, and thus Published: January 27, 2021
the quality and yield vary significantly."> Furthermore, the
MZXene surface is compositionally heterogeneous, containing
fluoro, oxo, and hydroxyl terminations. Properties, such as

method to remove the A-layer using elemental halogen and
interhalogen compounds to produce exfoliated MXenes with
homogeneous Cl, Br, or I surfaces.”” All chemical processes
involving the use of halogens are optimized and performed in a
safe and controllable manner in an isolated glovebox.
Hazardous byproducts are readily quenched by adding a
stabilizing agent avoiding any undesired exposures and
significantly enhancing the process safety. Safe handling
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Figure 1. Halogen etch of MAX phases. (A) Generalized process for the formation of delaminated, halogen-terminated MXenes. (B)
Addition of Br, to Ti;AlC, in anhydrous cyclohexane produces a deep red solution. (C) As Br, reacts with the Al interlayer, the supernatant
turns to a pale yellow color, reflecting a depletion of Br, and the production of AlBr; species. AlBr; is rendered inert by addition of
stabilizers (tetrabutylammonium bromide, TBAX). (D) The MXene crude is purified via repeated redispersion in nonpolar solvent (i.e.,
CHCL,). (E) The purified size-selected MXene is obtained via centrifugation and dispersed in THF.
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Figure 2. Etched products in the Ti;AlIC,/Br,supernatant. (A) XPS survey spectrum of Br and Al indicate a 3:1 stoichiometry (AlBr;). The
absence of Ti-2p (454—465 V) confirms selective etching of the A layer. (B) FTIR spectra of the supernatant (red) in comparison to UV-
activated Br* halogenation of cyclohexane (blue) and unreactive cyclohexane—Br, mixture (purple). Absorption peaks attributed to C;H,,Br
are highlighted. (C) A summary of the reactions leading to the spectra in B.

procedures are outlined in the Supporting Information. In
parallel to the work discussed herein, high-temperature
molten-salt approaches for MXenes production have very
recently been reported that likely rely on similar mechanisms
of an in situ production of halogen radicals.™

Halogen-based etching (e.g, molecular chlorine, bromine,
and iodine) is broadly used in manufacturing, including the
fabrication of semiconductor devices, where their high etch
rates have enabled nanofabrication since the 1980s.”' ™% A
species-specific etch method must simultaneously balance (a)
solubility of reactants in an inert medium, (b) formation of
bound site-specific etch precursors, (c) reaction kinetics
favoring liberation of a stable etch product that exposes sites
for subsequent reactions, and (d) facile separation of these
etch products to yield a purified final product. As an exemplar
of halogen-based MXene production from Ti;AlIC,, Figure 1A
summarizes these criteria for the production of colloidally
stable, layered TiyC,T, (T, = Br) using Br, to etch Ti;AlC, in
anhydrous cyclohexane (CH) with tetrabutyl ammonium
bromide to stabilize etch byproducts.
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RESULTS AND DISCUSSION

Because of the high reactivity of elemental halogens with AlL**
introduction of Br, to Al-containing materials produces
(AlBr;),,>>™*" where the x-mer dissociates readily into
monomeric AlBr;. For example, an initial deep red mixture
(Figure 1B) of Ti;AlC, powder (1.0 mmol) suspended in a 2.0
M solution of bromine in cyclohexane (CH) changes to light
yellow over 24 h at RT and inert atmosphere, indicating
consumption of the reddish-brown Br, and production of pale
yellow AlBr; (Figure 1C). AlBr;’s high solubility in nonpolar
solvents®* ™" provides strong driving force for a selective
removal of etched Al from the MAX phase surface. The
synthetic details are summarized in the Experimental Section.
X-ray diffraction (XRD, Figure S1) spectra of the crude media
indicate an interlayer expansion (8.8°) and production of an
etched product (ca. 20°—30°). X-ray photoelectron spectros-
copy (XPS) analysis (Figure 2A) of the yellow supernatant
resolves only Al and Br (1:3 stoichiometric ratio) with no Ti—
confirming selective etching at these conditions. A white
precipitate (AL,O;) forms upon exposure of the supernatant to
air, consistent with hydrolysis of the highly reactive (AlBr,),*
(Figure S2). Fourier-transform infrared spectroscopy (FTIR)
analysis of the yellow supernatant reveals brominated cyclo-

