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Non-oxidative dehydrogenation of isobutane over
supported vanadium oxide: nature of the active sites and
coke formation

Raman spectroscopy, electron paramagnetic resonance
(EPR), X-ray photoelectron spectroscopy (XPS),
temperature-programmed reduction (TPR), x-ray diffraction
(XRD), high-field *'V-solid-state magic angle spinning NMR
spectroscopy (ssNMR), transmission electron microscopy
(TEM) and N,-physisorption shed light into structure-activity
relationships during the non-oxidative dehydrogenation of
isobutane over a V based catalyst.
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We combine Raman spectroscopy, electron paramagnetic resonance (EPR), X-ray photoelectron
spectroscopy (XPS), temperature-programmed reduction (TPR), X-ray diffraction (XRD), high-field V-
solid-state magic angle spinning NMR spectroscopy (ssNMR), transmission electron microscopy (TEM) and
N»-physisorption to unravel structure-activity relationships during the non-oxidative dehydrogenation of
isobutane over a V-based catalyst. The use of SBA-15 as a support favours the formation of oligomeric
tetrahedral VO, species along with a smaller amount of V,Os clusters. EPR, ®V-ssNMR and XPS suggest
the formation of mostly V4" species under reaction conditions. Investigation of “coke” species by dynamic
nuclear polarization surface enhanced solid-state NMR (DNP SENS) reveals the co-existence of aliphatic,
olefinic/aromatic, acetal/alkoxy and carbonyl-based organic moieties in the post-reacted catalyst. Together
with TPR and XRD results, we postulate that oxygenated coke species are the main components
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Introduction

The development of direct routes for the production of light
olefins has gained interest over the last few decades. The
main on-purpose route is the catalytic dehydrogenation of
light alkanes, with platinum and chromium supported
catalysts being the preferred option for industrial processes
such as Catofin and Oleflex." In the search for catalysts based
on abundant and low toxicity elements, vanadium has been
identified as a suitable alternative to Pt and Cr.
Vanadium-based catalysts have been widely characterized
by different techniques in order to determine the structure
and geometry of vanadia sites, highlighting EPR,>™ solid-
state NMR,5_7'9_15 Raman’4—6,8,11,13,16—23 FTIR4—6,12,13,19,23 and
UV-vis spectroscopy.® 71316720 [n gpite of the interest, the
actual nature of the active sites in vanadium-based
dehydrogenation catalysts is still a matter of debate. The
main reason is that vanadium displays, in most catalysts, a
broad speciation under reaction conditions. In order to
address this issue, a large number of techniques have already
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responsible for vanadium clustering, which results in the irreversible deactivation of the catalyst.

been applied in the literature to unravel the nature of the
active sites in a large variety of V-based catalysts, including in
situ DRIFTS,***” Raman,*®*>° or UV-vis spectroscopy.”®*'*
It has been seen that both structural and chemical states of
vanadium determine its catalytic performance. Isolated
tetrahedral vanadium and two-dimensional V-O-V species
directly bonded to the support have commonly been found in
very active catalysts,>** which can be easily achieved in high
surface area silica/alumina supports.” ®!' 71316171923
regard to the oxidation state of vanadium, it is also
commonly accepted that V**, Vv** and V°* are all present
during alkane dehydrogenation reactions, but only V** and
V*" are catalytically active."?**® According to Kaichev et al.,
the oxidative dehydrogenation of propane requires a redox
mechanism involving the participation of V**, v** and v°*
species, whereas coordinatively unsaturated V** is the main
catalytic site for the reaction wunder non-oxidative
conditions.>® However, V°* sites also promote cracking and
isomerization.®® An in situ DRIFTS study over vanadium
supported on y-Al,O; suggested that although isolated V** is
the most active site for the non-oxidative dehydrogenation of
propane, the formation of less active hydroxylated V*'O,
could prevent coke formation.”® Similarly, isolated oxo-
vanadium species are also prone to reduction under reaction
conditions, resulting in the formation of V-O-H acidic sites
which promote the formation of aromatics and coke.*'”
Thus, oligomerization of VO, species might be beneficial by
preventing secondary reactions, including coking.*®

This journal is © The Royal Society of Chemistry 2020
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However, the literature is still lacking an in-depth
structure-reactivity study, which could help us upgrade the
process towards industrial maturity. To achieve this stage, it
is also important to identify the nature of organic species
trapped in the post-reacted material, which constitutes an
extreme challenge due to the existence of non-diamagnetic
metal centres within the catalyst. To overcome this
limitation, in this work, we present a systematic in-depth
study on the use of SBA-15 as a support for V species for the
non-oxidative dehydrogenation of isobutane, including
intensive characterization of V species prior to and after the
reaction along with a thorough analysis of coke species and
the deactivation mechanism. Temperature-programmed
oxidation and UV-Raman spectroscopy have been shown to
be useful to correlate different vanadium species with the
formation of structured coke on the spent catalyst.>*?** On
the other hand, advanced solid-state NMR spectroscopy has
recently established itself as a compelling technique to
elucidate the molecular structure(s) of coke species in
heterogeneous catalysis, particularly involving porous
catalytic materials.>*™** However, in the case of coke analysis/
identification, the success of this approach typically depends
on the natural abundance of the reactant feed during
catalysis, since '*C possesses only 1.1% natural
abundance.******">> Ruling out the possibility of using
highly expensive '*C-enriched reactants to address low
sensitivity, we have recently demonstrated that the utilization
of dynamic nuclear polarization surface-enhanced NMR
spectroscopy (DNP SENS) is an ideal alternative.>® Prior to
this work, DNP SENS was conventionally applied for the
characterization of inorganic materials,”** including surface
organometallic fragments/catalysts, metal-organic
frameworks (MOFs), and amorphous aluminosilicates.®*®’
Here, we further demonstrate the potential application of this
advanced technique to elucidate the nature of coke deposits
during the dehydrogenation of isobutane. To the best of our
knowledge, this work represents a unique attempt to provide
a thorough coke analysis by DNP SENS in heterogeneous
catalysis (particularly on non-diamagnetic metal-containing
materials).

