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Abstract

MXenes are a new family of two-dimensional carbides and/or nitrides. Their 2D surfaces are
typically terminated by O, OH and/or F atoms. Here we show that Ti;C, T,—the most studied
compound of the MXene family—is a good acid catalyst, thanks to the surface acid functionalities.
We demonstrate this by applying Ti;C, T, in the epoxide ring-opening reaction of styrene oxide
(SO) and its isomerization in the liquid phase. Modifying the MXene surface changes the catalytic
activity and selectivity. By oxidizing the surface, we succeeded in controlling the type and number
of acid sites and thereby improving the yield of the mono-alkylated product to >80%.
Characterisation studies show that a thin oxide layer, which forms directly on the Ti;C, T, surface,
is essential for catalysing the SO ring-opening. We hypothesize that two kinds of acid sites are
responsible for this catalysis: In the MXene, strong acid sites (both Lewis and Brensted) catalyse
both the ring-opening and the isomerization reactions, while in the Mxene—TiO, composite
weaker acid sites catalyse only the ring-opening reaction, increasing the selectivity to the

mono-alkylated product.

1. Introduction

MXenes are getting increased attention as novel
two-dimensional (2D) materials. They are prepared
by delaminating MAX phases, which are atomically
layered solids where M is an early transition metal,
A is a group IITA/IVA element, and X is carbon or
nitrogen [1]. MXenes are denoted by M, ;X,Ty,
where T stands for a terminating functional group
that depends on the delamination conditions [2-5].
These materials are very versatile. They can be pre-
pared from a variety of MAX phases, and their sur-
face chemistry can be controlled by the conditions of
etching and delamination [6—11]. Although stable at
high temperatures under inert conditions [12], they
are sensitive to oxidation [13—17]. However, this sens-
itivity can be controlled by edge-capping the MXene
sheets using polyanionic salts [18].

© 2021 The Author(s). Published by IOP Publishing Ltd

Thanks to their good conductivity and tune-
able surface chemistry, [19-22] MXenes are widely
applied in electrochemistry, batteries, sensors, sep-
aration science and electrocatalysis [23]. However,
in heterogeneous catalysis, they are less used [24].
MXenes were recently applied in water—gas shift reac-
tion [25], dehydrogenation of propane and isobutene
[26], nitrogen fixation [27], methane dehydroaro-
matisation [28], and oxidation reactions [29, 30]. As
far as we know, these are the only published thermo-
catalytic applications.

As far as we know, MXenes have not been used for
low-temperature, liquid-phase reactions and little is
known about their function in such systems. Studying
the effect of their surface functional groups in acid-
catalysed reactions is especially interesting, as these
groups might act as acid catalyst sites. In this work,
we explore the Ti3C, T, MXene and its derivatives as
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catalysts for acid-catalysed reactions using the styrene
oxide (SO) ring opening reaction as a model reac-
tion (equation (1)). This reaction is an important
route to bifunctional compounds, such as 3-alkoxy
alcohols, which are precursors for a range of phar-
maceuticals. To the best of our knowledge, MXenes
have not been used as catalysts in this reaction. The
SO ring opening is usually acid-catalysed, but can
also be catalysed by a base [31-33]. The selectivity to
the desired product depends on the catalyst [34-36].
Homogeneous and heterogeneous catalysts such as
Lewis acids, Brensted acids and mineral acids were
used previously for the alcoholysis of epoxides. How-
ever, many of these catalysts are difficult to separate
and recycle and some need harsh reaction conditions
to reach high conversions [37—43]. By studying the
reaction kinetics and mechanism, we show that the
kinetics and selectivity in epoxide ring opening can
be controlled and boosted by modifying the surface
of TizC,T,, which influences the number and type
of acid sites. We further show that by oxidizing the
MZXene to form a Ti;C, T,—TiO, composite the activ-
ity increases. The increase, however, depends on the
presence of TizC, T, multilayers.

OH OR O‘
O OR OR
catalyst
L\© . ROy _cdast M
so
1 2 2-PA

2. Experimental details

Detailed descriptions of the instrumentation and
methods are included in the supporting information.