https://dx.doi.org/10.1021/acsnano.0c08630
ACS Nano 2021, 15, 2771-2777


http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c08630/suppl_file/nn0c08630_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c08630/suppl_file/nn0c08630_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c08630/suppl_file/nn0c08630_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c08630?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c08630?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c08630?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c08630?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c08630?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c08630?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c08630?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c08630?fig=fig2&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c08630?ref=pdf

ACS Nano

www.acsnano.org

hexane (C¢H,,Br); see the Experimental Section for further
details. Bromination of aliphatic solvents occurs via free-radical
processes, which typically require either catalytic or photonic
activation of Br, homolysis, and produces HBr gas.*>** Figure
2B demonstrates CH/Br, halogenation in the presence of UV
light (354 nm). Etch solutions run in the dark, however, also
produce C4H; Br and HBr, which strongly suggests that
Ti;AlC, surfaces act as catalysis sites for Br, homolysis.

These observations are consistent with a bromine radical
etch of Ti;AlC,. Initially, Br, adsorption to exposed edges of
the Al plane likely induce Br, homolysis at the surface. The
generated radicals react with Al centers and solvent, accounting
for all etched products observed (HBr, AlBr;, C¢H;,Br). This
mechanism can be further confirmed via consideration of MAX
phase etching in different solvents. We found that surface Br—
Br dissociation is solvent-dielectric-dependent. High-dielectric
solvents increase the reactivity of Br, after surface adsorption
through solvent coordination, which expands the type of
surface sites that may produce radicals (Br*), thus lowering
selectivity. Figure S3 and Table S1 confirm this trend, where
Br, in high-dielectric solvents, such as acetonitrile, react
violently with Ti;AIC, and result in TiBr, formation. Thus,
selectivity is enhanced in nonpolar solvents, such as CH. We
speculate that a similar halogen radical mechanism drives
recently reported molten salt preparations, where thermal
decompositions of transition-metal halide salts are known to
result in the formation of zerovalent transition metals and
elemental halogens.””**

Consistent with this mechanistic insight, the most effective
etching conditions (rate and specificity) occur at intermediate
Br, concentrations in cyclohexane. This is analogous to the
parabolic concentration profile of silicon etching via Br, and
Cl, at RT.**® For example, etching is optimized at ~10 vol %
Br, using a slightly depleted stoichiometric molar ratio of
MAX/Br, of 1:2 (Al/Br = 1:4) relative to the Ti;C,Br, and
AlBr; products (Figure 2C). Lowering the Br, concentrations
(0.1—1 vol %) reduces the etch rate (Figure S4), due to lower
local areal concentrations of Br, adsorbates. Conversely,
increasing the Br, concentration reduces the effectiveness of
the etch (Figure SS). This is likely due to an increase of
reactive species at the surface (e.g, Br* and AlBr;) that reduces
specificity via side reactions. For example, titanium bromides
and amorphous carbon are formed at greater than 10 vol %
Br,, and Ti;AIC, reacts violently upon its addition to neat Br,,
yielding carbonaceous species (Figure S6). These observations
are consistent with prior reports of carbon-derived carbide
(CDC) synthesis via etching of metalloid atoms (Ti, Si, efc.)
from binary or ternary carbides via halogenation.*”

Purification and isolation of TiyC,Br, flakes (Figure 1D)
require removal of AlBr; while inhibiting its spontaneous
hydrolysis to aluminum oxides."’ Formation of ALO; on
Ti;AlC, and Ti3C,T, surfaces reduces the etch rate and
confounds purification. The former is similar to processes
where an Al,Oj; layer is employed to protect Al from Cl,, Br,,
or glow discharge of these vapors.”"**** AlBr; cannot be
volatilized at RT (boiling point (BP) 263 °C); however, it can
be stabilized by complexation with an anion to form an inert,
soluble, tetragonal [AlBr;X] R species (Figure §7).°%°!
Tetrabutylammonium halides (TBA*X™; X~ = F-, CI7, Br’,
I") do not interfere with Br* generation and can be added
before or after the etch, yielding pristine, high-quality MXenes
that are isolated by standard centrifugation separation in
ambient conditions (Figure 1E; see the Experimental Section
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for the processing and cleaning procedure). Solutions obtained
from these washing procedures result in highly colloidally
stable materials (more than two weeks).

