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¢wzx The Role of Vacancies in a Ti,CT, MXene-Derived Catalyst

for Butane Oxidative Dehydrogenation

M. Ronda-Lloret,” T. K. Slot,”’ N. P. van Leest,” B. de Bruin,” W. G. Sloof, E. Batyrev,"
A. Sepulveda-Escribano,' E. V. Ramos-Fernandez,’ G. Rothenberg,” and N. R. Shiju*®

MXenes are a new family of 2D carbides or nitrides that have
attracted attention due to their layered structure, tunable
surface groups and high electrical conductivity. Here, we report
for the first time that the Ti,CT, MXene catalyses the selective
oxidative dehydrogenation of n-butane to butenes and 1,3-
butadiene. This catalyst showed higher intrinsic activity com-
pared to a commercial TiC and TiO, samples in terms of C,

Introduction

Lower olefins (C,”—C,™) are important building blocks in the
production of petrochemicals, plastics, textiles, rubbers, sol-
vents and coatings."? These olefins are traditionally obtained
from naphtha cracking or from alkane dehydrogenation.
However, these endothermic processes require high temper-
atures (>550°C).”! Oxidative dehydrogenation (ODH) of alka-
nes is a promising alternative, as the addition of oxygen
lowers the reaction temperature and increases catalyst
stability by removing coke.*® Yet controlling the selectivity of
this reaction is a challenge. Especially at high alkane
conversion levels, the over-oxidation to CO and CO, restricts
the selectivity to olefins.
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olefin formation rate. We propose that the stabilisation of
structural vacancies and the change in composition (from a
carbide to a mixed phase oxide) in the MXene causes its higher
catalytic activity. These vacancies can lead to a higher
concentration of unpaired electrons in the MXene-derived
material, enhancing its nucleophilic properties and favouring
the production of olefins.

The performance of ODH reactions is often related to the
availability of nucleophilic oxygen on the catalyst surface (also
known as lattice O*~ species). When oxygen is activated on the
catalyst surface, it tends to form anionic species (O,” and 0,>")
that are more reactive, but often cause total butane oxidation
and low olefin selectivity.®” Catalysts that effectively convert
electrophilic oxygen species into nucleophilic oxygen species
are generally more selective to olefins.®! Thus, catalyst design
is crucial for controlling the type of surface oxygen species
generated during ODH.

Different strategies, such as doping, surface modification,
and changing the number of active sites and the nature of the
oxygen species, were used for dehydrogenation and oxidative
dehydrogenation of hydrocarbons.”'” For example, the pro-
motion of ZrO, with other metal oxides was found to increase
the number of coordinatively unsaturated Zr cations, which
were identified as the active sites for propane
dehydrogenation." Elsewhere, the addition of electron-
attracting dopants (boron oxide) in carbon nanotubes in-
creased their propane ODH selectivity to propene as the
formation of non-selective (electrophilic) oxygen species was
supressed.” Wet chemical reduction of carbon nanotubes
also decreased the concentration of electrophilic oxygen
species and led to phenol group formation, increasing the
selectivity to C, alkenes.”

Another way of favouring the nucleophilic character of
oxygen species is by introducing structural vacancies, known
as intrinsic point defects. For example, when an oxygen
vacancy is introduced in the TiO, structure, the unpaired
electrons can relocate to a titanium position (Ti**) or at the
structural vacancy (forming electron-containing
vacancies).”> " The electron-rich subsurface can make the
surface oxygen species less electrophilic, which in turn
enhances the selectivity to olefins during ODH.®'®

Here we report a novel approach in which we used the
structural vacancies in a MXene material to enhance the
nucleophilicity of oxygen species, thereby controlling the
selectivity in butane ODH. MXenes (M,_,X,T,) are a new family
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of 2D carbides or nitrides where M represents an early
transition metal, X is carbon and/or nitrogen, T, represents
surface terminations such as fluorine, hydroxyl and/or oxygen
atoms, and n=1, 2 or 3."” MXenes (for example Ti,CT,) are
generally obtained from the chemical etching of the respec-
tive MAX phases (in this example, Ti,AlC), inheriting their
carbon vacancy sites."*'*'? During chemical etching, titanium
vacancies can also form in the MXene structure. Previous work
found the presence of these vacancies in Ti;C,T, and Ti,CT,
MXenes by means of density-functional theory (DFT) calcu-
lations, electron paramagnetic resonance (EPR) and high-angle
annular dark field combined with scanning transmission
electron microscopy (HAADF-STEM).['#2021)