2.1. MXene (Ti3C,Ty) synthesis

The TizAlC, powders were synthesized by mixing
titanium carbide (Alfa Aesar, 99.5%), aluminium (Al)
(Alfa Aesar, 99.5%, 325 mesh), and titanium (Alfa
Aesar, 99.5%, 325mesh), powders in a molar ratio of
2:1.05:1, respectively. The mixture was ball milled at
100 rpm for 24 h ( this step was used to just mix the
powders and no particle size reduction or reaction
happens here). The powders are then transferred to
an alumina crucible and heated under flowing argon,
Ar, at 1350 °C for 2 h. The heating and cooling rates
were set at 5 °C min~'. The resulting loosely sintered
blocks were ground using a titanium nitride coated
milling bit on a drill press. The milled powders were
passed through a 400 mesh (particle size < 38 pum)
sieve for further experiments.

To etch the Ti3AlC, powder (1.0 g) it was added
to 10 ml of 10% HF solution (figure 1). The mixture
was stirred for 24 h at room temperature and 300 rpm.
The resulting slurry was transferred into a 50 ml cent-
rifuge tube and DI water was added to completely
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fill the remaining volume. It was then centrifuged at
3500 rpm for 2 min and the resulting clear super-
natant was discarded. This washing was repeated sev-
eral times until the pH of the solution was ~7. After
which the bottom sediment was collected and dried
under vacuum before further testing. Catalysts were
exposed to air for one week prior to use a reaction, to
avoid induction periods at the beginning of the reac-
tion.

2.2. Synthesis of MXene-TiO, composite

MZXene (100 mg) was suspended in 20 ml water in a
75 ml autoclave with PTFE liner and a 30 x 8 mm
stirring bar. The autoclave was sealed and quickly
heated to 285 °C and kept at this temperature for
30 min while stirring at 800 rpm. Then, the reactor
was allowed to cool down to room temperature.
The material was washed (5x) with water and dried
overnight under vacuum at 30 °C.

2.3. Catalytic testing

A stock solution of SO was prepared by dissolving
SO (5 ml, 4.36 mmol) and bromobenzene (5 ml) in
absolute ethanol to a total volume of 50 ml. The reac-
tions were performed in 20 ml test tubes, sealed with
a screw cap. SO stock solution (5 ml) was then added
to 5.0 mg of the catalyst. Tubes were heated in an
oil bath and stirred at 600 rpm. Aliquots of 120 ul
were taken from the reaction mixture, diluted 10x
with ethanol, filtered through a PTFE filter (0.45 sm)
and analysed by gas chromatography, GC, (He car-
rier, HP-5 column).

2.4. Kinetic studies

Kinetic experiments were run in duplicate, in an
oven-dried 100 ml three-neck flask equipped with
a reflux condenser and a slight N, overpressure
(<50 mbar). SO stock solution (20 ml) was added to
20 mg catalyst. All open necks were stoppered to avoid
N, leakage. During the reaction, aliquots of 120 ul
were taken from the reaction, diluted 10x with eth-
anol, filtered through a PTEFE filter (0.45 pm) and
analysed by GC.

2.5. Characterization
All chemicals were obtained from commercial sources
(>97% pure) and used as received. GC was performed
with a Perkin Elmer Clarus 500, equipped with a
flame ionization detector and a 30 m Agilent poly-
siloxane HP-5 column (0.32 mm ID, 0.25 pum). He
was used as carrier gas and the column oven was
heated from 60 °C to 250 °C with a 25 °C min~! heat-
ing rate and held at the final temperature for 5 min.
Sample solution (1.0 ul) was injected using a split
injector with a 1:50 split ratio.

Diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) was done on a FTIR (Nicolet
6700) spectrometer with a MCT detector (cooled



10P Publishing

2D Mater. 8 (2021) 035003

HF etching

b

hierarchical structure

TizAIC, (MAX phase)

TiaCoTy  (MXene)

T K Slot et al

MXene surface functionalization

varied acid sites: improved
selectivity

strong
acid sites

Tis0:Ti0;

Figure 1. Cartoon illustrating the material synthesis from (a) MAX phase to (b) MXene, followed by (c) surface functionalisation
creating Mxene—TiO, composites (inset: SEM image of the MXene—TiO, composite).

with liquid N;). The DRIFTS sample cell (Pray-
ing Mantis, Harrick) was fitted with CaF, windows
and a PID-controlled heater allowing samples to be
heated to 700 °C. Samples were preheated in helium
to 350 °C for 1 h, and then stepwise cooled till
25 °C while taking background spectra of the pre-
heated sample at every sample temperature. A con-
stant helium flow of 20 ml min~' was maintained
throughout the analysis. Spectra of adsorbed pyrid-
ine were collected after treating the pre-heated sample
in a flow of 1.0-1.4 vol.% pyridine in He for 10 min,
followed by evacuation by an oil pump for 30 min.
All spectra were measured at their respective tem-
peratures with resolution of 4 cm~! and accumula-
tion of 64 scans. Confocal Raman spectra were recor-
ded at 532 nm using a Renishaw (Wottonunder-Edge,
United Kingdom) InVia Reflex Raman microscope
with a 532 nm frequency-doubled Nd:YAG excitation
source in combination with an 1800 lines mm™! grat-
ing, and a Peltier-cooled CCD detector (203 K). The
instrument included a Leica light microscope with a
50x air objective. The 521 cm™ Raman shift of an
internal silicon standard was used to verify the spec-
tral calibration of the system. X-ray photoelectron
spectroscopy (XPS) analysis was carried out in a K-
Alpha Spectrometer (Thermo-Scientific). The assign-
ment of the C 1s binding energies was done accord-
ing to the criteria used by Ganguly et al 284.5 eV for
C=C (aromatic double bonds), 285.5 eV for C-OH
and sp® C-C, 286.5 eV for epoxy, 287.5 for sp?
C=0 (carbonyls, lactones) and 289 eV for carboxylic
groups [44]. X-ray diffraction (XRD) measurements
were carried out on a Rigaku Miniflex x-ray dif-
fractometer from 4° to 70° using a 2.0° min~!
scan rate.

Scanning electron microscope images were taken
on a FEI Verios 460 instrument using a 5 kV acceler-
ating voltage. HRTEM images were recorded on a FEI
Tecnai G2 F20 S-Twin high-resolution transmission
electron microscope, TEM, working at 200 kV (point
resolution: 0.24 nm, lattice resolution 0.102 nm,
information resolution 0.14 nm). STEM-EDS images
were recorded using an energy dispersive spectro-
scope, EDS, detector with energy resolution <127 eV
and a resolution of 0.20 nm.

3. Results and discussion

First, we prepared TizC,T, MXenes by etching
Ti;AlC, powders with 10% HF for 24 h under
continuous stirring (figure 1). Rinsing and wash-
ing gave a multi-layered MXene with —OH, —O and
—F as its main surface functional groups. Recent stud-
ies suggest that MXenes’ sensitivity to oxidation can
be used to create materials with new structural and
electronic properties [14, 45, 46]. We envisaged that
such treatments could enhance or block certain reac-
tion pathways by altering the surface structure, giving
us control over reactivity and selectivity. One such
treatment consists of exposing Ti;C,T, to water at
hydrothermal conditions. For this, we treated the
MZXene in autoclave at 285 °C for 30 min. Then, the
reactor was quenched in water and the material was
washed with water and dried under vacuum at 30 °C
for 12 h. This grows small crystals of TiO, on the
MZXene surface, while leaving the bulk of the MXene
layers intact. XRD analysis (figure S1 (available
online at stacks.iop.org/2DM/8/035003/mmedia))
revealed that these crystals have both rutile (27°,
38° and 55°) and anatase (25° and 48°) phases
in a ratio 1:2-1:3 [47]. These appear as a range of
unordered crystals sticking out of the TizC, T, basal
planes, as shown by scanning electron microscopy
(figure 2). Compared to low-temperature air oxid-
ation methods, our hydrothermal method produces
a mix of rutile and anatase titania, possibly utiliz-
ing structural defects in the MXene surface to ini-
tiate crystallization [48-50]. Raman spectroscopy
showed that the surface consists of anatase titania on
both the MXene and the Ti;C,T,—TiO, composite
(figure S2).

