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ABSTRACT: Selective oxidation reactions are an important class of
the current chemical industry and will be highly important for future
sustainable chemical production. Especially, the selective oxidation of
primary alcohols is expected to be of high future interest, as alcohols
can be obtained on technical scales from biomass fermentation. The
oxidation of primary alcohols produces aldehydes, which are
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important intermediates. While selective methanol oxidation is Delaminated Aerogel A
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industrially established, the commercial catalyst suffers from ViCs derived
deactivation. Ethanol selective oxidation is not commercialized but Selective oxide
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would give access to sustainable acetaldehyde production when using /OH > Ultra-tigh catalyic
renewable ethanol. In this work, it is shown that employing 2D /\OH _0 o ectivity to
MXenes as building blocks allows one to design a nanostructured “Green alcohols” - AO valuable aidehydes

oxide catalyst composed of mixed valence vanadium oxides, which

outperforms on both reactions known materials by nearly an order of magnitude in activity, while showing high selectivity and
stability. The study shows that the synthesis route employing 2D materials is key to obtain these attractive catalysts. V,C;T, MXene
structured as an aerogel precursor needs to be employed and mildly oxidized in an alcohol and oxygen atmosphere to result in the
aspired nanostructured catalyst composed of mixed valence VO,, VO3, and V;0,. Very likely, the bulk stable reduced valence state
of the material together coupled with the nanorod arrangement allows for unprecedented oxygen mobility as well as active sites and
results in an ultra-active catalyst.
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1. INTRODUCTION

Oxidative dehydrogenation (ODH) of primary alcohols, like
methanol and ethanol, is a highly sought after heterogeneously
catalyzed gas-phase reaction. The alcohol ODH leads to the
corresponding aldehydes, which are important intermediates in
the chemical industry.'™* ODH of methanol is industrially
applied within the FormOx process on large scales with high
selectivity and an overall plant yield of 89—90%.” However, the
FormOx catalyst, an iron molybdate, suffers from deactivation,
which is why the search for new, selective, active, and stable
catalysts is of great interest.®

The ODH of ethanol for the production of acetaldehyde is
currently not applied industrially. Presently, acetaldehyde is
produced in the Wacker-Hoechst process by oxidation of fossil
oil-based ethylene in the aqueous phase on noble-metal
catalysts containing PdCl,/CuCl,.” Ethanol ODH represents a
possibility to substitute fossil oil resources with ethanol as a
renewable, green feedstock. It needs to be noted that ethanol is
already a commodity that is produced at large scale based on
renewable resources in a cost competitive manner. Due to this
attractiveness, different catalyst systems have been studied for
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ethanol ODH.® So far, the main classes of investigated catalysts
have been supported metal oxides, mainly supported VO,,”~ ">
supported metal catalysts,'"" carbon-based catalysts," and
mixed metal oxides.”'*"”

In 2011, a large class of 2D materials, MXenes, was
discovered.'® MXenes are two-dimensional transition metal
carbides or nitrides with the general formula M,,,X,T,, where
M is an early transition metal, X is carbon and/or nitrogen, T,
represents the surface terminations (commonly O, OH, F, or
Cl), and n = 1—4."””° 2D MXene sheets can be processed into
films, coatings or 3D macrostructures like aerogels or crumpled
particles, resulting in increased specific surface area and surface
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MXenes have been explored as photocatalysts and electro-
catalysts (e.g, for hydrogen evolution reaction, oxygen
evolution reaction, oxygen reduction reaction), along with
many other applications.”” Despite their high surface area and
presence of catalytically active metals in the structure, the use
of MXenes in heterogeneous gas-phase catalysis is still at an
early stage. Worldwide, more than 90% of all chemicals are
produced using heterogeneous catalysts, which underlines the
enormous importance of heterogeneously catalyzed processes
and thus research on new, active, selective, and stable
catalysts.”® In heterogeneously catalyzed reactions, MXenes
have been mostly investi§ated as support materials, for
example, in CO oxidation,”**® in the conversion of methane
to methanol,” or in the dehydrogenation of light alkanes.” A
few MZXenes, such as Ti;C,T,, Mo,CT,, and V,CT, were
applied as catalysts in different reactions, including the direct
dehydrogenation of ethylbenzene to styrene,”’ the water—gas
shift reaction,”” and methane dry reforming.>***

Zhou et al. used Ti;C,T, as a precursor to produce a defect-
rich TiO, catalyst under ethane oxidative dehydrogenation
conditions.”> The Ti and oxygen vacancies in the MXene
derived oxide are believed to decrease the activation energy
barrier of ethane and increase the rate of reoxidation of the
catalyst.”® Tt is important to note that oxidation of MXenes
allows synthesis of oxides with unusual 2D morphology that
may not be achieved by other methods.*>*” These studies
indicate the potential for the use of MXenes as heterogeneous
catalysts and as precursors to produce metal oxide catalysts
with unique morphology and properties.