Materials and methods
Catalyst preparation

The mesoporous silica support SBA-15 was synthesized
according to a modification of the method previously
described by Zhao et al.°®°® using a TEOS:P123:HCl:NaF:
H,O (TEOS: Sigma-Aldrich, CAS: 78-10-4; HCl 37%: Alfa-
Aesar, CAS: 7647-01-0; Pluronic P-123: Sigma-Aldrich, CAS:
9003-11-6; NaF: Sigma-Aldrich, CAS: 7681-49-4) molar ratio of
1:0.02:0.32:0.04:204. Typically, 7.6 g of P123 was dissolved
in 300 mL of a HCl/water solution at pH = 1.5 in a glass
bottle and stirred after total solution of the polymeric
surfactant. After that, 17 mL of TEOS was added drop by
drop to the solution and the mixture was kept under stirring
at room temperature for 3 hours. Then, 140 mg of NaF was
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added, which is known to increase the crystallization rate
and provide greater hydrothermal stability to the final
product.”® The resulting solution was heated up to 45 °C
and kept aging with stirring for 72 hours. Finally, the
obtained white solid product was filtered, washed with 400
mL of deionized water and 200 mL of acetone, dried in an
oven at 120 °C for 24 hours and calcined in air for 3 hours
at 550 °C using a heating ramp of 1 °C min .

The supported vanadium catalyst was prepared by
incipient wetness impregnation of vanadyl sulphate (VOSO,
-5H,0: Sigma-Aldrich, CAS: 12439-96-2) for a metal loading of
10 wt% in the final product. Briefly, 2 g of as-synthesized
SBA-15 was added directly to a solution containing 1.1 g of
VOSO,-5H,0 dissolved in 4.2 mL of water, previously
calculated for the incipient wetness impregnation of the
support. The mixture was homogenized by ultrasonic
treatment for 1 hour, dried at 110 °C for 24 hours and finally
calcined in air for 3 hours at 550 °C using a heating ramp of
1°C min".

N, adsorption

Nitrogen isotherms were obtained on TriStar II 3020
equipment (Micromeritics) at 77 K. The solids were pre-
treated under vacuum at 100 °C for 12 hours prior to the
experiment. Specific surface areas were estimated according
to the BET method”" in the relative pressure range of 0.05-
0.25. The pore size distribution was analysed by applying the
NLDFT method.”” The total pore volume, Vy, was estimated
from a single point adsorption measurement at P/P, = 0.94,
for pore sizes below 35 nm, disregarding macropores.

PXRD

Powder X-ray diffractograms were obtained with Bruker D8C
equipment using an anode of Cu Ka (1 = 1.5418 A) in a
Bragg-Brentano configuration operating at 40 eV and 40 mA.
Data acquisition was carried out in the 26 range of 10-80°
with an acquisition period of 3 seconds and a step size of
0.04°. The analysis and identification of peaks was carried
out by Diffrac.Suite EVA software (Bruker).

Temperature programmed reduction

TPR profiles were measured on an Altamira instrument,
model AMI-200. After a pre-treatment in argon at 120 °C, the
sample was cooled down to room temperature and then
subjected to a treatment in 10% H,/Ar until 900 °C using a
heating ramp of 10 °C min™". The hydrogen consumption
was monitored by using a thermal conductivity detector and
the results analysed by AMI-Analysis v2.21 software.

TEM imaging

Transmission electron microscopy was carried out using a
Tecnai Twin microscope (FEI) operating at 120 kV in bright-
field mode. The catalyst was dispersed in ethanol, dropped

Catal. Sci. Technol,, 2020, 10, 6138-6150 | 6139
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onto a copper grid coated with a lacey carbon film, and dried
for 30 min.

Inductively coupled plasma

Analysis by ICP-OES for V and S was carried out on a 5100
ICP-OES instrument using argon as the gas carrier. Digestion
of the silica matrix was carried out with a solution containing
nitric acid and HF at max 240 °C and max 35 bar on an
UltraWAVE apparatus (Milestone).

Raman

Measurements having a spectral resolution of ca. 1.1 cm™* were
collected using a Horiba Labram Aramis Raman spectrometer.
The 473 nm laser line was applied via a Cobolt Blues laser. The
maximum power of the laser line at the source was reported to
be 50 mW. The spectrum of the spent catalyst was collected by
using a leak-proof cell having a quartz window after the sample
was placed in it under an Ar atmosphere. For all measurements,
a 25% neutral density filter was applied.

Solid-state NMR spectroscopy

The °'V. MAS NMR spectra were recorded on a Bruker
AVANCE III operating at 236.7 MHz (21.2 T) using a 3.2 mm
MAS probe. The *>'V MAS NMR spectrum was recorded using
single pulse excitation with a small pulse angle (n/8). Three
spinning rates (22, 20, and 18 kHz) were used to determine
the isotropic chemical shift. The delay between the scans was
set to 1 s and the number of scans ranged between 30000
and 100000. The °'V chemical shift was referenced with
respect to neat VOCl; (6 = 0 ppm).

