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termediate Mo oxidation states by
Nb doping enhancing methane aromatization on
Mo/HZSM-5 catalysts†

Stefan Peters, a Stephan Bartling, a Magdalena Parlinska-Wojtan,b

Alexander Wotzka,a Ana Guilherme Buzanich, c Sebastian Wohlrab a

and Ali M. Abdel-Mageed *a

The dehydroaromatization of the naturally abundant methane is a promising process to produce aromatics

and COx-free hydrogen. Low-temperature activity, regenerability and time-on-stream stability are

fundamental challenges for the industrial use of the commonly studied benzenoid-selective Mo/HZSM-5

catalysts. We report a promotional effect of Nb doping on the activity and stability of Mo/HZSM-5

catalysts between 600 and 700 °C. Nb addition enhances benzene yields measurably at all investigated

temperatures. An increased thermal stability of MoNb/HZSM-5 compared to Mo/HZSM-5 catalysts was

found upon exposure to multiple consecutive reaction and oxidative treatment cycles, thus resulting in

higher restorability of activity which extends the catalyst lifetime. While high-resolution electron

microscopy showed homogeneous mixing of Mo and Nb on the catalyst, in situ time-resolved Mo K-

edge X-ray absorption spectroscopy, supported by ex situ and time-resolved in situ near-ambient

pressure X-ray photoelectron spectroscopy measurements, revealed a distinct interaction between the

transition metals, involving a partial reduction of the otherwise stable Nb and concurrent oxidation of Mo

which leads to increased stability of Mo5+/Mo4+ states. These effects were correlated to the enhanced

activity and regenerability of the MoNb/HZSM-5 catalyst for methane dehydroaromatization.
1. Introduction

Methane is the most abundant hydrocarbon on Earth, with a large
proven world reserve and the possibility of production from
renewable resources.1,2 Despite its widespread availability and
potential production from renewables (via power-to-gas and
biomass3–5) methane is primarily used for power generation or
production of synthesis gas (CO + H2) via reforming reactions,
which are energy intensive and ecologically unfavorable
processes.6–9 Direct conversion of methane to value-added products
is strictly limited due to the high activation barrier.9–11 Valorization
of methane can oen only be accomplished by using oxidizing
agents and/or high reaction temperatures, severely impacting
product selectivity. Among several approaches, methane dehy-
droaromatization (MDA) is promising as it is an oxidant-free and
greener pathway to directly produce hydrogen, small aliphatics and
aromatic hydrocarbons from methane.12–15 Early studies had iden-
tied Mo as one of the most active transition metals when
8059, Rostock, Germany. E-mail: ali.
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d Testing (BAM), 12489 Berlin, Germany

tion (ESI) available. See DOI:
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supported by zeolites such as HZSM-5.14 These zeolites provide
shape selectivity to aid in aromatics formation and stabilization of
MoOx species inside their micropores.16,17 All known zeolitic cata-
lysts deactivate, however, during reactions with time on stream,
losingmore than 50%of their initial activity aer a fewhours due to
the deposition of coke.18–20 Removal of coke is possible either by
reductive21,22 or oxidative treatment23–25 of spent catalysts, restoring
aromatization activity in the process. Cyclic operations using one of
these methods have been demonstrated to extend catalyst lifetime
and applicability. Oxidation in air is the simplest method for
reactivation of MDA catalysts, though too high regeneration
temperatures may lead to irreversible deactivation due to loss of
Mo26,27 or damage to the zeolite framework by dealumination.28 On
the other hand, reductive catalyst regeneration may be more costly
and not easily feasible for larger scale applications.29

Other attempts to resolve these problems with Mo/HZSM-5
catalysts were made by modication with promoters. Pub-
lished results refer to the possible use of other various transi-
tion metals such as Fe, Co and Zn (between 6% and 47%
enhancement in benzenoid product yield).30–34 However, most
of these results cannot be directly compared to one another
because of the varying reaction conditions. Aer probing several
different transition metals, we have identied Nb as a prom-
ising promoter for the MDA reaction, in particular at lower
temperatures down to 600 °C, which can be desirable to limit
J. Mater. Chem. A, 2024, 12, 8869–8884 | 8869
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the high necessary energy consumption.14 A positive effect of Nb
has not been deeply investigated so far. In contrast, both
Pasupulety et al.35 and Rodrigues et al.36 observed negative
effects on the benzene yield aer incorporating 1–2 wt% Nb (as
oxide or carbide, respectively) into their Mo catalysts. However,
the inuence of these Nb additives on the activity of molyb-
denum is not yet fully understood.