In general, (mixed) transition metal oxides can be regarded
as important catalysts that show promising performance in
methanol and ethanol ODH. Because these can be obtained
from oxidation of MXene precursors,””**~*" the scope of this
work is to study if the unique 2D properties of the precursors
can lead to metal oxides with special morphology and
properties in terms of defects or oxidation state of the metal,
which has an enormous influence on the catalytic activity.

Herein, we synthesized V,C;T,, produced a MXene aerogel,
and oxidized the aerogel to obtain a nanostructured vanadium
oxide. Mild oxidation in an alcohol/oxygen atmosphere
resulted in a partially oxidized vanadium oxide containing
VO,, V0,3, and V;0,. This in situ activated MXene derived
oxide showed outstanding catalytic activity, high selectivity
toward the corresponding aldehydes, and stability for more
than 10 days on stream for ODH of methanol and ethanol.

2. MATERIAL AND METHODS

2.1. Synthesis of V,AIC; MAX Phase. V,AIC; MAX phase was
synthesized by using a mixture of vanadium (99.5%, —325 mesh, Alfa
Aesar), aluminum (99.5%, —325 mesh, Alfa Aesar), and graphite
(99%, —325 mesh, Alfa Aesar) powders. The powders were mixed in a
4:1.5:3 V:AL:C atomic ratio and added to a polypropylene bottle. A
2:1 mass ratio of 5 mm zirconia balls was added to this mixture. The
powders were ball-milled at 60 rpm for 18 h. Afterward, the powder
mixture was placed into an alumina crucible and placed into a high
temperature furnace (Carbolite Gero). Ar gas was flown continually
through the furnace at 200 SCCM for 1 h prior to heating and then
throughout the heating/cooling process. The furnace was heated to
1500 °C for 2 h at a heating/cooling rate of 3 °C min~". After cooling,
the sintered compact was crushed with a mortar and pestle and then
was placed into 9 M HCI for 24 h to dissolve residual metals and
intermetallics. The powders were sieved to <40 ym.

2.2. Synthesis of Multilayer V,C;T, MXene. To synthesize
V,C;T,, the V,AIC; MAX phase was slowly added to S0 wt % HF

(Acros Organics, 48—51 wt %); a ratio of 1 g of MAX to 20 mL of HF
was used. Caution: Working with HF is dangerous; special safety
procedures need to be followed to ensure no harm occurs to the
researcher.”’ The mixture was stirred at 300 rpm at 35 °C for 96 h.
Afterward, this mixture was transferred to polypropylene centrifuge
tubes. Deionized (DI) water was added to the etchant solution,
followed by centrifugation (10 min, 3,500 rpm). The acidic
supernatant was decanted, and then, fresh DI water was added with
the sediment shaken until fully redispersed. This procedure was
repeated until >6 pH.

2.3. Manufacturing of the V,C;T, MXene Aerogel. 1 g of
multilayer V,C;T, MXene was dispersed in 15 mL of 10 wt %
tetramethylammonium hydroxide solution (Sigma-Aldrich) and
stirred overnight at 35 °C and 300 rpm. The dispersion was
centrifuged at 10,000 rpm until the supernatant became clear. The
clear supernatant was decanted, and DI water was added to redisperse
the sediment. The dispersion was centrifuged again at 10,000 rpm,
and this washing step was repeated until pH 8 was reached. Once the
pH was 8, the sample was redispersed again and bath-sonicated for 1
h. After centrifugation at 3,500 rpm for 10 min, the dark black
supernatant was collected. This supernatant was centrifuged again at
3,500 rpm for 10 min to make sure that all multilayer MXene and
MAX was removed. The supernatant was centrifuged at 10,000 rpm,
and the clear supernatant was decanted and redispersed in 15 mL of
DI water. The dispersion was frozen in liquid nitrogen and freeze-
dried for 48 h using a Christ Alpha 1-2 LD.

2.4. Activation of the V,C;T, Aerogel. The V,C;T, aerogel was
activated/partially oxidized in two different ways.

2.4.1. Synthetic Air Activation (SAA). In case of synthetic air
activation, the aerogel was placed between two glass wool plugs in a
quartz glass reactor with an internal diameter of 4 mm. Synthetic air
(20 vol % O,/80 vol % He) with a total volume flow of 20 mL min™"
(STP) was fed to the reactor and heated to 300 °C for S h. Afterward,
the reactor was cooled to room temperature in a helium atmosphere.