Dynamic nuclear polarization NMR spectroscopy (DNP SENS)

Two different DNP agents (TEKPol and AMUPol) and three
different solvent matrixes (TCE, glycine + water, and DMSO +
water; DMSO: dimethylsulfoxide, TCE: tetrachloroethane) were
used in this study. Data were acquired at the Core Labs of King
Abdullah University of Science and Technology using a 263 GHz/
400 MHz Avance III Bruker DNP solid-state NMR spectrometer
(vL(**C) = 100.6 MHz) equipped with a 3.2 mm Bruker triple
resonance low-temperature magic angle spinning (LTMAS)
probe and the experiments were performed at ca. 100 K with
263 GHz gyrotron microwave irradiation. The sweep coil of the
main magnetic field was set for the microwave irradiation
occurring at the 'H positive enhancement maximum of the
TEKPol or AMUPol biradical (see the ESI} for further details).

XPS

X-ray photoelectron measurements were conducted on Axis
Ultra DLD (Kratos) equipment under ultra-high vacuum
conditions (10~ mbar). Air sensitive samples were kept under
an inert atmosphere in the catalytic reactor until introduced
to the analysis chamber. The samples were excited by a
monochromated Al Ko source (1486.6 eV) at 15 kV and 10
mA. The analysis spot size was set at 400 pm. The binding
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energy scale was calibrated by setting the Ci1s intensity
maximum at 284.8 eV. High resolution V2p, O1s, Si2p and
C1s spectra were recorded at 20 eV pass energy and a
resolution of 0.1 eV. The results were processed and analysed
in CasaXPS software, version 2.3.14dev5.

EPR

Electron paramagnetic resonance spectroscopy was performed on
an X-band continuous wave Bruker EMX PLUS spectrometer
(BrukerBioSpin, Rheinstetten, Germany) equipped with a standard
resonator for high sensitivity CW-EPR at a frequency of 9.43 GHz.
Spectra were measured at 25 dB microwave attenuation, 1 G
modulation amplitude, and 100 kHz modulation frequency.

Catalytic tests

The catalytic performance of V/SBA-15 in the non-oxidative
dehydrogenation of isobutane was measured at atmospheric
pressure in a tubular quartz reactor (J = 8 mm) with 0.5 g of
pelletized and sieved catalyst (150-250 pm) in fixed-bed
mode. The catalyst was pre-treated at 600 °C in 10% H,/He
using a total flow rate of 50 mL min~" for 1 hour and then
brought to the reaction temperature under helium flow. The
reaction mixture consisted of 4 mL min ™' of 50% iC,H;o/N,.
In the reaction-regeneration cycle experiment, the catalyst
was treated in air at 600 °C for 1 hour (heated up from 550
°C) after each reaction cycle of 4 hours using a flow rate of 50
mL min~". After regeneration, the sample was cooled down
until the reaction temperature in helium flow. The outgoing
flow was analysed by gas chromatography conducted on a
Varian 450-GC gas chromatograph equipped with a Molsieve
13X column and TCD for the analysis of nitrogen and a HP-
Alumina/KCl column and FID for the analysis of
hydrocarbons. Nitrogen was used as the internal standard.
The isobutane conversion, selectivity to different products
and carbon balance were calculated as follows:

ic,H Na);

iC4H;, Conversion (%) = 100 - liCsHo]oye Nolin 00
[1C4H10}in [NZ]out
x[CH,]

Selectivity to C, Hy (%) = x 100

> _x[CHy)
CyH, = hydrocarbon product x = number of carbons

Z X [CxHy} out [NZ]

a in_ %100
[iCsHioly, [N2]

out

Carbon balance (%) =

Results and discussion
Physico-chemical characterization of calcined V/SBA-15

The main physicochemical properties of the sample of
interest in this study are summarized in Table 1. As shown,

This journal is © The Royal Society of Chemistry 2020
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Table 1 Main physicochemical properties of the V/SBA-15 system

SBET/ITI2 VT/cm3 ICP/wt% DScherrer/nm XPS V2p3/2 BE/eV [Vm]surface/at%b
Catalyst g’ g v V:05 V0, Vi Voo VY v Vv v
SBA-15 776 1.03 — — — — — — — — —
V/SBA-15 322 0.49 10.2 35 n.d. 518.0 516.8 515.7 — 80.7 19.3 —
V/SBA-15ic, 5500C 313 0.47 10.5 n.d 518.2 516.9 515.7 514.1 42.6 50.5 6.9

“ Vy is the total pore volume estimated from a single point measurement at P/P, = 0.94 of the Ny-adsorption isotherm. ” Calculated from the
deconvoluted V2ps/, XPS peak. ° V/SBA-15ic, s500c: Spent catalyst after dehydrogenation of isobutane.

the high surface area of the mesoporous silica support SBA-
15 decreased from 776 to 322 m> g ' after impregnation of
the vanadyl precursor and calcination. The N,-adsorption/
desorption isotherms of both samples show a hysteresis loop
at P/P, > 0.5 typically associated with ordered mesoporous
materials (type IV, H1, Fig. 1a),°®*”* as well as an important
adsorption increase above 0.8 due to interparticle capillary
condensation.”® The pore size distribution, as calculated
from NLDFT, shows a unique pore width of 90 A, even after

vanadium impregnation. However, the pore volume decreases
from 1.03 to 0.49 m* g, presumably meaning that some of
the pores in the pristine SBA-15 are not accessible after
vanadium impregnation and calcination.