In this work, we investigated the effects of Nb doping (as
Nb2O5) on the performance of a 6 wt%Mo/HZSM-5 catalyst for the
MDA reaction. In the following sections we rst show the results
from catalytic performance tests including different reaction
parameters such as temperature, ow rate and the addition of co-
reactants. Additionally, cyclic operation of reactions and oxidative
regeneration was employed to probe the stability of the catalysts.
Catalytic studies are supplemented by temperature-programmed
oxidation of the accumulated coke on the spent catalysts. Aer
that we show detailed analysis of catalyst morphology and the
particle size using the results from high resolution scanning
transmission electron microscopy (STEM) coupled with elemental
mapping of different catalyst constituents. Finally, we discuss the
speciation of Mo and Nb and their electronic properties using in
situ near-ambient pressure X-ray photoelectron spectroscopy
(NAP-XPS) as well as in situ X-ray absorption spectroscopy (XAS) at
theMo K-edge to elucidate the location and effect of Nb on theMo
active species.
2. Experimental section
2.1 Catalyst preparation

All catalysts have been prepared by wet impregnation of
commercially available NH4-ZSM-5 (CBV3024E, Zeolyst Inter-
national, Si/Al = 15). In a previous study we determined the
optimal loading of Mo on HZSM-5 to be 6 wt%,37 achieving the
highest methane conversion and benzene yield. In a typical
synthesis procedure, 5.057 g of the zeolite material (5 g
accounting for NH3 loss) and 612.7 mg of (NH4)6Mo7O24$4H2O
precursor were mixed in a round-bottom ask. Subsequently
50 mL of deionized water were added, and the suspension was
continuously stirred for 24 h at 25 °C. For the Nb-doped sample,
the amount of (NH4)6Mo7O24$4H2O was increased to 622.5 mg
and 275.3 mg of NH4NbO(C2O4)2$8.6H2O were added for a Nb
loading of 1 wt%. Aer impregnation the water was carefully
removed using a rotary evaporator. The obtained solids were
Table 1 Summary of structural properties of the HZSM-5 support and t

Catalyst
Mo loadinga

[wt%]
Promoter loadinga

[wt%]
SBET

b

[m2 g−1

HZSM-5 — — 407
6Mo 6.3 — 328
6Mo1Fe 6.0 1.0 326
6Mo1Co 6.1 1.0 308
6Mo1Zn 6.2 1.1 294
6Mo1Nb 6.3 1.0 318

a Determined by ICP-OES. b Determined by N2 adsorption at 77 K. c Deter

8870 | J. Mater. Chem. A, 2024, 12, 8869–8884
then dried under vacuum. Next the samples were heated up to
550 °C with a temperature ramp of 10 °C min−1 under static air
and were calcined at this temperature for 6 h to transform the
support material into its acidic form and metal precursors into
their respective oxides. The ICP-OES analysis results showed
a Mo loading of 6.3 wt% for both samples and a Nb loading of
1.0 wt% in the doped sample (see Table 1). The calcined cata-
lysts were pressed, crushed, and sieved to obtain particle sizes
of 400–600 mm. The catalysts are denoted as 6Mo/HZSM-5 and
6Mo1Nb/HZSM-5, respectively. For comparison, other
promoters (Fe, Co, and Zn) were introduced by using the cor-
responding metal nitrates in the procedure described above
with a loading of 1 wt%.
2.2 Structural characterization

Inductively coupled plasma optical emission spectroscopy
(ICP-OES). The elemental compositions of the prepared cata-
lysts were determined by ICP-OES using a 715-ES ICP emission
spectrometer (Varian, Palo Alto, CA, USA). Samples were dis-
solved in a mixture of HF and aqua regia and then thermally
treated in a microwave-assisted sample preparation apparatus
at 200 °C and 60 bar.