2.4.2. In Situ Activation (ISA). In case of the in situ activation, the
aerogel was placed between two glass wool plugs in a quartz glass
reactor. A mixture of 10 vol % methanol and 10 vol % O, (balance:
He) with a total volume flow of 20 mL min~"' (STP) was fed to the
reactor and heated to 300 °C for S h. Afterward, the reactor was
cooled to room temperature under helium flow.

2.5. Synthesis of Reference Materials. 2.5.1. Iron Molybdate.
Stoichiometric Fe,(MoO,); was prepared using a coprecipitation
synthesis procedure according to ref 42. Iron nitrate nonahydrate
(149 mmol, Fe(NO;);-9 H,0, Merck, >98%) and ammonium
heptamolybdate tetrahydrate (22.3 mmol, (NH,)¢Mo,0,,4 H,0,
Merck, >99%) were dissolved separately in DI water (100 and 200
mlL, respectively). Afterward, the aqueous iron nitrate solution was
added dropwise to the molybdate solution under vigorous stirring,
which instantly led to the formation of a precipitate. In order to
complete the precipitation process, the solution was stirred at 100 °C
for 3 h. The precipitate was isolated by filtering off and washed with
DI water and ethanol (Brenntag BCD, Technical grade) before it was
dried overnight at 100 °C in air. Finally, the powder was calcined in
air at 500 °C for 10 h, using a corundum crucible and a tube furnace
(Carbolite Gero CWF1200).

2.5.2. Vanadium Pentoxide. Bulk V,Og was purchased from Acros
Organics (>99.6%).

2.5.3. Vanadium(V)oxide. Bulk VO, was purchased from Thermo
Scientific Alfa Aesar (99%).

2.5.4. Supported Vanadium Oxide. For synthesis of the SBA-15
support, 4.0 g of Pluronic P123 (EO,,PO,,EO,,, BASF) was mixed
with 120 mL of 2 M HCI and 30 mL of DI water in a polypropylene
bottle and stirred at 35 °C until a clear solution was obtained.
Subsequently, 8.5 g of tetraethyl orthosilicate (TEOS, Sigma-Aldrich,
>99%), which served as the precursor for SiO,, was added under
stirring, which was maintained for a further 20 h at 35 °C. The bottle
was placed in a furnace at 85 °C for 24 h. Afterward, the suspension
was filtered by a glass frit, and the powder was calcined at 550 °C for
12 h in ambient air with a heating rate of 1.5 °C min~". Incipient
wetness impregnation was performed to load the SBA-15 with 1 V
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nm™% Vanadium(V) oxytriisopropoxide (>97%, Sigma-Aldrich) was
mixed with anhydrous 2-propanol (99.5%) in a glovebox and added to
the samples while mixing in a mortar. Subsequently, the yellow
powder was calcined in air at 600 °C for 12 h with a heating rate of
1.5 °C min~".

2.6. Characterization. 2.6.1. Raman Spectroscopy. Raman
spectroscopy analysis was performed at an excitation wavelength of
514.5 nm, using an argon ion gas laser (Melles Griot). The light was
focused onto the sample, gathered by an optic fiber, and dispersed by
a transmission spectrometer (Kaiser Optical, HLSR). The dispersed
Raman radiation was subsequently detected by an electronically
cooled CCD detector (—40 °C, 1024 X 256 pixels). The spectral
resolution was S cm™' with a wavelength stability of better than 0.5
cm™". A laser power of S mW at the sample location was applied. Data
analysis of the Raman spectra included cosmic ray removal and an
auto new dark correction.

2.6.2. XPS. X-ray photoelectron spectroscopy analysis was carried
out on an SSX 100 ESCA spectrometer (Surface Science Laboratories
Inc.), employing a monochromatic Al Ka X-ray source (1486.6 eV)
operated at 9 kV and 10 mA; the spot size was approximately 1 mm X
0.25 mm. The base pressure of the analysis chamber was <107® Torr.
Survey spectra (eight measurements) were recorded between 0 and
1100 eV with 0.5 eV resolution, whereas detailed spectra (30
measurements) were recorded with 0.05 eV resolution. To account
for sample charging, the C 1s peak of ubiquitous carbon at 284.4 eV
was used to correct the binding-energy shifts in the spectra. Atomic
concentrations were calculated using the relative sensitivity factors
(RSFs) given in Table 1.