Figure 3 summarizes the final Ti;C,Br, MXene. XRD
patterns indicate that the etched crude solution (Figure 34,
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Figure 3. Structure and composition of Ti;C,Br,. (A) XRD
patterns of bulk Ti;AlC, (black) and resulting crude (magenta)
and purified (red) Ti;C,Br, synthesized with 10% Br,/CH. The
addition of TBAB to the crude enables separation of dispersed
TiyC,Br, flakes from the etch byproducts. (B) STEM image of a
purified, exfoliated Ti;C,Br, MXene flake (inset, FFT of an
HRTEM image (Figure S8) reveals (110) (0.35 nm) and (200)
(0.27 nm) lattice reflections. (C—E) High-resolution XPS spectra
of purified TiyC,Br, flakes showing titanium (Ti 2p 454 eV),
carbide (C 1s 281.5 eV), Ti—Br (66—69 eV), and absence of Al
(72-75 eV).

magenta curve) contains a mixture of unetched Ti;AlC,
powder (9.55°), Ti,C,Br,, (8.8°), and byproducts such as
Al,O; and (AIBr;), (ca. 20—30°). After addition of TBAX and
purification (centrifugation), only Ti;C,Br, is present (Figure
3A, red curve). The expansion of the Ti;C,Br, unit cell
(d(002) Ti,AlC, = 0.927 nm; d(002) Ti,C,Br, = 1.01 nm) is
consistent with recent reports of Ti;C,Br, from molten
CdBrz.g’0 Transmission electron microscopy (TEM) images
show thin, two-dimensional flakes with minimal surface
contamination (Figure 3B). The in-plane single-crystal
morphology is preserved ((200) = 0.35 nm), indicating that
the structural integrity of the Ti—C backbone of the MXene is
not damaged during the etching process. Compositional
analysis of the purified MXene is consistent with halogenated
surfaces (Figure 3C—E, Tables S2 and S3), with a Ti/Br
composition of ~3:1, similar to molten salt approaches (ca.
3:1.5).>° Atomic force microscopy (AFM) indicates ~2—3 nm
thick sheets (Figure S9), where surface adsorbates typically
increase observed monolayer heights, as previously reported
for other 2D systems.”” "

Halogen-based production of MXene extends beyond Br,,
due to the generality of the halogen radical etch of metals and
their alloys;'”** Figure 4 summarizes the results using I, as
well as interhalogen etchants (ICl, IBr) (the procedures are
summarized in the Experimental Section). For example,
reactions utilizing I, are initially deep purple and slowly turn
light purple to colorless as the Al is removed. Due to iodine’s
larger atomic radius and endothermic homolysis relative to Br,,

https://dx.doi.org/10.1021/acsnano.0c08630
ACS Nano 2021, 15, 2771-2777


http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c08630/suppl_file/nn0c08630_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c08630/suppl_file/nn0c08630_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c08630/suppl_file/nn0c08630_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c08630/suppl_file/nn0c08630_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c08630/suppl_file/nn0c08630_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c08630/suppl_file/nn0c08630_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c08630/suppl_file/nn0c08630_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c08630/suppl_file/nn0c08630_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c08630?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c08630?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c08630?fig=fig3&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c08630/suppl_file/nn0c08630_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c08630?fig=fig3&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c08630?ref=pdf

www.acsnano.org

ACS Nano
B I2
= ° |icr (002)
2 By (220 ]
~ .004 ° IBry+
> ICIBr I\fu\
3 : 2
9 . Ti3AIC
< Ti3AIC2 ——
o 67891011
. Degree (26)
—r—r—T—T—7—4 £ 0904+
800 600 400 200 O 14 16 18 20 22 24
Binding Energy (eV) Atomic Radius (A)
: 1.7
C TisCBr, 164D
O W -
P e < 1.4
= 1.3
Ti\;czl 2121
T 8114
! £104-L
0.8 T T T T
400 500 600 700 800 900