Surface area and porosity measurements. Specic surface
areas and pore volumes of the support material and catalyst
samples were calculated from N2 adsorption experiments
employing the BET and BJH methods. A Micromeritics ASAP
2010 device was used to record N2 adsorption isotherms at−196
°C. Samples were degassed and dried at 200 °C for a period of
4 h before measurement.

Temperature programmed NH3 desorption (NH3-TPD).
Overall acidity of the catalysts and support material was
measured via adsorption and desorption of NH3. Before
measurements the calcined samples (∼100 mg) were pretreated
in situ at 400 °C under He (30 mL min−1) for 30 min to remove
adsorbed surface species. Aerwards the catalysts were cooled
down to 100 °C and subsequently loaded with 1000 ppm NH3 in
He (100 mL min−1). The setup was then purged with He (100
mL min−1) for 60 min to remove the residual gas phase and
physisorbed ammonia from the catalyst bed. NH3 was desorbed
from the samples by heating to 600 °C at a rate of 10 °C min−1.
The concentration of NH3 in the outlet gas was measured
continuously with a commercial gas analyzer ABB AO2000.
he 6Mo/HZSM-5 catalyst and its modified versions

]
Vmicro

b

[cm3 g−1]
Vmeso

b

[cm3 g−1]
Adsorbed amount of NH3

c

[mmol g−1]

0.155 0.165 908
0.118 0.145 661
0.117 0.122 669
0.106 0.145 721
0.102 0.140 706
0.110 0.132 590

mined by NH3-TPD.

This journal is © The Royal Society of Chemistry 2024
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X-ray diffraction (XRD). XRDmeasurements were carried out
on an X'Pert diffractometer (Panalytical, Almelo, The Nether-
lands) with an Xcelerator detector and automatic divergence
slits. Cu Ka1/a2 radiation (40 kV, 40 mA) was utilized in the
experiments, while Cu Kb radiation was excluded using nickel
lter foil. Samples were xed on silicon zero background
holders. Data were collected in 0.0167° steps (measurement
time per step = 25 s), followed by conversion from automatic
divergence slits to xed divergence slits (0.25°) before data
analysis to ensure comparable intensities. Peak positions and
proles were tted with the pseudo-Voigt function using the
HighScore Plus soware package (Panalytical, Almelo, The
Netherlands).

Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC). Mass losses and calorimetric measurements
of the spent catalysts (aer 360 min of MDA reaction) were
performed on a NETZSCH STA 449 F3 Jupiter thermal analyzer.
Al2O3 crucibles were used to contain the samples (20–30 mg). A
continuous ow of 20% O2/N2 at atmospheric pressure was
applied. Catalysts were heated to 800 °C with a temperature
ramp of 10 °C min−1. The nal temperature was maintained for
15 min.

Transmission electron microscopy and elemental mapping.
The size and distribution of Mo-containing nanoparticles were
analyzed aer different reaction treatments using bright-eld
(BF) and high-angle annular dark-eld (HAADF) scanning
transmission electron microscopy (STEM). Samples were
prepared by dispersion/sonication of catalyst powders in
ethanol and subsequent deposition onto Cu coated carbon
grids by drop coating. BF/HAADF-STEM measurements were
performed on a Cs-corrected FEI Titan electron microscope at
300 keV. Additional energy dispersive X-ray spectroscopy (EDS)
measurements were carried out on an FEI Talos instrument
operated at 200 kV. The ImageJ soware package was used to
measure individual particle diameters by visual contrast.