Fig. 1b shows the PXRD pattern of the V/SBA-15 sample
after calcination at 550 °C. The presence of orthorhombic
V,0s5 (JCPDS 001-0359) is clear from the diffractogram, with
main peaks at 15.3, 20.2, 26.1 and 40.0° and an average
crystallite size of around 32 nm, estimated by applying the

a ——SBA-15  —=—VI/SBA-15  —o— VISBA15 0 550 b
BU
Lo V20, A LL_A J A A A
P > V0,
n_ B i 28
= 700_ g 0.25
@ o 020
£
"_O) 6004 2 o1s
C S
Sl a_g 0.10
S 5008 S
[ g 005 ©
3 2 oo JVA T >
g 4004 R e 2 [ T
Pore width / >
V/SBA-15
§ 500 ] 8 regen., 600 C
= ——Md\—‘
2 0. o\ o
§ VISBA-15 capin0, 550 ¢
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A WU, -
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O
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Fig. 1 N,-Adsorption/desorption isotherms and pore size distributions of mesoporous silica SBA-15 and both pristine and spent* V/SBA-15 (a),
diffraction patterns of pristine, spent* and regenerated** V/SBA-15 (b), temperature programmed reduction profiles of bulky V,Os5 (Sigma-Aldrich)
and both pristine and regenerated** V/SBA-15 (c), and bright field TEM images of pristine V/SBA-15 (d). * indicates V/SBA-15;c ,  ss0oc. ** indicates
V/SBA'lsregen,,600°C~
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Scherrer equation. Fig. 1c shows the temperature
programmed reduction profile of the same catalyst. It is
composed of a broad peak with two components in the
temperature range of 450-650 °C. The first component,
centred at ca. 565 °C, can be attributed to the presence of
oligomeric tetrahedral vanadium species (O;V=0).""*"*
The second component, with the maximum at around 592
°C, is presumably associated with the reduction of bulk-like
V,0s clusters.”™®”>7® As a comparison, the reduction profile
of bulk V,05 shows two sharp peaks at around 665 and
699 °C previously attributed to the consecutive reduction of
V,05 to VO3 and V,0,4, and also a broad peak at ca. 825
°C associated with the formation of V,0,.”° As expected,
the mesoporous support has a clear effect on the
dispersion of vanadium which results in an enhanced
reducibility.

Transmission electron microscopy (Fig. 1d) reveals the
characteristic features of SBA-15, with well-ordered pores of
ca. 8.5 nm (in good agreement with N, adsorption, vide supra)
and a particle size of ca. 0.10-15 x 0.5-0.8 um (more pictures
in Fig. S1t). Vanadium seems to be well dispersed, with most
of the visible clusters (dark spots) homogeneously distributed
along the SBA-15 support and a minority of larger aggregates
of ca. 20-30 nm necessarily located on the external surface.
However, it is difficult to conclude anything about the
arrangement of oligomeric species or small clusters since
they are not distinguishable.

To understand more in detail the chemical nature of
vanadium species in this system, a combination of different
spectroscopic techniques, including Raman, XPS, EPR and
5y ssNMR, were used. The main drawback of *'V ssNMR
spectroscopy is related to the quenching effect when
paramagnetic species are present at a high concentration,
including V*', broadening the signal and thus making it
more difficult to detect and assign chemical shifts.®
Contrarily, EPR in conventional magnetic fields is only
sensitive to paramagnetic V** species, while V>* and V*" are
invisible.”” Complementarily, Raman spectroscopy is able to
detect different vanadium oxide environments; however, it is
not sensitive enough for V** or V**. On the other hand, X-ray
photoelectron spectroscopy (XPS) can be used to determine
and quantify the relative ratio of vanadium species in
different chemical states but it is limited to the surface of the
material. Hence, a complementary and multimodal
spectroscopic approach is essential to gain a fundamental
insight.

Fig. 2 shows the Raman spectra of calcined and spent V/
SBA-15. The calcined sample displays the characteristic bands
of V,05 (281, 298, 406, 479, 522, 694, and 992 cm™?, see Fig.
S2a and Table S11) and an additional band at ca. 1035 cm™
assigned to the V=0 stretching mode of tetrahedral vanadate
species.'>?%27787% Although the band observed around 1036
em™ is usually associated with the V=O vibration of
monomeric vanadate species, it would not be theoretically
correct to exclude the possibility of the existence of polymeric
vanadate species which may have V=0 vibration bands in

6142 | Catal Sci. Technol., 2020, 10, 6138-6150
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Fig. 2 Raman spectra of calcined and spent V/SBA-15 catalysts (for
clarity, the spectra are offset).

close proximity. Thus, it can be suggested that the vanadium
sites of the pristine catalyst mainly consist of V,Os
nanocrystals and tetrahedral vanadate species. Following the
approach proposed by Xie et al.,*® who estimated that the
scattering cross section of V,Os particles is ca. 10 times larger
than that of isolated mono/polyvanadates, a V,0s to
tetrahedral vanadate species ratio of 0.19 can be calculated
for this sample.