Table 1. Relative Sensitivity Factors Used for the
Calculations of Elemental Concentrations from XPS Data

Cls O Is N 1s F 1s V 2p
RSF 1.00 2.50 1.68 1.33 5.48

2.6.3. Ar Physisorption. Textural properties of the V,C,;T, aerogel
and the ISA aerogel derived oxide were studied via argon
physisorption analysis at 189.3 °C using a 3Flex analyzer (Micro-
meritics) after degassing of the samples under vacuum at 200 °C for
18 h. Specific surface areas (SSAs) were calculated using the
Brunauer—Emmett—Teller (BET) method.

2.6.4. ICP-OES. The vanadium and aluminum content in the
multilayer V,C;T, MXene and the produced V,C;T, aerogel were
determined by inductively coupled plasma optical emission
spectrometry (ICP-OES). ICP-OES was carried out using a
PerkinElmer OPTIMA 2000DV spectrometer. For sample prepara-
tion, the materials were dissolved in aqua regia and diluted with DI
water.

2.6.5. TPO. Temperature programmed oxidation (TPO) of the
V,C,T, aerogel was performed using a NETZSCH STA 449 C Jupiter
thermo-microbalance. The sample was placed in a corundum crucible
and heated to 600 °C in synthetic air with a heating rate of 2 °C
min~.

2.6.6. SEM. Field emission scanning electron microscopy (SEM)
images were taken using a Philips XL30 FEG electron microscope.
Pictures of the V,C;T, aerogel and the ISA aerogel derived oxide were
taken at an acceleration voltage of 30 kV.

2.6.7. XRD. X-ray powder diffraction patterns were collected at
room temperature by a Stoe StadiP powder diffractometer with Cu
Ka, radiation (Ge[111]-monochromator, 4 = 1.54060 pm, MYTH-
EN-1K detector (Dectris)) in transmission geometry. The samples
were placed between two X-ray amorphous polymer films.

2.6.8. HRTEM/EELS. The samples (V,C,T, MXene Aerogel or ISA
aerogel derived oxide) were ground, and the powder was dispersed
onto a lacy-carbon copper grid from TedPella INC. The HRTEM
images were taken using a LaBs JEOL JEM2100+ TEM in low dose
conditions at 200 kV. The EELS data was collected using JEOL
2100F Cs corrected scanning transmission electron microscopy at 200
kV. The EELS spectrum imaging acquisition of the vanadium L-edge
was done using a Gatan Imaging Filter GIF QuantumSE series post
column filter with an energy dispersion of 0.1 eV/channel.

2.7. Catalytic Experiments. 2.7.1. Temperature Cycling and
Long-Term ODH Experiments. The catalytic reactions were
performed in a continuous flow apparatus with a quartz glass tube
reactor with an internal diameter of 4 mm. The catalyst was placed
between two glass wool plugs. Liquid reactants were fed to the reactor
by using a two-stage saturator system, and gases were dosed by mass
flow controllers. The total volume flow was 20 mL min~" (STP) with
helium as inert gas. Off-gas analytic was performed by an online
quadrupole mass spectrometer (GAM 400, InProcess Instruments)
and an online gas chromatograph (Shimadzu GC 2010) equipped
with a flame ionization detector (FID) and a thermal conductivity
detector (TCD).

2.7.2. Methanol ODH. For the MeOH ODH measurements, the
feed consisted of 10 vol% MeOH and 10 vol% O,. S mg of the
V,C,T, aerogel was used and activated with the reaction mixture at
300 °C until steady-state conditions were reached (6 h). Afterward,
the temperature was varied within 240—320 °C in steps of 20 °C. For
the reference measurements, 25 mg of V,0;, 100 mg of Fe,(MoO,)s,
56 mg of VO,/SBA-15, and 100 mg of the multilayer V,C,T, MXene
were used.

2.7.3. Ethanol ODH. For the EtOH ODH measurements, the feed
consisted of S vol% EtOH and 10 vol% O,. S mg of the V,C,T,
aerogel was used and pretreated with the reaction mixture at 280 °C
until steady-state conditions were reached. Afterward, the temperature
was varied within 200—280 °C in steps of 20 °C. For the reference
measurements, 25 mg of V,0;, 100 mg of Fe,(MoO,);, 56 mg of
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Figure 1. Schematic illustration of MXene aerogel synthesis procedure. V,C,T, multilayer MXene was obtained by selective etching of the
aluminum phase from the parent MAX phase V,AlC; with hydrofluoric acid. The multilayer MXene was delaminated in an aqueous solution using
tetramethylammonium hydroxide as an intercalant and subsequent sonication. Freeze-drying of the MXene colloidal suspension led to the
formation of an aerogel with a random 3D arrangement of MXene sheets. The MXene aerogel was partially oxidized to obtain the aerogel derived
oxide catalyst.
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Figure 2. Characterization of V,C;T, MXene aerogel. (a) SEM image of V,C;T, MXene aerogel. (b) Low magnification image of a V,C;T, flake.
(c) HRTEM image of V,C,T, showing a mixture of single and multidomain flakes. (d, ¢) HRTEM image multidomain area (blue) and single
domain area (orange) and (f) illustration of the hexagonal MXene structure.