X-ray photoelectron spectroscopy (XPS). Surface analyses
were conducted using an ESCALAB 220iXL (Thermo Fisher
Scientic) with monochromated Al Ka X-rays (E = 1486.6 eV).
Samples were mounted on a stainless-steel holder using
conductive double-sided adhesive carbon tape. The measure-
ments were performed with charge compensation using a ood
electron system combining low energy electrons and Ar+ ions
(pAr = 1 × 10−7 mbar). In situ near-ambient pressure (NAP)
measurements were performed on a laboratory NAP-XPS setup
(SPECS Surface Nano Analysis GmbH, Germany) as recently
described.37 Samples were pressed into small discs (f 5 mm) on
a stainless steel sample plate equipped with a thermocouple.
Aer evacuation a total pressure of 2 mbar was maintained by
sampling either inert or reactant gas into the analysis chamber
via mass ow controllers. Analysis was performed with mono-
chromated Al Ka X-rays (E = 1486.6 eV) and a laser-based
sample heating system. The Si 2p core level of ubiquitous
SiO2 species in HZSM-5 at an energy of 103.3 eV was used as
a reference for electron binding energies. Peaks were deconvo-
luted with Gaussian Lorentzian curves using the soware Unit
2021 to allow quantitative analysis. The transmission function
This journal is © The Royal Society of Chemistry 2024
of the spectrometer as well as the element specic sensitivity
factor of Scoeld were applied to normalize the peak areas.

In situ dispersive X-ray absorption spectroscopy (XAS). XAS
investigations were carried out in theMoK-edge (XANES) region at
the BESSY II storage ring (Berlin, Germany) using the BAMline end
station.38 A more detailed view of the geometrical arrangement of
this setup has been recently described.39 The experiments were
performed in a specially designed reaction cell. The sample cell is
constructed from Inconel steel and equipped with a SiN window,
gas connections and two heating cartridges controlled by a ther-
mocouple. The XAS experiments were carried out on the fresh
6Mo/HZSM-5 and 6Mo1Nb/HZSM-5 catalysts as follows: the
powdered catalyst was lled into the cavity of the XAS reaction cell
positioned in the photon path. The catalyst was then purged at
room temperature with a mixture of 20% CH4/N2 (50 SCCM) for
30 min at ambient pressure to ensure the removal of oxygen
before heating. The temperature was then increased from room
temperature to 600 °C at a rate of 10 °C min−1 while simulta-
neously recording XANES spectra every 5 s. At 600 °C the
temperature was held for 1 h.
2.3 Kinetic measurements

The catalytic performance of 6Mo/HZSM-5 and 6Mo1Nb/HZSM-5
catalysts was evaluated using the experimental setup illustrated in
Fig. S1 in the ESI.† Gases were fed to the reactor via Bronkhorst
mass ow controllers. The reactant gas was made up of 90% CH4

(purity 4.5) and 10% N2 (purity 5.0), the latter being used as an
internal standard. The gas mixture was supplied by Linde. For
measurements, 300 mg of the catalyst sample were placed inside
a quartz reactor (inner diameter 7 mm) and held in place using
quartz wool plugs. Under a continuous ow of nitrogen (purity 5.0,
supplied by Linde) the catalyst was then heated to reaction
temperature (between 600 and 700 °C) with a rate of 33.75
K min−1 via an electrical 3-zone furnace. A thermocouple inserted
into the reactor via a quartz capillary allowed control of the sample
temperature by directly regulating the center zone where the
sample was located. When the temperature at the catalyst ther-
mocouple was constant, gas ows were changed from nitrogen to
the reactant gas mixture. Unless otherwise specied, catalysts
were subjected to methane for 6 h with a gas ow of 16 SCCM
(3200 SCC gcat

−1 h−1, 1.89 h−1 based on CH4 mass; reference
conditions 25 °C, 1 atm) at ambient pressure. Aerwards the setup
was continuously ushed with nitrogen and the reactor was
allowed to cool down over night. The spent catalysts were obtained
from the reactor at room temperature and stored under ambient
conditions. For regeneration measurements, the spent catalysts
were reheated in situ under a continuous nitrogen ow to 450 °C
(rate 33.75 K min−1) and held for 45 min to reach a temperature
equilibrium. The gas was then switched to a ow of air (5.5 SCCM,
GHSV = 1100 SCC gcat