Despite the catalytic potential of structural vacancies in
MXenes and the increasing interest of these in electro- and
photo-catalytic applications,”** the use of MXene vacancy
sites in thermal heterogeneous catalysis remains unexplored.
Here we show that vacancy sites in MXenes can affect the
catalytic performance. We tested a Ti,CT, MXene-derived
catalyst during n-butane oxidative dehydrogenation
(Scheme 1), which is believed to proceed via the Mars-van
Krevelen mechanism.”***! The targeted products (by order of
increasing demand) are: 1,3-butadiene (used as raw material
for the production of synthetic rubbers), isobutylene (used as
precursor of octane enhancers in gasoline), and linear butenes
(i.e. 1-butene, 2-cis-butene and 2-trans-butene), which are
used for producing chemicals (such as methyl ethyl ketone)
and higher olefins (Cs, ).l

We hypothesise that the structural vacancies in the MXene
material will stabilise nucleophilic oxygen species, which are
reactive and selective to butenes. Our ODH experiments show
that a Ti,CT, MXene-based catalyst is more active and selective
than commercial TiC. As both titanium carbides are oxidised
under reaction, we also tested TiO, samples. While pure
anatase or pure rutile titania samples were inactive, a mixture
of anatase and rutile was active, but it showed a lower C,
olefin formation rate than the MXene-based catalyst. We
ascribe the outstanding performance of the MXene catalyst to
its ability to stabilise structural vacancies, which in turn affects
its electronic properties and stabilise reactive and selective
nucleophilic oxygen species on its surface.

H,0 /\/ /\/
I

N)L

1,3-butadiene

1-butene 2-butene

e i o%

isobutene

Scheme 1. C, olefins produced during n-butane oxidative dehydrogenation
(ODH).
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Results and Discussion

We prepared the Ti,CT, MXene via the chemical etching of a
Ti,AIC MAX phase (see experimental section for details). After
the etching treatment (Figure 1), the characteristic (002) peaks
shift to lower angles (260 =6.3° and 6.9°) compared to the MAX
phase (20=13°), indicating a higher d layer spacing in the
Ti,CT, MXene.”® SEM analysis confirms the exfoliation of the
tightly stacked layers in Ti,AIC to Ti,CT, MXene accordion-like
layers that give a higher BET surface area (from 1 m?.g™" to
33 m?.g7"). Additional SEM images and the nitrogen sorption
isotherms can be found in Figures S1 and S2, and Table S1.

The Ti,CT, MXene catalyst was active in n-butane ODH (see
experimental section for reaction conditions). Temperature
screening tests showed that the MXene is active and
considerably selective to C, olefins from 450°C onwards
(Figure S3). The catalyst reached its highest C, olefin selectivity
(24%) at 0.5:1 O,/butane ratio and 500°C (at 18% butane
conversion). The produced alkenes were 2-butene (13%), 1,3-
butadiene (6.0%), 1-butene (5.3%) and isobutene (0.2%). The
remaining side products were CO (43 %) and CO, (29 %), which
are produced from the undesired over-oxidation of butane
and butenes. Trace amounts of propylene (3%) and ethane
(0.5%) were also detected. We performed stability tests at
500°C for 15h (Figure S4). After an induction period, the
conversion decreased slowly, reaching a plateau after 14 h.
The catalysts were compared after reaching this stable period.
A commercial TiC catalyst was less active and selective than
the Ti,CT, MXene. Despite its similar BET surface area (TiC
Sger=27 m?.g~', TableS1) and surface composition (see
Table S2), the commercial TiC showed 14 % butane conversion
and 11% C, selectivity at 0.5:1 O,/butane ratio and 500°C
(Figure S3).