VO,/SBA-1S, and 100 mg of the multilayer V,C,T, MXene were
used.

2.7.4. Methanol and Ethanol TPD. MeOH and EtOH temperature
programmed desorption (TPD) experiments were performed using
the same reaction setup which was described before. 15 mg of the
material was treated with 10 vol% alcohol and 10 vol% O, at 300 °C
for 6 h until steady-state behavior was reached. Afterward, the
temperature was lowered to 100 °C. Alcohol desorption at 100 °C
was performed for 10 min (10 vol% alcohol in He). After flushing
with helium for 2 h, the temperature was raised with a specific heating
rate (7.5, 10, 15, and 20 °C min™") and the off-gas was analyzed by a
calibrated online mass spectrometer (GAM 400, InProcess Instru-
ments). The total volume flow was constant at 20 mL min~! (STP).

2.7.5. Methanol and Ethanol Pulse Experiments. MeOH and
EtOH pulse experiments were performed using the same reaction
setup, which was described before. 15 mg of the catalyst was treated
with 10 vol% alcohol and 10 vol% O, at 300 °C for 6 h until steady-
state behavior was observed and then oxidized with synthetic air at
300 °C for 1 h. During the pulse experiments, the total volume flow
was constant at 20 mL min~' (STP) He. Pulses were generated by an
automated 6 port valve with a sample loop. By switching the 6 port
valve, S0 MeOH/EtOH reduction pulses were generated. The time
between the pulses was varied within 1, 2, and 3 min.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of V,C;T, Aero-
gel. A simplified scheme of the synthesis procedure is shown
in Figure 1. The starting material, multilayer V,C;T, MXene,
was synthesized by etching the V,AIC; MAX phase with
hydrofluoric acid (HF). The multilayer MXene was delami-
nated in aqueous solution by using tetramethylammonium
hydroxide (TMAOH) as the intercalant, followed by
sonication. The V,C;T, aerogel was obtained by freeze-drying
the delaminated MXene dispersion. The freeze-drying step
prevented restacking of the MXene sheets, leading to a random

arrangement of the sheets, resulting in a disordered 3D
macrostructure, as shown in Figure 2a. Figure 2b shows a
transmission electron microscopy (TEM) image of a MXene
sheet. The specific surface area (SSA) was determined by
argon physisorption and is calculated to be 16 m* g™ (Figure
S2). Since Ar adsorbs weakly on MXenes and cannot penetrate
between MXene sheets, the reported SSA is underestimated.

X-ray powder diffraction (XRD) of the aerogel (Figure S1)
showed pronounced (002) and (110) reflections at 5.2°(20)
and 63.5°(20), respectively, confirming the existence of a
V,C,T, MXene.*’ In comparison to the starting material,
reflections in the 260 region from 35° to 45° decreased
significantly, indicating an increasing loss of crystallinity (or
structural order) during delamination and aerogel manufactur-
ing. Additionally, the (002) reflection of the initial MAX phase
at 7.8°(20) vanished, indicating a removal of the residual MAX
phase. Inductively coupled plasma optical emission spectros-
copy (ICP-OES) confirmed this observation by a decrease of
the Al/V ratio from 0.17 in the starting material to 0.02 in the
V,C;T, aerogel, indicating a very low amount of residual Al in
the aerogel.

The hexagonal structure of the MXene sheets was also
confirmed by high-resolution transmission electron microscopy
(HRTEM), as shown in Figure 2c—e. The HRTEM image of
the single domain MXene (Figure 2e) clearly showed its
hexagonal P6;/mmc symmetry.

The composition of the aerogel was analyzed by X-ray
photoelectron spectroscopy (XPS). XPS spectra shown in
Figure S3 revealed oxygen (30.5 at. %) and fluorine (9.9 at. %)
surface functionalization originating from the HF etching
during MXene synthesis. The V 2p XPS revealed that 54 at. %
of the vanadium was bound to carbon and 46 at. % was bound
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Figure 3. Methanol and ethanol ODH on in situ activated V,C;T, aerogel derived oxide. (a) Conversion of methanol (MeOH) and selectivities to
formaldehyde (FAld), dimethyl ether (DME), dimethoxymethane (DMM), and CO, during temperature cycling against time on stream. (b)
Steady-state values of conversion of methanol and selectivity to reaction products for different reaction temperatures, (c) long-term methanol ODH
measurement, indicating high stability, (d) conversion of ethanol (EtOH) and selectivities to acetaldehyde (AcH), ethyl acetate (EtOAc), ethylene,
and CO,, during temperature cycling against time on stream, (e) steady-state values of conversion of ethanol and selectivities to reaction products
for different reaction temperatures, and (f) comparison of acetaldehyde productivity of the ISA aerogel derived catalyst compared to VO,, V,0s,
VO,/SBA-15, and Fe,(M00O,); and the initial multilayer MXene/MAX as reference materials (error bars indicate the standard variation during the

measurements).