−1 h−1) for 45 min at ambient pressure.
Reactants and products were analyzed using a custom Agi-

lent 7890D gas chromatograph with a thermal conductivity
detector (TCD), a ame ionization detector (FID), and an Agilent
5977B mass spectrometric detector, as described in a previous
publication.37 In short, analysis was performed with two chan-
nels and independent sample injection loops. H2, CH4, N2 and
J. Mater. Chem. A, 2024, 12, 8869–8884 | 8871
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CO were separated using a Molsieve 5A column and measured
with the TCD. A HayeSep Q column, coupled with a 10-port
valve, was used as a backush system for all C2+ compounds.
Hydrocarbons were pre-separated with an HP-5 column. A
timed Deans switch allowed for separate analysis of gaseous
compounds with the FID (further separated using an Rt-
Alumina BOND/MAPD column), and aromatic products with
the MSD. Condensation or crystallization of products was pre-
vented by heating all transfer lines aer the reactor as well as
the bypass valve and GC valve box to 200 °C. The reference
between the two detector channels was methane. As reported
previously,37 conversions and yields were calculated based on
carbon balance according to eqn (1)–(3), with nP being the
carbon number of the respective product. Quantication of
non-calibrated aromatic compounds was approximated by
interpolating the MS responses of benzene, toluene, and
naphthalene in dependence of their respective m/z. This inter-
polation was performed using a second order polynome.
Reproducibility experiments have shown only small relative
deviations (mostly z±1%) for methane conversions and
different product yields, underlining the reliability of the ob-
tained data and withdrawn trends (see Fig. S2†).

XCH4 ;t ¼
nCH4 ;0 � nCH4 ;t

nCH4 ;0

(1)

SP;t ¼ nP$nP;t
nCH4 ;0 � nCH4 ;t

(2)

YP;t ¼ nP$nP;t
nCH4 ;0

(3)

3. Results and discussion
3.1 Physicochemical properties of the catalysts

Chemical composition as well as other structural characteristics of
the as-prepared samples are summarized in Table 1. Generally the
loading of transition metals by impregnation reduced the specic
surface areas, pore volumes and amounts of NH3 that could be
adsorbed compared to bare HZSM-5.20 While the addition of Fe
did not signicantly change the acidity of the catalyst compared to
the monometallic sample, modication of the catalyst with Co
and Zn increased the amount of adsorbable NH3 of these cata-
lysts, hinting at an increase in the number of accessible acid sites.
On the other hand, 1 wt% of Nb resulted in a decrease in the
adsorption capacity of NH3 by 11% (see Table 1) and thus lowered
the acidity of the catalyst compared to the undoped Mo/HZSM-5
catalyst. The temperature proles of NH3-TPD show a disappear-
ance of strong Brønsted acid sites (desorption temperature > 400 °
C) upon loading withMo, proving the anchoring ofMoOx onto the
acidic sites of the zeolites (see Fig. S3†). Measured volumes of
meso- andmicropores suggest that most Mo is located specically
inside the micropores.40 This is also supported by the results of X-
ray powder diffraction of the impregnated samples, which are
almost identical to those of the parent zeolite and show neither
reexes for Mo nor for Nb (see Fig. S4†), hinting at very small
supported nanoclusters of both metals.
8872 | J. Mater. Chem. A, 2024, 12, 8869–8884
3.2 Activity measurements

3.2.1 Space velocity and temperature effects. First, we have
screened the impact of different transition metal promoters on
the activity of Mo/HZSM-5 catalysts in methane dehydroar-
omatization. Most of these doped catalysts showed lower yields
of benzene compared to the unpromoted 6Mo/HZSM-5 (see Fig.
S5†). Only samples containing zinc or niobium were able to
outperform the parent catalyst. The use and proper evaluation
of zinc-containing catalysts are, however, impeded by the
sublimation of Zn during the course of the reaction.41,42 Since
niobium is relatively unknown for the MDA34,43 and is more
stable compared to Zn under reaction conditions,44–47 we
focused our investigations on its effect on activity and product
yields under different reaction conditions. The unmodied
6Mo/HZSM-5 catalyst served as our benchmark to evaluate the
performance of the Nb-promoted sample.