Interestingly, the Ti,CT, MXene is more intrinsically active
than the commercial TiC (Figure 2), as it shows a higher C,

TLAIC -- Ti,CT,

;
Il
F

!

Inte ity ! a.u

Intensity / a.u
Intensity / a.u
S

10 20 320 40 50 60 70 80 9 0 20 0 40 50 6 70 80 90
280" 261"

Figure 1. XRD patterns and SEM images of Ti,AIC MAX phase and Ti,CT,
MXene.
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Figure 2. C, olefin formation rate of the studied catalysts after 0.5 h under
reaction at 500°C and O,/butane=1:1. A+ R denotes anatase + rutile
titania.

formation rate (31 mmol C,-Ti atoms™'-min~") than TiC
(8.6 mmol C,-Ti atoms '-min").

The characterisation of the as-prepared and spent catalysts
gave more insights into the working of these catalysts. XPS
(Figure S5) and Raman (Figure S6) show that the as-prepared
Ti,CT, MXene contains TiO, (anatase and rutile) on its surface,
due to its partial oxidation during synthesis.”’~* We confirmed
the presence of defects (i.e. unpaired electrons) in the Ti,CT,
structure using X-band electron paramagnetic resonance
(EPR). The intense featureless signal at g,,=g,,_9g,,=1.9875
(Figure 3a) corresponds to Ti** regular lattice positions of the
TiO, anatase structure and/or Ti*" sites in a defective titanium
carbide structure.™*” This reveals that the MXene contains a
defective TiO,/Ti,CT, structure, with oxygen and/or carbon
vacancies that leave behind electrons located at Ti*" positions.
We believe that the MXene lattice defects promote the
presence of electron-rich oxygen species that enhance the
selectivity to butenes during butane ODH (previously, we
showed that a similar assumption holds for the Ti;AIC, MAX
phase!'®).

Characterisation of the spent Ti,CT, and TiC materials
indicate that both carbides completely oxidise to a mixture of
anatase and rutile TiO, under reaction conditions (see XRD in
Figure S7, XPS in Figure S8 and Raman in Figures S6 and
$9a).%39 Nevertheless, the spent MXene maintains its layered
structure and porosity, with only a slight decrease in the BET
surface area from 33 to 26 m?-g~' (see Figure S1b).

The EPR spectrum of the spent Ti,CTy catalyst shows a
major featureless signal at g,,=g,,_9g,,=2.0020 (Figure 3b),
which can be attributed to oxygen centred unpaired
electrons.'>* The spectrum shows other minor resonances, of
which the small peaks located at g < 2 are tentatively assigned
to Ti** centred unpaired electrons.*" These results confirm
that the spent MXene retains its structural vacancies.

The EPR spectrum of the spent TiC sample shows a
complicated mixture of various unpaired electrons, making the
definite assignment of the various components difficult (Fig-
ure S9b). The signals observed at g>3.5 (<170 mT) are

ChemCatChem 2022, 14, 202200446 (3 of 6)
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Figure 3. Experimental (measured at 10 K) and simulated EPR spectra of (a)
Ti,CT, MXene fresh and (b) after the stability test at 500 °C. Experimental
parameters; microwave frequency (a) 9.648388 GHz and (b) 9.647805, power
0.6325 mW, modulation amplitude 4.000 G.

indicative of inter- and intramolecular spin-spin interactions,
leading to formally forbidden transitions in the X-band EPR
measurement. These, combined with the observed multiple
species, indicate that the unpaired electron density in spent
TiC is high and distributed on different sites.

Despite their similar composition, Ti,CT, and commercial
TiC present different electronic properties that result in differ-
ent butane ODH catalytic behaviour. The spent Ti,CT, contains
unpaired electrons mainly centred on oxygen vacancies, while
the spent TiC showed a broader distribution of unpaired
electrons. The electronic properties of the materials influence
the type of oxygen species generated during ODH. We
hypothesise that the TiC catalyst stabilises electrophilic oxygen
species under reaction, favouring the over-oxidation of butane
to CO and CO,.