CHCI; THF CH,CN
Wavelength (nm)

Figure 4. Halogen-etched MXenes. (A) XPS of Ti;C,I, from a 10
vol % I, in cyclohexane etch showing iodine, I 4d, signal, which
indicates iodine-terminated surfaces. (B) Interlayer spacing of
Ti;AlC, and various halogen-terminated MXenes. Layer spacing
increases with the atomic radius of halogen. (C) Photograph of
stable colloidal suspensions of Ti;C,Br, (top) and (Ti;C,l,
(bottom) in various low-dielectric solvents. (D) Comparison of
the extinction of Ti;C,I, and Ti;C,Br, to conventional MILD
etched Ti;AIC, (Ti;C,T,: T = F, OH, O) revealing a red-shift in
the plasmonic resonance as the electronegativity of the surface
termination decreases.

higher temperatures are required (Table S6). The etch process
results in the formation of All;, which may also be removed by
the addition of TBAX. XPS analysis of purified flakes reveals a
Ti/1 composition ratio of 3:2 (Ti;C,l,); see Figure 4A (see
Section 3.0 in the Supporting Information for the complete
compositional characterization). Interhalogens (e.g, ICl and
IBr), which dissociate more readily than molecular halogens,
also etch Al from Ti;AIC, (Tables S7 and S8). The unit cell
expansion can be approximated via removal of an Al radius and
addition of two halogen radii (Figure 4B, Supporting
Information Section 5.0, and Table S9). For the interhalogen
compounds, the more electronegative halogen atom acts as the
active etching species and terminates the surface (Figure 4B).
Overall these halogenated MXenes readily form stable colloidal
suspensions in low dielectric organic solvents, including
tetrahydrofuran (THF), acetonitrile, and chloroform; see
Figure 4C. Finally, the surface plasmon resonance”” red shifts
as the electronegativity of the surface termination decreases;
see Figure 4D. This can be rationalized on the basis of the
polarization of the halogen—metal bond, which scales with the
electronegativity of the halogen atom (F > Cl > Br > I). This
induces electron density rearrangements and structural changes
that modify the plasmon.

CONCLUSION

In summary, room-temperature, surface dissociation of
halogens at the A-layer of the MAX phase provides an
effective, mild-solution-based method to generate MXenes
with halogen-terminated surfaces. As a model system, the
Ti;AlC, treatment with elemental halogens results in the
formation of aluminum halide and halogenated Ti;C,X, (X =
Br, I). A consistent and selective etching profile occurs in an
empirically derived stoichiometry window. The rate and extent
of etching may be monitored both qualitatively and optically
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due to a colorimetric response, which provides direct
quantitative feedback in contrast to the colorless, fluoride-
based methods. The etch selectivity can be optimized based on
halogen radical formation at the MAX phase surface, and
reactive byproducts may be sequestered via addition of
stabilizer salts. The resulting purified, halogenated MXenes
are dispersible in common organic solvents (THF and
CH,;CN). The discussed batch conditions with single-step
reagent addition provide ~1% yield MXene at 1 mg/mL) due
to selectivity exhibiting a parabolic dependence on halogen
concentration. The proposed mechanism implies that con-
tinual halogen injection using an in situ halogen monitor to
maintain a constant etchant concentration will provide
increased yields and reaction efficiency. The dispersibility in
anhydrous solvents will enable postsynthetic modification of
MZXene surfaces via a molecular hybridization with organic
moieties such as reversible addition-fragmentation chain-
transfer (RAFT) polymerization or direct SN,-type reactions
on the labile Ti—X bond. Finally, the halogen etch chemistry is
likely tunable across a broad range of MAX compositions due
to isostructural MAX phase bonding and the tunability of
halogen selectivity via temperature, concentration, and solvent.
Qualitatively we have observed similar halogen etching trends
with other MAX phases (Cr,AlC; Ti,AlC; V,AIC); mainly, the
expansion of the interlayer spacing as well as homolysis of
halogens affording aluminum halides and halogenated solvents.
This implies that selective etching of MAX phases with
halogens is generalizable. Overall, the flexibility provided by
solvent-based halogen etching will enable exciting opportu-
nities for widespread applications, as optical and electrical
properties are a function of surface composition.