to oxygen. The averaged oxidation state of the vanadium
bound to oxygen could be determined to be +3.8.

3.2. Activation and Catalytic Performance. An
oxidative treatment is necessary to convert the V,C;T, aerogel
precursor into an active oxide catalyst. To study the
temperature range for the oxidation of the V,C,T, aerogel,
temperature programmed oxidation (TPO) in synthetic air was
performed (Figure S6a). The relative mass increased between
200 and 350 °C, indicating an oxidation of the aerogel in this
temperature range. As these temperatures were within the
range of the aimed catalytic reactions, two ways of activation of
the MXene aerogel were studied: (1) the MXene aerogel was
used as prepared and activated in situ under methanol ODH
conditions, hence with 10 vol% methanol and 10 vol% oxygen
at 300 °C (named: ISA, in situ activation), and (2) the MXene
aerogel was oxidized in synthetic air at 300 °C (named: SAA,
synthetic air activation) prior to testing in the ODH of
methanol.

The synthetic air activation led to a highly active ODH
catalyst. For methanol ODH, this resulted in a productivity to
formaldehyde (FAld) of 82 mmolpyy s kg, ' at 300 °C
(Figure S6). During temperature cycling between 240 and 320
°C, deactivation was observed at each temperature, indicating a
lower catalytic stability or an induction period of the catalyst.
Raman spectroscopy of the SAA aerogel derived oxide (Figure
S6) revealed features of crystalline V,Os, indicating a high
oxidation state of the material.** The XRD pattern of the SSA
aerogel derived oxide is given in Figure S1 and shows weak
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reflexes at 7.5°, 25° and 51°(26) that cannot be clearly
assigned to a known crystal structure.

The results for the ISA catalyst are shown in Figure 3a,
which depicts the time-resolved conversion of methanol
(MeOH) and the selectivities to the reaction product
formaldehyde and the byproducts dimethyl ether (DME),
dimethoxymethane (DMM), and CO,. In the first 3 h at 300
°C, the degree of conversion increased from 0 to 50% and then
reached steady-state behavior. After S h, the ISA aerogel
derived oxide showed an ultrahigh catalytic activity with a
formaldehyde productivity of 134 mmolg,q s kg.,,~". Besides
the higher activity compared to the SAA aerogel derived oxide,
the ISA aerogel derived oxide showed stable performance
during temperature cycling between 240 and 320 °C.

At 240 °C, the methanol degree of conversion was 6% and
the formaldehyde selectivity decreased to 26% while the
dimethoxymethane selectivity and dimethyl ether selectivity
increased to 43% and 34%, respectively. With increasing
temperature and conversion, the selectivity to formaldehyde
increased and was still 90% at 320 °C (Xp.on = 78%). Besides
high selectivity, the material showed an outstanding activity of
217 mmolgyg s kge, ' at 320 °C. The averaged steady-state
values of methanol conversion and the selectivities during the
temperature cycling experiment are shown in Figure 3b and
reveal that no significant temperature hysteresis was observed.
Figure 3c shows the conversion and the selectivities to the
reaction products for a long-term measurement with the ISA
aerogel derived oxide at 320 °C. The catalyst showed only a
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(top) and V,0; (bottom) with a pulse interval of 1 min.

slight decrease in degree of conversion from 63% to 58% after
10 days on stream, indicating its high stability.

Besides methanol ODH, the V,C;T, aerogel was also used
as catalyst precursor for ethanol ODH. To convert the aerogel
to an active catalyst, the aerogel was activated in situ at 280 °C
under ethanol ODH conditions (5 vol% ethanol, 10 vol% O,).
The degree of conversion of ethanol (EtOH) and the
selectivity to the desired product acetaldehyde (AcH) as well
as the selectivities to the byproducts, ethyl acetate (EtOAc),
ethylene, acetic acid (AcOH), and CO,, against time on stream
are shown in Figure 3d. After an increase of the conversion in
the first 2 h, indicating active species formation, the catalyst
reached steady-state behavior with a degree of conversion of
90% and an acetaldehyde selectivity of 91%.