We then compared Ti;AlC, and its MXene,
Ti3C, Ty, in the catalytic ring opening of SO by
methanol. The MAX phase showed low activity and
selectivity to the mono-alkylated product 1 (table 1,
entry 2 and 8). Conversely, a MXene made from this
MAX phase showed a high conversion (98%) and
selectivity (90%) to product 1 in 2.5 h. This shows
that etching out the Al layers increases the catalytic
activity. We also ran a set of control experiments using
MZXenes stored under both argon and air to see the
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edges.

Figure 2. SEM micrographs of (a) TizC, Tx multilayers, and (b) Ti3C,Tx—TiO, composite showing TiO, particles at the multilayer

Table 1. Catalytic results for the styrene oxide ring opening by methanol®.

OMe

OMe

O
+ MeOH ——(—— —>
€0 25h

so 1 2 2-PA
Selectivityb

# T (°C) Catalyst Conversion 1(%) 2 (%) 2-PA (%)

1 60 No catalyst* 1 — — —

2 60 TizAlC, 15 22 15 63

3 60 TizAlC,, H,O, 17 41 3 54
treated

4 60 TisC,, under 75 36 3 51
Ar€

5 60 TizCy, air 98 73 18 9
exposed®

6 60 Graphene 43 42 53 2
oxide!

7 80 No catalyst* 7 — — —

8 80 TizAlC, 25 51 22 27

9 80 TizAlCy, H, 0, 31 70 1 28
treated

10 80 Ti3C,, under 98 90 6 4
Ar€

11 80 TizCy, air > 99 88 5 5
exposed®

12 80 Graphene 94 53 46 10
oxide!

2 Reaction conditions: 0.5 ml styrene oxide and 5 mg of catalyst in 5 ml methanol in a closed container; stirred for 2.5 h.

b Selectivity towards the single product, based on GC analysis (PhBr, 100 gl internal standard).

¢ Average of duplicate experiments.
4 Prepared by Hummers method.

influence of surface oxidation/hydration [13]. The
sample stored under argon showed a short induc-
tion period (15 min) before product 1 appeared. After
this, the reaction proceeded quickly, whereas the air-
exposed sample performed well from the beginning
(cf. table 1, entries 4/5 and 10/11).

Subsequently, we tested the pristine and
composite MXene materials in the SO ring open-
ing reaction (figure 3). A series of control experi-
ments (data not shown) showed that the reactivity
of ethanol was comparable to that of methanol, so
we switched to ethanol for safety reasons. Products

1 and 2 were identified and characterized using 'H
NMR and two-dimensional 'H—'H correlation spec-
troscopy (COSY, see figures S7 and S8). Product
1 is easily distinguished by its characteristic spin
splitting in the CH,CH-OH system in 'H NMR.
Chromatography analysis showed the formation of
an intermediate, 2-phenyl acetaldehyde (2-PA). The
isomerization of SO to 2-PA over Ti;C, T, is very fast,
taking only minutes at 45 °C (figure 3(a)). The 2-PA
is then converted into product 2 following first order
kinetics (figure S3). Interestingly, the kinetics of the
reaction in the presence of the structurally altered
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Figure 3. Styrene oxide reaction with (a) pristine Ti3;C,Tx MXene, (b) oxidized Ti3C, T with TiO; crystals on its surface, and (c)
a control reaction with TiO,. Molar fractions of compounds were determined by GC using PhBr as an internal standard.
SO = styrene oxide, 2-PA = 2-phenyl acetaldehyde, and 1-5 are reaction products. Reaction temperature was 45 °C.

a O
A |
L EtOH N
Yy YY) unknown
U ) — “ ‘ side products
Styrene oxide 2-phenylacetaldehyde 4and 5
so 2-PA
¢ EtoH ¢EIOH
OEt OEt
Ho. L 1 p _ﬁ] 0.
\ \
T U

Scheme 1. (a) Reaction pathways, products and by-products in the ring opening of styrene oxide catalysed by Ti3;C, Ty and
Ti3C, Tx—TiO; composite. (b) Reaction mechanism from 2-PA into products 1 and 2.