Probing the °'V nucleus (diamagnetic, spin I = 7/2,
99.75% natural abundance and relatively short relaxation
times) is a highly challenging affair from the perspective of
solid-state NMR spectroscopy (particularly in high-field)."**!
In this case, our aim was to identify the number, oxidation
state, and type of non-identical/equivalent V-sites. The range
of *'V chemical shift is usually very broad (0 to —2000 ppm),
as it is highly sensitive to all the parameters mentioned
above.'? In the literature, for analogous samples (i.e., loaded
V on mesoporous silica), two major chemical shifts at ~500
and ~600 ppm commonly appear, which are due to the
presence of crystalline vanadium(v) oxide clusters in the
internal (minor) and external (major) walls of mesoporous
channels, respectively."*®" Experimentally, it has been well-
documented that V°* species at the internal walls are not
accessible (hence, catalytically irrelevant), as they are well-
buried into the amorphous pore walls. In the present case,
we do see only one peak at ~613 ppm in our calcined
catalyst (Fig. S31), which means that all V*>' oxide clusters
were exclusively loaded at the external wall, as expected
from the preparation by incipient wetness impregnation
followed by calcination. In this case, such VO, species are
presumably in a distorted tetrahedral geometry with three
‘V-O-Si’ bonds bonded to the external wall of the silica
framework along with one ‘V=—0’ double bond exposed to
the pore surface,>”*!3782784

Additional information about the surface chemical state
of vanadium in the calcined catalyst is obtained from the

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 XPS spectra of the calcined and spent V/SBA-15 samples in the Ols + V2p region (a) and detailed/deconvoluted V2ps, spectra (b). V3*, V4*
and V** components are marked in green, blue and orange, respectively. The red line corresponds to the envelope of the fitted peaks.

V2p XPS spectrum, illustrated in Fig. 3. The strong influence
of the O1s signal over the V2p region makes background
subtraction not trivial. Thus, we focus our peak analysis on
the V2p;, region using a Tougaard approximation for
background simulation. The deconvolution of the peak gives
clearly at least three components, presumably attributed to
V> (green) or V** (blue) since oxidation states below 4+ are
not expected taking into account the nature of the
vanadium precursor (VO(SO,)-5H,0) and the calcination
treatment at 550 °C.*® The component centred at 518.1 eV
could be attributed to V°" species in close contact with the
support.®®® Wark et al associated this high value of
binding energy with the presence of V-O-Si bonds in
vanadium-containing zeolites prepared by ion exchange.®
In the same way, Liu et al. also attributed the high binding
energy to highly dispersed V' species interacting strongly
with silica in a vanadium-containing dendritic mesoporous
silica synthesized by a sol-gel method.>* Besides, the
contributions at around 516.8 and 515.7 eV could be
associated with V*' (in the polymeric form) and V*',
respectively.”® An analysis by deconvolution of the V2p;,
peak shows that the estimated atomic concentration of
these species on the surface of the pristine catalyst is ca. 81
and 19%, respectively.

Similar conclusions could be derived from the EPR spectra
shown in Fig. 4, where low concentrations of isolated V** can
be observed in the calcined catalyst. We arrived at this
conclusion upon comparing the EPR signal of V*' in the
calcined and spent catalysts (vide infra) and from the
hyperfine splitting features in the EPR spectrum of the
calcined catalyst. In both cases, a relative isolation of
individual V** atoms is apparent.”’ Based on spin counting,
V*" accounts for 0.8% of the total vanadium content in the
calcined sample.

This journal is © The Royal Society of Chemistry 2020

Catalytic performance in the non-oxidative dehydrogenation
of isobutane

The activity of the catalyst in the non-oxidative
dehydrogenation of isobutane was tested at 550 °C for 9
hours. Operation conditions were optimized in terms of
temperature, WHSV and conversion to maximize the
isobutylene yield at selectivities higher than 80% (see Fig.
S4t). Fig. 5a shows the conversion of isobutane and
selectivity to the main products, i.e. isobutylene, propylene,
methane and C,” isomers. The initial conversion of isobutane
exceeds the equilibrium value for this reaction (65% at 550
°C, Pic,u,, = 0.05 MPa),”> mainly due to coke formation, as
indicated by the poor carbon balance in the gas phase.
However, after stabilization, the selectivity to C, increases to

Spent

Calcined

J

Intensity / a.u.

24

-3

4

T T T T T T T T T T T T T T T T T
2500 2750 3000 3250 3500 3750 4000 4250
Magnetic Field / G
Fig. 4 EPR spectra of the calcined and spent V/SBA-15.
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Fig. 5 Catalytic performance of V/SBA-15 in the non-oxidative dehydrogenation of isobutane: conversion (right axis), carbon balance (left axis)
and selectivity to different products (S[—I, left axis) at 550 °C and WHSV = 240 mL min™* g, * for 520 minutes of experiment (a) and by applying
cycles of reaction-regeneration* of 4-1 hours (b). *Regeneration conditions: 50 mL min? of air at 600 °C for 1 hour.

94% and remains stable during the rest of the reaction, with
a conversion and carbon balance in the gas phase of ca. 38
and 100%, respectively. The formation of isobutylene isomers
(9%) indicates a certain catalytic activity of V/SBA-15 in
isomerization. Blank experiments in the absence of a catalyst
did not show any isomerization activity (see Fig. S5T). A slow
catalyst deactivation can be observed from a moderate
decline in isobutane conversion. Additional experiments
performed after successive reaction-regeneration cycles
demonstrate an irreversible loss of activity upon regeneration
in air at 600 °C (Fig. 5b).