As both Ti,CT, and commercial TiC materials are oxidised
to titanium oxide during the reaction, we also tested TiO,
(anatase, rutile and a mixture of both phases) under the same
conditions. Commercial anatase TiO, and thermally treated
TiO, were used, and XRD and Raman spectroscopy (Figure S10)
confirmed their composition. Pure anatase and pure rutile
phases were inactive during n-butane ODH (Figure S11). This
can be ascribed to the absence of defects (i.e. unpaired

© 2022 The Authors. ChemCatChem published by Wiley-VCH GmbH
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electrons) in their structure, as the EPR spectrum of anatase
TiO, does not show any distinct paramagnetic signal (Fig-
ure S12a). Thus, despite their high surface area, pure TiO,
phases are not active in the reaction. The TiO, (A+R) catalyst
was the only oxide that showed high activity, with comparable
conversion values to the Ti,CT, catalyst (Figure S11). However,
its intrinsic activity in terms of C, olefin formation rate was
much lower compared to the Ti,CT, MXene (see Figure 2). This
indicates that the sites on the Ti,CT, MXene-based catalyst are
intrinsically more active despite the much lower surface Ti
content (0.6 %) compared to TiO, (A+R) (23.4% Ti content).

The very weak signal observed in EPR for TiO, (A+R)
(Figure S12b) indicates only a few defects (i.e. oxygen
vacancies). Thus, the intrinsic activity of this material is lower
compared to the vacancy-rich MXene-based catalyst. Padaya-
chee et al. previously reported the enhanced performance of a
mixture of anatase and rutile TiO, phases compared to the
pure individual phases during n-octane ODH.® The authors
ascribed the catalytic activity to the disorder of the TiO, lattice
at the anatase — rutile junction. This is in line with our results,
as only the local disorder created in the TiO, (A+R) sample
can convert butane into C, olefins. Nevertheless, the apparent
lower density of unpaired electrons in this sample results in a
lower C, formation rate compared to the MXene-based
catalyst.

Overall, we show here the important role of structural
defects (i.e. vacancies) in the electronic and catalytic proper-
ties of a MXene-derived catalyst. We believe that these
properties can be explored in other type of heterogeneous
catalytic applications, as already seen in dry reforming,
dehydrogenation and hydrolysis reactions.*>*! In addition,
structural vacancies in MXenes are promising host sites for
guest metal atoms, leading to hetero-MXenes.*® The con-
trolled doping of transition metals in the MXene structure
broadens the scope of bifunctional catalytic systems. For
example, vanadium and nitrogen groups were evenly incorpo-
rated between the Ti;C,T, MXene interlayers with C—V—O sites
formed at the Ti vacancies."”” Recently, Song etal. used Ti
vacancy defects as anchoring sites for cobalt atoms, leading to
a single atom Co@Ti,,N material."®

Conclusions

This study shows the potential of structural vacancies in
MXenes for heterogeneous catalysis applications. We tested a
series of Ti-based materials (Ti,CT, MXene, commercial TiC and
TiO,) in n-butane oxidative dehydrogenation (ODH). The Ti,CT,
MXene was the most active catalyst in terms of C, olefin
formation rate. We attribute this to its final composition, a
mixture of anatase and rutile TiO,, and to its ability to stabilise
structural defects. This leads to a high concentration of
unpaired electrons, which favours the nucleophilic character
of the catalyst surface and thus the production of olefins. A
commercial TiC of similar composition was less active and
selective than the MXene-based catalyst, most likely due to its
electronic properties. Although the local environment of a

ChemCatChem 2022, 14, 202200446 (4 of 6)

TiO, (A+R) catalyst increased its activity compared to pure
anatase or rutile phases, its C, formation rate was significantly
lower compared to the MXene. We believe this is because of
the low content of unpaired electrons in the (A+R) catalyst
structure. Thus, the final composition of the 2D MXene-derived
catalyst and the stabilisation of its vacancies, combined with
its electronic properties, make MXenes promising active and
stable catalysts in high-temperature reactions such as n-
butane ODH.