The main side products at 280 °C were ethylene, ethyl
acetate, and CO,, (all around 3%). At lower temperatures, e.g.,
at 220 °C, and a degree of conversion of 18%, the selectivity to
acetaldehyde increased to 94% and ethyl acetate became the
main side product (5%). Figure 3e depicts the steady—state
conversion and selectivities during temperature cycling. Again,
no temperature hysteresis was observed, demonstrating the
stability of the ISA aerogel derived catalyst, which also showed
an outstanding acetaldehyde productivity of 123 mmol,gy s~
kg, " at 280 °C with a yield of 83%.

Three commonly employed reference oxidation catalysts
were prepared and tested to compare their performance with
the MXene derived catalyst. The reference materials were bulk
V,0, supported VO,, and Fe,(MoO,);, which is used as
catalyst within the industrial FormOx process. Figure 3f
compares the resulting mass-based productivities at different
temperatures to the new ISA MXene aerogel derived oxide of
this study. At all temperatures, the productivity of the new

16719

catalyst exceeded the productivity of all reference materials by
a factor of 3.2 to 16.7. Additionally, a comparison was made to
a catalyst which was obtained by direct in situ activation of the
starting precursor (multilayer MXene with residues of MAX
phase) and thus without the aerogel structuring step. Here, a
catalyst with an activity similar to those of the reference
catalysts resulted, underpinning the importance of forming an
aerogel precursor. The productivities during methanol ODH
are shown in Figure S11 and show the same trend concerning
the ultrahigh activity of the ISA aerogel derived oxide.

3.3. Post-mortem Characterization of ISA Aerogel
Derived Oxide. After activation and temperature cycling in
methanol ODH, extensive post-mortem characterization of the
ISA aerogel derived oxide was performed to understand its
high catalytic activity and to establish structure—activity
relationships. The XRD pattern of the ISA aerogel derived
oxide (Figure S1) showed reflections that can be assigned to
metastable VO, (B) (space group C/2m).*

VIS-Raman spectroscopy of the pristine V,C;T, aerogel and
the ISA aerogel derived oxide after ODH reaction was
performed (Figure 4a). The pristine aerogel only showed
weak Raman features at 158, 195, 263, 404, and 501 cm™'. In
comparison, the ISA aerogel derived oxide showed intensive
Raman bands at 996, 697, 526, 497, 404, 300, 282, 195, and
143 cm™! and additional bands at 843, 878, and 932 cm™.
Zhang et al. assigned these features to a mixture of VO,, V403,
and V205.46 The VO, characteristic Raman band at ~600 cm™*
appeared to occur as an enhancement of the background in
this case. It should be noted that the formation of V;0- could
also lead to bands in the range between 840 and 940 cm™.**
Since V30, is not well documented, the formation of that
mixed valence oxide cannot be excluded.
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The ISA aerogel derived oxide was post-mortem subjected to
analysis by HRTEM and electron energy loss spectroscopy
(EELS). Figure 4b shows a TEM image of the ISA aerogel
derived oxide, which indicated the formation of nanorods.
HRTEM images of the nanorods shown in Figure 4c,d
confirmed the assumption of the presence of the mixed valence
oxides V¢O,; and V;0,. More HRTEM images, assigned to
V;0, and V4O,; are shown in Figures S4 and SS. EELS
analysis of three different particles was performed to estimate
the averaged vanadium valence state. The L;/L, intensity ratios
for the ISA aerogel derived oxide as well as for V*" and V**
references are shown in Figure 4e. The averaged oxidation
state was 4.44, being in good agreement with the observations
made by Raman spectroscopy and HRTEM.

The surface composition of the ISA aerogel derived oxide
after ODH reaction was determined by XPS (Figure S3). In
comparison to the pristine V,C;T, aerogel, the ISA aerogel
derived oxide had no fluorine functionalization on the surface.
The O/V ratio increased from 1.72 to 2.82 after reaction,
confirming oxidation of the material. Fitting the high
resolution V 2p spectrum showed a decrease of carbidic
vanadium from 54 to O at. %. The ratio of V** to V°* was
determined to be 0.52, in good agreement with the observation
of the formation of V30, (V¥*/V** = 0.5) or a mixture of
V40,5 and V,0; on the surface.

In summary, the MXene aerogel was in situ oxidized, leading
to the metastable VO, (B) phase in the bulk of the material,
while the formation of V40,3, V50,, and V,0s, which appear
either amorphous or as a thin film on the surface, could not be
detected by XRD.