Physicochemical characterization of spent V/SBA-15

In order to better understand the observed reversible and
irreversible deactivation of the catalysts, we performed
extensive characterization of the spent catalyst after 3
reaction cycles. The samples were kept under an inert
atmosphere prior to analysis.

PXRD (Fig. 1b) indicates the formation of bulk V,0;
(JCPDS 034-0187), with characteristic peaks at 24.3, 33.0, 36.2
and 53.9° and an average crystallite size of 23 nm. However,
V,0; is not Raman sensitive under vacuum/inert atmosphere,
due to the small Raman cross-section of reduced vanadium
oxide species, and is prone to oxidation to V,0s under
ambient conditions due to the laser-induced heating.”* For
this reason, the spectrum of the spent sample was collected
under an argon atmosphere. During this measurement, the
quartz window of the cell unavoidably affected the spectrum.
However, it does not mean that it is not possible to put any
interpretation. First of all, the spent sample (Fig. 2) shows
the appearance of carbon D and G bands (1346 and 1599
em™, respectively) as the fingerprint of coke formation. Next,
if we omit the characteristic Raman modes (447, 487, 603,
816, 1060 and 1180 cm') of fused quartz,”** the peak
around 1035 cm™' may indicate the existence of 4-fold
coordinated vanadium. It is well known in the literature that

6144 | Catal Sci Technol., 2020, 10, 6138-6150

low vanadium loadings on SBA-15 only resulted in V> related
Raman vibrations in the V=0 stretching mode.”®°” And it is
also clear that none of the V,05; Raman vibrations exist, even
those not intersecting with fused quartz vibrations (281, 298,
694 and 992 cm™'). Furthermore, when we exposed the spent
catalyst to air and collected another spectrum subsequently,
we observed typical V,05 Raman modes (Fig. S6t). This
means that some reduced vanadium species are getting
oxidized due to laser induced heating under air. This could
explain the additional band observed by >'V NMR at 712 ppm
(Fig. S3b, in addition to the ~617 ppm band), related to V>*
ions located at the external wall of the silica framework,
where a difference of about 100 ppm indicates that both
species reside in different chemical environments. Moreover,
the poor signal-to-noise (S/N) ratio is mainly attributed to the
strong presence of paramagnetic V** species as well as the
shielding effect due to the deposited coke species. This is
confirmed by the EPR spectrum shown in Fig. 4, which
indicates a greatly increased proportion of V** in the catalyst
after the reaction, 12.0% of V in the sample. Furthermore,
while hyperfine splitting was still present, an underlying
broad signal was observed in the spent catalyst, reflecting the
accumulation of V** species at high local concentrations.”®

In the same way, the V2p XPS signal of the spent catalyst
(Fig. 3a) shows a general shift to lower binding energy due to
the reduction of vanadium under reaction conditions. The
deconvolution of the V2pz, peak (Fig. 3b) confirms a
significant increase of the contribution at 515.7 eV (V**, blue)
as well as the presence of a small peak at 514.1 associated
with V** (orange), estimated at 50.5 and 6.9 at%, respectively.
Furthermore, V°" (green) is still present at a surface
concentration of 42.6 at%.

Summarizing, under reaction conditions, V/SBA-15 suffers
a strong change. TPR, XRD and Raman demonstrate that
vanadium is largely reduced; however ssNMR and XPS
suggest that V" is still present to some extent along with V**,
which is present at a much higher concentration, as shown

This journal is © The Royal Society of Chemistry 2020
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by EPR, and mostly localised on the surface as shown by XPS.
The average oxidation state (AOS) of V in similar catalysts has
been shown to be highly dependent on dispersion, with
supports tending to stabilize V** species instead of V,03."*7®
The observed formation of large clusters of V,0; is most
likely responsible for the irreversible deactivation of the
catalyst." In spite of the initial excellent dispersion of the as-
synthesized catalyst, it is obvious from the post-mortem
characterization that sintering occurs under reaction
conditions. In fact, the recovered -catalyst after three
reaction-regeneration cycles showed a PXRD pattern similar
to the calcined V/SBA-15, but with sharper peaks of vanadium
pentoxide (Fig. 1b), associated with larger crystallite sizes of
ca. 45 nm (Scherrer). Additionally, the TPR analysis of the
regenerated sample (Fig. 1c) shows differences with respect
to the calcined V/SBA-15. Apart from a more complex profile,
the two main components, previously associated with the
reduction of highly dispersed tetrahedral vanadium species
(565 °C) and bulk-like V,05 clusters (592 °C), have been
shifted one with respect to the other. The displacement of
the second peak to higher temperature, with the maximum at
611 °C, indicates the formation of less reducible bulk-like
species, in agreement with sintering of vanadium
oxide.">”>”® Furthermore, the roughness of the new profile is
a clear signal of vanadium redistribution in different cluster
types. To demonstrate that this effect is associated with the
catalytic process, the fresh (calcined) catalyst was subjected
to both reduction (H,, 600 °C) and reoxidation (air, 600 °C)
treatments without being subjected to the catalytic process.
The TPR profile of the reoxidized material showed no major
changes compared to that of the fresh catalyst (Fig. S77),
which confirms that clustering is mainly associated with the
catalytic process and successive regeneration.