MXene—the Ti;C,T,—TiO, composite were totally
different compared with the non-treated Ti;C,T,
flakes (figure 3(b)). The reaction starts rapidly, and
the remainder of the SO was converted to product 1
with a small amount of product 2. This shows that the
surface treatment can limit the conversion of SO into
2-PA, allowing the formation of product 1 in high
yields. Since the treatment introduces titania crystals
on the surface, the reactivity change may be caused
by these crystals. To check this, we ran a control using
a commercial titania (Degussa P25, anatase:rutile
ratio ~3:1). However, this yielded only 2-PA and no
other products (cf. figure 3(c)), showing that TiO, is
not solely responsible for the reactivity of the treated
MXene.

With bulk TiO, as catalyst, the concentration of
SO decreases steeply. However, the reaction stops
within 1-2 min. Control experiments confirmed that
SO and 2-PA are not in equilibrium: neither cata-
lyst yielded any SO when starting from 2-PA as sub-
strate (figure S4). Using 2-PA as starting material
we could also verify that 2-PA is the intermediate
towards product 2. Scheme 1(a) gives an overview of
the reaction pathways. Regarding the steep drop in

SO in the first few minutes of the reaction, we hypo-
thesize that the isomerization of SO initiates poly-
merization around the stronger acid sites, blocking
them from further action. The Ti;C, T,—TiO, catalyst
has fewer strong acid sites, resulting in a smaller con-
centration drop of SO. XPS analysis (figure 4, blue
curve) of the spent catalyst shows an increase in the
signal at 286.3 eV, corresponding to organic CH, or
CO residues at the expense of C-Ti-T, at 281.9 eV,
(figure 4, green curve). This supports our hypo-
thesis of organic residues deposited on the C-Ti-F
bonds that are reactive towards nucleophilic attack.
A similar, but less pronounced, increase in CH,, peak
intensities was observed for the Ti;C,T,—TiO, com-
posite after reaction (figure S5, C 1s).

We tested several alcohols as solvent/reactant for
the reaction with SO (table 2). Methanol and eth-
anol gave good conversions (>99%) and were select-
ive towards product 1. Isopropyl alcohol gave equal
amounts of 1 and 2, while +-BuOH gave mainly
product 2. This can be explained by a examining
the reaction mechanisms of SO and 2-PA with alco-
hols (scheme 1(b)). Bulkier alcohols such as --BuOH
react slower towards 1, because the alcohol attacks a
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a MXene

before reaction

C-Ti-Tx

Intensity (a.u.)

b MXene

after reaction

C-C 45°C

T T T T T T T T T T T
289 288 287 286 285 284 283 282 281 280 279
Binding Energy (eV)

T T T T T T T T T T T

289 288 287 286 285 284 283 282 281 280 27
Binding Energy (eV)

Figure 4. XP spectra of the C 1s region of Ti3C, Ty, (a) before and (b) after reaction. The peaks are deconvoluted as shown.

Table 2. Epoxide ring opening catalysed by Ti3C in different solvents®.

O OR OR
catalyst HO RO
+*ROH  25n
SO 1 2
Conversion® Selectivity®

Entry Substrate (%) 1 (%) 2 (%) 2-PA (%)
1 Methanol >99 (5) 73 18 9

2 Ethanol >99 (1) 50 46 4

3 Isopropanol 99 (0) 35 35 24

44 tert-butanol 79 (0) 4 23 68

 Reaction conditions: epoxide (0.874 mmol) and Ti3C, T, (1.0 mg) in 1 ml ethanol; stirred at 60 °C for 2.5 h.
b Conversion of both reactions with and without catalyst (without catalyst in parenthesis).
¢ Selectivity towards the single product, based on GC analysis (PhBr as internal standard).