EXPERIMENTAL SECTION

Materials. All chemicals were used as received unless noted, and
all solvents were stored under activated molecular sieves (3 A) to
ensure anhydrous conditions. Ti;AlC, MAX powder was purchased
from Kai Kai Ceramics, Ltd. Liquid bromine (Br,), iodine (I,), iodine
monobromide (IBr), iodine monochloride (ICl), tetrabutylammo-
nium halides (chloride, bromide, and fluoride), cyclohexane (>99%),
chloroform (99%), THE (99.9%), acetonitrile (99%) CS, (99%),
lithium fluoride, and hydrochloric acid were all purchased from
Sigma-Aldrich.

Methods. Ti;C,T, MXene Synthesis. All reactions were performed
in a glovebox in an inert atmosphere (H,0 0.3 ppm; O, 0.1 ppm) and
were allowed to stir at room temperature for 8 h. Over the course of
the reaction, heat evolved, and the color slowly disappeared. At the
end point, the crude supernatant was a light yellow, optically clear
solution under activated molecular sieves (3 A). The Ti;AlC, Max
phase was mixed with all different halogens in 1:2 molar ratio (Al/X =
1:4). Note that ~1:8 ratio is used in traditional minimum intensive
layer delamination (MILD) and recently reported molten salts
etching methods.”'>?7%°

Br, Etch. Into a glass vial was added Ti;AlC, (S mmol; 1.0 g) in 4.5
mL of cyclohexane. Liquid bromine, Br, (10 mmol; 0.5 mL), was
added in one portion, and the slurry was allowed to stir at room
temperature for 8 h. Over the course of the reaction, heat evolved, and
the deep red color slowly disappeared. At the end point, the crude
supernatant was a light yellow, optically clear solution.

I, Etch. Into a glass vial was added Ti;AIC, (S mmol; 1 g) in 4.5
mL of cyclohexane. Solid iodine, I, (10 mmol; 2.5 g), was added in
one portion, and the mixture was allowed to stir at 70 °C for 8 h. Over
the course of the reaction, heat evolved, and the deep purple color
slowly disappeared. At the end point, the crude supernatant was a
light purple, optically clear solution.

ICI Etch. Into a round-bottom flask was added Ti;AIC, (S mmol;
1.0 g) in 4.5 mL of CS,. The solution was allowed to equilibrate in a
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dry ice bath (=78 °C). After equilibration (ca. 15 min), liquid ICI (10
mmol; 0.5 mL) was added in one portion, and the mixture was
allowed to stir at =78 °C for 4 h.

IBr Etch. Into a round-bottom flask was added Ti;AlC, (1 mmol;
0.20 g) in 4.5 mL of CS,. Solid IBr (2 mmol; 0.41 g) was added in
one portion, and the mixture was allowed to stir at room temperature
for 8 h. Over the course of the reaction, heat evolved, and the deep
purple color slowly disappeared. At the end point, the crude
supernatant was a light purple, optically clear solution.

MILD Method. The etchant was prepared based on a previously
published protocol and will be restated here for completeness.”* The
etchant was prepared by dissolving 2.00 g (77.10 mmol) of LiF in
20.00 mL of 9.0 M HCI (180.0 mmol). Ti;AIC, (2.0 g, 10.07 mmol)
was gradually added over the course of 5 min, and the reaction was
allowed to stir for 24 h. The mixture was then diluted to a total
volume of 40 mL and centrifuged at 3500 rpm for S min for multiple
cycles, until pH 6 was achieved. After each cycle, the acidic
supernatant was discarded, and fresh deionized H,O was added.
The suspension was then hand-shaken for ~10 s before being
centrifuged at 1000 rpm for seven cycles. After each cycle, the
supernatant was extracted, and fresh deionized H,O was added to the
sediment. The combined extracted supernatant was vacuum-filtered
through 0.170 um pore size filter paper and recollected in minimal
deionized H,0 (~15 mL) and used for further characterization (see
Figure 4D).