Advanced characterization of deposited carbon species in the
spent catalyst by MAS ssNMR

To get more insight into the deactivation mechanisms and
derive structural information on coke species trapped in the
mesoporous structure of SBA-15, advanced MAS ssNMR was
performed on the spent catalyst. In a typical DNP
experiment,®*%°'** the post-reacted catalytic material is
initially impregnated with a solution of DNP agent (i.e., an
exogenous nitroxide biradical) in a hydrogen-enriched
solvent, 0376991067112 Aq o result of microwave irradiation, the
polarization of protons of the solvent matrix and
neighbouring surface of the material is enhanced by the DNP
agent, and next, transferred to the hetero-nuclei (i.e., carbons
from trapped coke species) of the catalytic material through
cross-polarization (CP) at cryogenic temperature. This
phenomenon eventually leads to the enhancement of the
signal from the residual coke species, even without any
isotope-enrichment in the reactant feed.®? ®>°%10%197
Following this philosophy, very recently, magic angle
spinning DNP SENS was successfully implemented by us
during the zeolite-catalysed  methanol-to-hydrocarbon

This journal is © The Royal Society of Chemistry 2020
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reaction (without the necessity for a **C-enriched methanol
feed) to illustrate the Bronsted-Lewis acid synergy in the
formation of deactivating coke species.”

It is well-documented that this DNP-based approach is
highly sensitive to the environment, particularly on the
nature of the nitroxide biradical and the solvent. It could be
attributed to the fact that the success of this approach solely
relies on the CP-like coherence magnetization transfer
schemes to transfer the enhanced polarization to the dilute
spins of the medium. Inspired by the seminal works from
different ssSNMR research groups in materials science,”*®
the efficacy of the solvent and DNP agent has been explored
in this work for the characterization of coke species. Herein,
we have explored two different biradicals (TEKPol and
AMUPol) and three different solvent matrixes (TCE, glycine +
water, and DMSO + water; DMSO: dimethylsulfoxide, TCE:
tetrachloroethane) to illustrate their non-identical behaviours
while elucidating the nature of coke species.

For DNP SENS measurements, samples were prepared
using incipient wetness impregnation with a solution of 16
mM (i) TEKPol in TCE, AMUPol in (ii) glycine + water, and (iii)
DMSO + water (see Fig. 6). There is a significant dissimilarity
in the type of identified coke species in each case. At the
beginning of our NMR study, we have performed conventional
magic angle spinning 1D 'H-"’C cross-polarization (CP)
experiments (i.e., without microwave irradiation), where we
could not detect any peak at reasonable intensity after a long
acquisition time (see the bottom spectra in Fig. 6a, in black).
This observation could be attributed to the lower natural
abundance of residual coke species along with their lower
hydrogen content (hence, less efficient CP). Overall, it also
provides sufficient justification of how challenging is it to do
coke analysis of metal-containing heterogeneous catalysts by
means of ‘conventional’ solid-state NMR spectroscopy. Next,
in the 1D "H-"°C cross-polarization DNP SENS of the spent
catalytic material after impregnation with TEKPol in TCE (see
the top spectra in Fig. 6a, in blue), the following two features
were primarily observed: (i) 30-35 ppm saturated hydrocarbon
moieties (i.e. aliphatic/paraffinic species) and (ii) 118-135
ppm unsaturated hydrocarbon moieties (i.e., olefinic/
aromatics).’”*® Surprisingly, 1D 'H-"*C cross-polarization
DNP SENS of the spent catalytic material after impregnation
with AMUPol in glycerol + water (Fig. 6b) demonstrates
primarily the response from the aliphatic/paraffinic species, a
peak centred around 33 ppm. To investigate the reason
behind the absence of an aromatic/olefinic peak, in this case,
we have performed 1D "H-"C cross-polarization magic-angle
spinning DNP SENS experiments at different CP contact times
(ct) to study diffusion characteristics. Herein, we noticed that
(albeit small) peaks due to the presence of unsaturated
hydrocarbon moieties (i.e., olefinic/aromatics) only exist at
shorter CP contact times (ct), while the intensity of the
aliphatic/paraffinic peak is increasing proportionally to the
increase of CP contact time (ct). It essentially means that
saturated  aliphatic/paraffinic = coke  molecules  are
preferentially located within the SBA-15 framework and that
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Fig. 6 1D H-'3C cross-polarization (CP) magic-angle spinning (MAS) DNP SENS spectra of the post-reacted catalytic material (a) before (in black,
without microwave irradiation) or after (in blue, ct = 0.5 ms, under microwave irradiation) the impregnation with TEKPol solution in 1,1,2,2-
tetrachloroethane (TCE) (under identical measurement conditions), as well as with AMUPol solution (b) in water (D,O:H,O = 9:1) + glycerol (Gly)
(under microwave irradiation), and (c) in water (D,O: H,O = 9:1) + dimethyl sulfoxide (DMSO) (under microwave irradiation) at different CP contact
times (ct). See the ESI} for more details (* = spinning side-bands, 8 kHz MAS, recycle delay = 5 s, mW: microwave irradiation).

the aromatic coke species primarily reside on the surface.
Another interesting feature is the relatively narrow line-width
of aliphatic resonance in both samples (Fig. 6a vs. Fig. 6b).
This signifies that the aliphatic coke species are primarily
mobile in nature, since the cross-polarization-based dipolar/
through-space magnetization transfer schemes typically
display such a narrower feature while probing mobile
molecules, particularly within porous materials.