In addition to the detailed characterization of the ISA
aerogel derived oxide, kinetic studies (including variation of
oxygen concentration, alcohol concentrations, and temper-
ature) and transient response experiments (including meth-
anol/ethanol pulse experiments and methanol/ethanol temper-
ature programmed desorption (TPD)) were carried out on ISA
aerogel derived oxide and the less active highly oxidized bulk
V,0s to unravel the cause of the ultrahigh activity of the new
catalyst.

3.4. Mechanistic Investigations of the Alcohol ODH
on ISA Aerogel Derived Oxide. Kinetics of consumption of
oxygen and alcohol were found to approximately follow a
power-law approach. The reaction orders for methanol/
ethanol and oxygen consumption as well as the apparent
activation energies for the ODH reaction on ISA aerogel
derived oxide and V,0g can be found in Supplementary
Section S. In summary, slight differences in alcohol and oxygen
reaction orders could be observed. The clear trend for both
ODH reactions toward lower apparent activation energies for
the ISA aerogel derived oxide in comparison to V,0; could be
a first hint for the higher activity of the MXene aerogel derived
catalyst. Methanol and ethanol TPD experiments were used to
determine the activation energies of formaldehyde and
acetaldehyde desorption and revealed lower desorption
energies on the ISA aerogel derived oxide compared to V,O;
(see Supplementary Section 6). Following the Sabatier
principle, this could be a reason for the observed higher
activities.

For the methanol reduction pulse experiments, a fresh ISA
activated catalyst was treated at 300 °C for 1 h with 10 vol%
O, to generate a defined oxidized surface (Figure S16). SO
methanol reduction pulses in helium were applied, and the off-
gas was analyzed by a calibrated online mass spectrometer (see

Figure 4f). The ISA aerogel derived oxide showed full
conversion of methanol in the first four pulses, mainly
producing formaldehyde and smaller amounts of CO,
indicating the high ODH activity of the ISA aerogel derived
oxide surface. With increasing pulse number and therefore
increasing degree of reduction of the surface, the amount of
CO and formaldehyde decreased, and after seven pulses, the
methanol signal exceeded the aldehyde signal. The bulk V,04
showed a completely different behavior. At the beginning,
V,0; was less active than the ISA aerogel derived oxide (1st
pulse: Xyeon = 77%) and the conversion decreased to 40%
after 8 methanol pulses. Interestingly, the conversion of
methanol and therefore the amount of formaldehyde increased
again to be 62% after 26 methanol pulses. Afterward, the
activity decreased to a degree of conversion of 45% after 50
pulses. This wave-like behavior of the bulk V,Og clearly
indicated the presence and participation of bulk oxygen.
During the first pulses, the surface was highly oxidized, leading
to a high activity. With an increasing degree of reduction of the
surface, fewer active sites were available, leading to a decrease
in activity. In a bulk metal oxide system, lattice oxygen can be
dynamic and can diffuse from the oxide’s bulk to the surface,
causing a reoxidation of surface sites, thus regenerating active
ODH sites.”” Nevertheless, this bulk oxygen diffusion has
different (lower) time constants compared to the surface
processes. Thus, the observed wave-like behavior results. This
experiment revealed that the methanol ODH activity of V,04
at 300 °C was limited by the oxygen bulk dynamic. This was
further corroborated by variation of the time between the
pulses as given in Supplementary Section 7. Interestingly, the
involvement of bulk oxygen and the limitation of the ODH by
bulk oxygen dynamics observed for V,05 was not observed for
the ISA aerogel derived oxide.

4. CONCLUSION

From the materials characterization and kinetic studies, it can
be posited that under ODH conditions the precursor V,C;T,
MXene aerogel was partially oxidized, leading to the formation
of nanorods consisting of an unusually high degree of active
and selective mixture of vanadium oxides, consisting of VO,,
V403, and V50, (and V,O;). Due to the unique 2D starting
material, it was possible to obtain a catalyst where not only the
surface consists of mixed valence vanadium oxide “supported”
on a fully oxidized bulk but also the full material is in a stable
reduced valence state.”® Very likely, this together with the
nanorod arrangement allowed for unprecedented high oxygen
mobilities as well as active site numbers, leading to an ultrahigh
activity of ISA MXene aerogel derived oxide in alcohol ODH,
which is accompanied by high selectivity and stability. The
observed lowered desorption energy for the products could
also stem from the enrichment of mixed valence states. The
MXene starting precursor and aerogel arrangement as well as
the softer in situ oxidation were the key to obtain these
catalysts. In combination with the large variety of possible
MZXenes in terms of the choice of metals or metal
combinations, this approach of MXene derived oxides paves
the way for a completely new field of research toward mixed
metal oxide catalysts.
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