4 An undetermined by-product, <3%, was also observed.

sterically hindered position. Yet isomerization of SO
into 2-PA still takes place at a normal rate, consum-
ing the SO before significant amounts of 1 can form.
This gives more 2-PA, which converts to product 2 as
follows: first, it forms a hemiacetal with one alcohol
molecule. This dehydrates, yielding a double bond,
which can be attacked at the benzylic carbon. Over-
all, the reduced rate towards 1, and the increased
concentration of 2-PA, lead to a higher selectivity to
product 2 with bulkier alcohols. The Ti;C, Ty MXene
gives a TOF of 55 h™! for the reaction with methanol
at 60 °C. It outperforms other titanium-based solid
catalysts (cf. Ti-MCM-41 with a TOF of 29 h~!, and
a lower yield of product 1 [51]). Polymers with sulf-
onic acid groups (such as Amberlyst) generally have
better performance, but they swell and are generally
less stable at higher temperatures [52].

We then tested the catalytic activity of MXene for
ethanolysis of other epoxides (table 3). The simple
unhindered epoxides (entries 1-5) react readily giv-
ing high conversion (>99%) at high selectivity (89%)
against a background reaction of <1% conversion,
showing that MXene catalysis has a broad scope for
epoxide ring-opening reactions. Sterically hindered
epoxides (entries 6 and 7) gave lower conversion,
but this was expected as both i-Pr and #-Bu groups

are quite bulky. A primary alcohol group improved
conversion and selectivity (¢f entries 4 and 5), likely
because of its electron-withdrawing nature.

The fact that both isomerization and epoxide ring
opening are acid-catalysed suggests that both Ti;C, T,
and the Ti;C,T,—TiO, composite have acid sites. We
envisage two kinds of acid sites: strong sites (present
on MXene) catalysing both the reaction of SO to
2-PA and product 1, and weaker ones, present on
Ti;C,Tx—TiO,, that only catalyse the ring opening of
SO to give product 1. In short, we propose that the
hydrothermal treatment blocks most of the strong
acid sites, leaving only the weaker acid sites to cata-
lyse the reaction.

Characterizing the acid sites is challenging.
Ammonia temperature-programmed desorption did
not show significant desorption. Pyridine DRIFTS
reveals the presence of both Lewis and Brensted
acid sites on Ti3C,T, (figure 5(c)). The bands at
1450, 1588, 1612 cm™! are commonly assigned to
Lewis acid sites, the one at 1545 cm™ to Brensted
acid sites and the one at 1486 cm™! to a combin-
ation of Lewis and Brensted acid sites [53-56].
The broad signal at 1425 cm™ is assigned to H-
bonded pyridine. However, because of the low sig-
nal we could not quantify the Lewis/Bronsted site



10P Publishing

2D Mater. 8 (2021) 035003

Table 3. Epoxide ring opening of different epoxides by Ti3C, in ethanol®.

T K Slot et al

o] catalyst OEt OEt
£ + EtOH # o A, * EO .
Background
Entry Substrate Conversion® (%) Selectivity® (%) conversion®
1 ©—<? > 99 89 1
2 CDO > 99 96 0
(o 99 95 0
4 HOTP 79 74 3
54 <3 33 53 3
6 >_<? 2 76 0
7 M 6 98 4

2 Reaction conditions: epoxide (0.874 mmol) and Ti3C, (1.0 mg) in 1 ml ethanol; stirred at 80 °C for 2.5 h.
b Conversion of both reaction with (top) and without catalyst (bottom).

¢ Selectivity towards the single product, based on GC analysis (PhBr as internal standard).

4 An undetermined by-product was observed.

¢ Background reaction with same conditions, yet leaving out the catalyst.