This observation eventually led us to try another solvent
combination (water + DMSO) with AMUPol as the DNP agent
(Fig. 6¢). Since the response from DMSO itself is overlapping
with the aliphatic/paraffinic resonances, it is not possible to
analyse aliphatic coke species in this case. However, to our
surprise, we have detected two additional classes of organic
moieties in this sample, which were absent previously. In
this case, the 1D "H-"C cross-polarization DNP SENS of the
spent catalytic material showcases three following features:
(i) 70-85 ppm active methylene/alkyl moieties (i.e., aliphatic
species in the vicinity of electronegative atoms), (ii) 120-140
ppm unsaturated hydrocarbon moieties (i.e., olefinic/
aromatics), and (iii) 165-170 ppm carbonyl moieties.
However, contrary to Fig. 6b, this sample showcases the
increase in intensity of all three resonances with the rise of
CP contact time (ct), i.e., showing a uniform distribution of
coke species. It should be worth mentioning that no

6146 | Catal. Sci. Technol, 2020, 10, 6138-6150

oxygenate was co-fed during the reaction, and still, we have
detected oxygen containing species (like acetals and
carbonyls). The only oxygen sources could be reducible V=0
groups and V,0s clusters on SBA-15. To derive more
structural information on coke species, it is now necessary
to perform 2D correlation spectroscopy.

Next, 2D 'H-C correlation (cross-polarization HETero
nuclear CORrelation spectroscopy (CP HETCOR)) solid-state
NMR spectroscopy was performed to identify the nature of
trapped organic species on all three samples (Fig. S87). In the
2D 'H-"C CP HETCOR spectra of the TEKPol (in TCE)
impregnated spent catalyst material (Fig. S8at), we noticed
that unsaturated hydrocarbons/coke species are primarily
olefinic (116-133 ppm (**C) and 5-6.5 (*H) ppm) in nature.
To our surprise, aliphatic peaks were not resolved properly in
the HETCOR spectra, although they are clearly visible in the
corresponding 1D spectra. However, the same aliphatic coke
species could also be identified in the 2D *H-"*C CP HETCOR
spectra of the AMUPol (in glycerol + water) impregnated
spent catalyst (Fig. S8b¥). In general, the correlations between
32-35 ppm (**C) and 0.5-1.5 (*H) indicates that aliphatics are
the characteristically branched-paraffinic type of coke
species. Again, no aromatic coke species were highlighted,
which were detected solely in the 2D "H-"*C CP HETCOR
spectra of the AMUPol (in DMSO + water) impregnated spent

This journal is © The Royal Society of Chemistry 2020
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catalyst (Fig. S8ct). In this case, both olefinic (~126 ppm
(**C) and ~5 (*H) ppm) and (poly)aromatic (128-138 ppm
(**C) and 7.5-9 (*H) ppm) types of unsaturated hydrocarbons
were independently recognized. In addition, two dependent
correlations between 76.4 ppm (*C) and 1.32/3.99 ppm (‘H)
also confirm the existence of active methylene groups, either
an acetal (-O-CH,-0) or alkoxy (V-O-CH,-R, R = H, alkyl)
type of species. Although a carbonyl peak was detected (~166
ppm) in the 1D 'H-"C CP spectrum of this sample, its
correlation to any kind of proton is absent. It inevitably
means that this is a carbonate species, possibly an ester-type
carbonyl that is attached to ‘V=0’ (V-O—-(C=0)-).

Altogether from DNP SENS, we have identified three
different types of coke species: primarily, (i) olefinic and (ii)
paraffinic species, along with (iii) (poly)aromatics in lower
quantity. Moreover, we have identified two different active
intermediates in the deactivated catalyst, i.e. (i) acetal/alkoxy
and (ii) metal-carbonate species, presumably associated with
partially reduced vanadyl groups in the vicinity of
hydrocarbons, which might play a crucial role in catalysis,
but also in catalyst deactivation, since the formation of
oxygenated coke species could promote the aggregation of
vanadium observed during the regeneration treatment in air.
Finally, the D (1334 cm™) and G (1598 cm™") bands observed
in the spectrum of the spent sample (Fig. 2), linked to
polycrystalline-disordered graphitic and ordered graphitic
coke,"™ respectively, suggest that the coke on the external
surface contains mainly sp® hybridized C atoms, which is
confirmed from the strong asymmetry of the Cls XPS peak,
centred at 284.8 eV (see Fig. S9at), commonly associated with
sp® carbon species.'*® As a result, this indicates the
heterogeneity of coke formation during isobutane
dehydrogenation and supports the information described in
the analysis of DNP SENS measurements.

Conclusions

In this work we analysed the physicochemical state of
vanadium prior to and after the non-oxidative dehydrogenation
of isobutane, highlighting the formation of both V** and v**
species at the expense of V°" along the reaction. It seems that
the high dispersion of vanadium along with the mesoporous
structure of SBA-15 promotes the formation of V* during the
reaction while larger clusters of V,Os are reduced to V,O3,
located necessarily outside of the ordered pore structure. The
combination of results from different characterization
techniques allow us to conclude that V** is the main vanadium
species generated during the catalytic process with V** present
to a minor extent. The high activity of the pristine sample, with
a stable conversion and selectivity to C,~ of 38 and 94%, is
impaired after catalyst regeneration. In this sense, the existence
of reaction intermediates such as methylene groups, acetal/
alkoxy, and carbonate species that may be responsible for the
irreversible catalyst deactivation after several reaction-
regeneration cycles has been observed, which promotes the
sintering of vanadium in large clusters.

This journal is © The Royal Society of Chemistry 2020
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