In a subsequent set of experiments, we studied the impact of
the total gas ow (see Fig. 1a). On both catalysts the methane
conversion dropped to 36–53% of its initial value aer 360 min on
stream depending on the space velocity. Higher ow rates (i.e.,
shorter residence time) resulted in an increased rate of deactiva-
tion over time, although the ow-normalized deactivation rate was
highest at the lowest space velocity. While the levels of conversion
for both catalysts during the reaction remained similar, an
increase in benzene yields grew more pronounced at lower resi-
dence times for the 6Mo1Nb/HZSM-5 catalyst (see Fig. 1b), hinting
at an enhanced catalytic conversion of reaction intermediates to
benzene in the presence of niobium. Quantitatively, while the
difference from the unmodied catalyst might fall into themargin
of uncertainty at 1600 SCC gcat

−1 h−1, the 6Mo1Nb catalyst ach-
ieved 8.1% relative increased benzene yield compared to the 6Mo/
HZSM-5 catalyst at 4800 SCC gcat

−1 h−1 over 360 min with only
a marginal increase in methane conversion (0.86%), showing
a signicant enhancement of selectivity toward benzene for the
Nb-doped catalyst (see Table S1 and Fig. S6†). We additionally
tested a catalyst loaded with 1 wt% of Nb without the addition of
Mo and found no detectable product formation or methane
conversion at 700 °C and 3200 SCC gcat

−1 h−1. From this we can
conclude a synergistic effect of Nb on the activity of Mo during the
MDA reaction, as Nb is not intrinsically able to activate methane.

Next, we examined the activity of both catalysts at lower
reaction temperatures, which resulted in overall decreased
methane conversions as expected (see Fig. S7†). We could
observe, however, a pronounced increase in selectivity to
benzene and naphthalene when niobium was present in the
sample and the reaction temperature was lowered to 600 °C at
3200 SCC gcat

−1 h−1. This resulted in a 10.4% higher relative
benzene yield and 22.0% higher relative naphthalene yield on
the 6Mo1Nb/HZSM-5 catalyst under these specic reaction
conditions compared to the Nb-free sample (see Fig. S8† for the
time on stream yields and Fig. S9† for total yields, respectively).
Selectivities to coke were also decreased compared to the
unmodied 6Mo/HZSM-5 catalyst, while selectivities to C2 and
toluene were mostly comparable at 650 °C and 600 °C (see Table
S1†). From these results we can surmise that Nb incorporation
has no signicant effect on methane activation but may
This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Methane conversions (a) and benzene yields (b) over time for MDA reactions over 6Mo/HZSM-5 and 6Mo1Nb/HZSM-5 catalysts at
different reactant flow rates. Reaction conditions: 700 °C, 300 mg catalyst, 90% CH4 + 10% N2, 1 atm.
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improve formation of benzene. Interestingly, an unexpectedly
low conversion of methane was found aer 30 min on stream
for the 6Mo1Nb catalyst at 600 °C, directly followed by 90 min of
Fig. 2 Methane conversions over time (a) and achieved regeneration
of benzene yields (b) for MDA reactions over 6Mo/HZSM-5 and
6Mo1Nb/HZSM-5 catalysts in subsequent reaction–regeneration
cycles. Reaction conditions: 700 °C, 300 mg catalyst, 90% CH4 + 10%
N2, 3200 SCC gcat

−1 h−1, 1 atm. Regeneration: 450 °C, air, 1100 SCC
gcat

−1 h−1, 1 atm, 45 min. For time-resolved changes in benzene yields
on stream over the four reaction runs see Fig. S11 in the ESI.†

This journal is © The Royal Society of Chemistry 2024
increased conversion until leveling with the parent catalyst at
150 min. This observation hints towards a side-reaction which
slows the formation of the Mo active sites (called the “activation
period”) which is only visible at lower methane conversion
rates. A concomitant prolonged CO production for 6Mo1Nb/
HZSM-5 supports this thesis (see Fig. S10†).