Experimental Section

Materials and instrumentation

Powder X-Ray diffraction (XRD) measurements were carried out on
a MiniFlex Il diffractometer using Cu Ko radiation. The XRD
patterns were recorded at an angle (26) range of 5-90° with a
turning speed of 2.5°-min~". N, adsorption-desorption isotherms
at 77 K were measured on a Thermo Scientific Surfer instrument.
The samples were pre-treated under vacuum at 200 °C for 16 h. X-
Ray Photoelectron Spectroscopy (XPS) spectra were measured in a
K-Alpha spectrometer from Thermo-Scientific. The binding ener-
gies (BE) were referenced to the C 1s line at 284.6 eV, with an
accuracy of £0.2 eV. The experimental details can be found in
Ronda-Lloret et al.*”

Scanning electron microscopy (SEM) micrographs were obtained
on a scanning electron microscope Hitachi S3000 N. Confocal
Raman spectra were recorded at 532 nm using a Renishaw
(Wottonunder-Edge, United Kingdom) InVia Reflex Raman micro-
scope with a 532 nm frequency-doubled Nd:YAG excitation source
in combination with a 1800 lines mm™' grating, and a Peltier-
cooled CCD detector (203 K). The 521 cm™' Raman shift of a silicon
standard was used to verify the spectral calibration of the
system.* X-band EPR spectra were acquired in the solid phase at
10 K on a Bruker EMX X-band spectrometer, equipped with an ER
4112HV-CF100 cryostat, and further analysed and simulated using
EasySpin."

Procedure for catalyst synthesis

All chemicals were obtained from commercial sources and were
used as received. The synthesis of the Ti,AIC MAX phase has been
described previously."*® The Ti,CT, MXene was prepared from
the chemical etching of Ti,AIC. In a typical procedure, 2 g of Ti,AlC
were mixed with 1.3 g of LiF previously dissolved in 100 mL of
12 M HCI. The mixture was stirred under heating at 70°C for 24 h.
The resulting powder was repeatedly centrifuged and washed
with deionized water until the pH of the supernatant was neutral.
The obtained solid was dried under vacuum at 30°C for 12 h.
Commercial TiC was purchased from VWR International B.V.
Commercial TiO, anatase (Hombikat M311) was used as control
sample. Rutile TiO, was obtained from the thermal treatment of
anatase TiO, at 1000 °C under air for 1 h. The thermal treatment of
anatase TiO, at 800 °C produced a mixture of anatase and rutile (A
+R).

Procedure for catalytic testing

The catalysts were tested in the n-butane oxidative dehydrogen-
ation (ODH) reaction using an automated six-flow parallel reactor
system, which contains six quartz reactors. A total of 300 mg of
catalyst was placed in the reactor in the form of pellets (1-
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0.71 mm). Temperature screening tests between 400 and 600°C
were run at Ar.O,:butane ratios of 15:0.5:1, 15:1:1 and 15:2:1.
We also run stability tests for 16 h at 500°C using a Ar:0,:butane
ratio of 15:1:1. The pressure (atmospheric) and a total flow rate
of 30mL-min~" (space velocity 6000 mL-g'-h™") were kept
constant. The reactants and products were detected with a GC
(Interscience microGC) using flame ionization (FID) and thermal
conductivity (TCD) detectors. The carbon balance remained
between 98-94% at O,butane=0.5:1, 98-92% at O,:butane=
1:1, and 96-88% at O,:butane=2:1. C, alkene selectivity refers to
monobutenes [1-butene, 2-butenes (cis and trans) and isobutene]
and 1,3-butadiene. Propylene (<3%) and ethane (< 2%) were also
detected. CO and CO, were also detected as products of the over-
oxidation of butane and butenes.

Conversion, selectivity and carbon balance values were calculated
using Equations (1-3). The rate of total butenes formation (r(C,),
Eq. [4]) was calculated taking into account the amount of surface
Ti available on each catalyst (based on the XPS results, Table S2)
and the molecular weight of each catalyst (Mw).

Conversion of butane (%) =

[Butane];,—[Butane],, [Butane];, - 100 M
Selectivity of product A (%) =
[Product A, [Z Products];, - 100 2
Carbon balance (%) =
(Coul/[C] - 100 <
r(C4;) = mmol Bu,, - C, yield)/

4

. 1 .
(%Tlsurface . gcatalyst : chatalyst - atoms Tl)
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