F O F
[ AN
T N
> /TI\ Til ,TI: :I; :F F. ,TI T T| T|/ iy
Ti T| TiILUTi SO e /C\ C
/T'\/ \/T'\/ NN
Ti;C, T, MXene Ti,C,T,-TiO, composite

Stronger acid sites Weaker acidic sites

c MXene
SL  H-bonded

Temp (°C)

— 300
— 275
150
— 125
—100
—75

Kubelka-Munk

T T T T T T T T T T T
1650 1600 1550 1500 1450 1400 1350
Wavenumber (cm™)

Figure 5. Illustration of types of acid sites on Ti;C, Ty (top) showing (a) stronger sites close to F-groups, and (b) weaker sites from
O-Ti bonds. (c) Pyridine DRIFTS for the Ti3C, Ty sample. S: strong, W: weak, L: Lewis acid, B: Brgnsted acid. For example:

WL = weak Lewis acid.

ratios. Similarly, the signal-to-noise ratio of pyridine
DRIFTS of the Ti;C, T,—TiO, composites was too low
to assign the type of acid sites. This shows that the
Ti;C,T,—TiO, composite has fewer acid sites than
Ti3C,T,. The latter’s surfaces are functionalized by
—OH, —O and —F [45]. XPS revealed a small amount
of moderately acidic carboxylic groups had formed
after hydrothermal treatment (C 1s, figure 6). Addi-
tionally, a lot of TiO, had formed on the surface at
the expense of C-Ti-T, groups (Ti 2p, O 1s, and C
Is, figure 6). Our hypothesis is that the fluorinated

MZXene surface is responsible for the strongest acid
sites (figure 5(a)). Lewis acidity is derived from Ti™
sites and Brensted acidity is caused by surface -OH
groups adjacent to —F groups. The —F groups with-
draw electron density from the -OH groups making
them even more acidic. In the composite, most of
the surface is covered with TiO; crystals with known
Lewis and Brensted acidity (figure 5(b)) [57]. The
Ti 2p spectrum after reaction (figure S6) showed a
decrease in Ti—C contributions and an increase in
Ti—O contributions. This suggests the surface is being
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Figure 6. Normalized XPS spectra of Ti3C, T (top) and Ti3C,T,—TiO, composite (bottom). Intensity is in arbitrary units.

slowly oxidized into TiO, during the reaction. Simil-
arly, the O 1s showed an increase in signals at 531.5 eV
and 532.8 eV, corresponding to C-Ti-O, and
Ti(OH),, moieties, respectively. TEM analysis (figure
S7) revealed a thin layer (<5 nm) of amorphous
titania forming at the surface during the reaction. The
F 1 s spectrum did not show any new contributions,
albeit that the total F signal decreased after reaction
(figure S6).

Similar changes occurred during reaction of the
composite, though less pronounced (figure S5). The
C Is spectrum showed an increase in alkyl contribu-
tions and a decrease of fluorine contributions. O 1s
showed an increase in Ti**—O and hydrated Ti(OH),
contributions. Ti(OH), groups are the major con-
tributors to the Lewis/Bronsted acidity [58, 59]. The
increase in reactivity after 150 min (figure 3(b)) is
likely related to this increase.

4, Conclusion

Ti;C, T, flakes can be used as acid catalysts for iso-
merization and ring opening of SO. These two reac-
tions compete on the Ti;C, T, surfaces, likely because
of the strong acid sites, promoted by the F-groups.
The presence of small TiO, crystals at the Ti3C, T,
flake edges produced by a hydrothermal treatment
in H,O, containing both Brgnsted and Lewis acid
sites, is responsible for the acid catalysis. The hydro-
thermal treatment creates a TiO, layer that blocks
most of the strong acid sites responsible for the iso-
merization reaction. This alters the reaction kinet-
ics, increasing the selectivity of the main product
1 up to 90%. This opens doors to apply MXenes
and/or their composites in other acid-catalysed reac-
tions as well. Overall, the availability of many differ-
ent types of MXenes and their derivatives offers a new
opportunity for controlling selectivity and activity in
catalysis.
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