3.2.2 Catalyst stability in oxidative regeneration cycles. As
shown in our previous results >40% of the benzene yield is lost
over the course of 360 min on stream under the chosen reaction
conditions. Deactivation is commonly associated with the
formation of coke which hinders the accessibility of active sites
to reactants.48–50 We recently demonstrated that oxidative
regeneration at a temperature of 450 °C can be used to restore
catalyst activity of 6Mo/HZSM-5 by oxidizing carbonaceous
deposits formed on the active species inside the micropores.37

In the present contribution we examined the impact of Nb on
the oxidative regeneration of a Mo/HZSM-5 catalyst. Both 6Mo/
HZSM-5 and 6Mo1Nb/HZSM-5 were subjected to reaction–
regeneration cycles: 360 min of reaction (90% CH4/N2, 3200 SCC
gcat

−1 h−1) at 700 °C followed by 45 min of regeneration at 450 °
C in air. The rst reaction runs for both catalysts were set as
benchmarks (100%) for the regeneration. In each subsequent
reaction aer oxidative treatment a fraction of methane
conversion and benzene yield was lost (see Fig. 2a and S11†),
resulting in successive decreases in the regeneration percentage
(see Fig. 2b). In general, a decrease in aromatics selectivities and
increased selectivities to ethylene and coke could be seen
depending on the number of regeneration steps. Interestingly,
we observed that the Nb-modied sample was more resistant to
this loss of activity during the oxidative regeneration process,
retaining 85% of its rst-run benzene yield in the fourth run
compared to 75% for 6Mo/HZSM-5 (see Fig. 2b). This resulted in
an 18.2% increase in benzene yield in the fourth consecutive
reaction.
3.3 Thermal analysis of accumulated carbon

Thermogravimetric analyses (TGA) coupled with differential
scanning calorimetry (DSC) have been used to quantify and
J. Mater. Chem. A, 2024, 12, 8869–8884 | 8873
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specify different types of carbon deposited on the catalyst
during the reaction. Two signicant mass losses were observed
for every sample, which correspond to desorption of strongly
adsorbed water (see Fig. S12†) and oxidation of carbonaceous
species. The second mass loss (i.e., oxidation of carbon
deposits) is typically divided into oxidation of proposedly
graphitic surface carbon and polyaromatic carbon inside the
zeolite micropores.20,51 Additional studies have concluded that
both carbon deposits are chemically similar in nature.52 The
claimed differentiation by mass-transport limitations of the
micropores is, however, dependent on the reaction condi-
tions.53 Furthermore, the two observed mass losses have been
ascribed to Mo-adjacent and Brønsted-associated carbon at low
and high temperatures, respectively.25,54,55 We have previously
found indications of this classication as well.37 In our experi-
ments the acid-related component was only barely visible as
a peak shoulder at higher temperatures, whereas the main
contribution stemmed from the Mo sites. Carbon mass losses
were calculated from sample masses at temperatures between
300 °C and 700 °C to exclude volatile adsorbents and water.56

Based on the quantitative evaluation of the TGA/DSC results
(see Table S2†) it is clear that formed coke species are mostly
affected by reaction temperature. Different space velocities gave
similar DSC peak temperatures, while lowered temperatures
resulted in less condensed, more easily oxidizable carbon
deposits. The mass loss during oxidation was only slightly
reduced when niobium was present in the catalyst sample
under regular reaction conditions (700 °C, 3200 SCC gcat

−1 h−1).
However, the 6Mo1Nb catalyst inuenced the coking more
severely when employing lower reaction temperatures or
reduced GHSV. Interestingly, the Nb-modied catalyst exhibited
a third mass change which is generally masked by the simul-
taneous burn-off of carbon. Due to oxidation of reduced metal
species the sample mass increases. This process is visible as
a low-temperature shoulder in the DSC curve (see Fig. 3).
Considering the reported oxygen transfer from Nb to certain
Fig. 3 Representative TG (top curves, left y-axis) and DSC (bottom
curves, right y-axis) measurements over the temperature range from
100 to 800 °C on spent 6Mo/HZSM-5 and 6Mo1Nb/HZSM-5 catalysts
after reaction for 360 min. Reaction conditions: 700 °C, 300 mg
catalyst, 90% CH4 + 10% N2, 1600 SCC gcat

−1 h−1, 1 atm.