Processing and Cleaning. Tetrabutylammonium bromide (TBAB)
was added to the reaction mixture (0.2:1 mol/mol of MAX). The
reaction mixture in cyclohexane was extracted and centrifuged at
10 000 rpm. The yellow supernatant was discarded; fresh chloroform
was added and centrifuged at 10 000 rpm. The centrifugation process
was repeated two more times with the addition of fresh chloroform
each time, until a clear supernatant was obtained. THF was added and
centrifuged at 1000 rpm to sediment unexfoliated MAX phase, AlBr;,
and TBA byproduct. The supernatant containing Ti;C,T, MXene
flakes was collected and centrifuged again at 1500 rpm for 20 min.
The supernatant was discarded, and the sediment containing Ti;C, T,
MXene flakes was collected and suspended in a nonpolar solvent (i.c.,
THF, CH;CN) for further characterization. Note that this method
was equally effective with all other tetrabutylammonium halide
(chloride and fluoride) tested.

Mechanism of Br, Etching using FTIR. All samples were prepared
as batch reactions in sealed glass vials and allowed to proceed for 8 h
at room temperature. In the first glass vial, 900 uL of cyclohexane was
mixed with 100 yL of Br, and was kept in the dark. For the second
reaction, 900 uL of cyclohexane was mixed with 100 yL of Br, and
kept under UV light (354 nm). The final reaction was performed by
adding Ti;AlC, (1 mmol; 200 mg) in 900 uL of cyclohexane followed
by the addition of 2 mmol (100 yL) of Br, and stored in the dark.
Note that ambient light is not a sufficient activator for radical
formation, but we still ran the final reaction in the dark to prevent any
possible light-induced radical formation. Figure 2B,C in the main text
reveals that etching proceeds via radical generation on the surface in a
way that the MAX surface acts to catalyze bromine hemolysis, which
reacts with both solvent and the MAX phase.

Microscopy and Spectroscopy. XRD patterns were recorded using
a Smartlab system (Rigaku) with Cu Ka radiation (4 = 0.154 18 nm).
Samples were prepared by depositing 50 uL of Ti;C,T, on clean Si
wafers and allowing them to dry under ambient conditions. UV—Vis
spectra of exfoliated and cleaned samples were measured on a Cary
5000 spectrometer. Electron microscopy was performed on an
aberration-corrected FEI Talos TEM at an accelerating voltage of
200 kV. The samples were prepared by spotting a copper grid with 10
uL of Ti;C,T, drying overnight under benchtop conditions. AFM
measurements were performed on a Bruker Dimension Icon. AFM of
the surface morphology was measured in tapping mode using a
Dimension Icon (Bruker Corporation). Standard AFM tips
(Tap300Al-G, Budget Sensors) were used that contained an
aluminum reflex coating with a resonant frequency of 300 kHz and
a force constant of 40 N/m. The Ti;C,T, samples were diluted in
THF, were drop-cast on Si wafers, and allowed to dry under ambient
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conditions. Lateral and height profiles were obtained from AFM line
scans of individual particles using NanoScope Analysis software
(Bruker Corporation). XPS analysis was performed using a Kratos
AXIS Ultra spectrometer at high vacuum (~2 X 10~ Torr) with a
monochromated Al Ka radiaiton (1486.6 eV). Ti;C,T, (S uL) was
pipetted out and drop-cast onto clean Si wafers. Drop-cast samples
were allowed to dry at room temperature. Survey scans were collected
at 10 mA and 10 kV with the electron analyzer operating in hybrid
lens mode with an aperture of ~500 ym?. High-resolution (HR) data
were collected using an analyzer pass energy of 20 eV and a step size
of 0.1 eV. All data analysis utilized the CasaXPS software package.
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