8874 | J. Mater. Chem. A, 2024, 12, 8869–8884
transition metals a direct or catalytic oxidation of MoOxCy by
dispersed Nb oxide is possible.57 This is more prominently
visible for the spent samples from experiments with methane at
600 °C or 1600 SCC gcat

−1 h−1. A mass gain during TG
measurements of Nb-containing Mo/MCM-22 was also observed
by Rodrigues and coworkers.36 Pasupulety et al.35 reported an
increased formation of CO2 at lower temperatures during TPO
experiments on Nb–Mo2C/HZSM-5 compared to the undoped
catalyst.

The main DSC peak temperatures of the oxidation process
were generally shied to slightly higher temperatures with a 1
wt% Nb doped catalyst. These temperature shis can be
explained by the deconvolution of Mo oxidation and coke burn-
off. As the DSC curve shapes related to coke (>450 °C) remain
similar for both catalysts (see Fig. 3 and S13†), we assume that
the oxidation process of carbon on Mo sites and the general
nature of coke are mostly unaffected by the presence of the Nb
dopant. The difference in mass losses between the samples may
be partially caused by the oxidation of NbOxCy in addition to
MoOxCy. Omitting carbonaceous deposits and water, the theo-
retical maximum mass gain of this oxidation (NbC / Nb2O5)
would be 0.21%, while the formation of MoO3 fromMo2C would
result in a mass increase of 1.88%. Based on the stability of
Nb2O5 we can infer that Nb is most likely not fully reduced to
niobium carbides (NbC and Nb2C) under our reaction
conditions.44–47 This will be discussed in more detail in the XPS
section.

Finally, TGA investigations of the regenerated catalysts
showed a carbon-related mass loss exclusively on 6Mo1Nb/
HZSM-5 (see Fig. S14†). Accumulation of high-temperature
coke despite oxidative regeneration at 450 °C was reported
before. Both results by Kim et al.58 and our own show no
detrimental effect of these carbon species on catalyst activity.
However, a correlation between this type of coke and the
increased catalytic performance of 6Mo1Nb/HZSM-5 could not
be conrmed.
3.4 Reaction-induced changes in Mo nanoparticles

To evaluate the structural changes of 6Mo/HZSM-5 and
6Mo1Nb/HZSM-5 during the reaction as well as the differences
therein upon doping by niobium, we used high resolution
STEM measurements and EDS elemental mapping for the fresh
and the spent catalysts. We evaluated the size of Mo nano-
particles from at least 300 particles on each sample. On the
undoped catalyst surface (6Mo/HZSM-5) we showed the
formation of MoOx particles in the range from 0.5 to 5 nm with
an average size of 1.6± 0.8 nm (see ref. 37). In addition, isolated
monomeric oxo Mo sites as well as sub-nm Mo clusters were
visible on the outer surface or inside micropores close to the
surface of the zeolite framework. Aer the reaction bigger
particles were observed with an average diameter of 5.8 ±

2.7 nm. At this point we can still observe the tiny nanostructures
observed on the fresh catalyst.

On the Nb-doped catalyst (6Mo1Nb/HZSM-5) the fresh
sample showed a broader size distribution in the range from 0.5
to 15 nm (see Fig. 4a, b and S15†) and an average particle size of
This journal is © The Royal Society of Chemistry 2024
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Fig. 4 STEMmicrographs of the fresh ((a) bright field (BF); (c) dark field (HAADF)) and for the spent 6Mo1Nb/HZSM-5 catalyst ((b) BF; (d) HAADF)
as well as the corresponding mixed Mo–Nb representative particle size distributions ((e) fresh catalyst; (f) spent catalyst). Individual particles in
agglomerates were distinguished by Z-contrast. Selected particles are highlighted with red circles for visual clarity. The sub-nmparticles visible in
the HAADF images were not included in these statistics.
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around 4.2 ± 2.5 nm. This is signicantly larger than that of the
undoped sample. It can be clearly seen on the high-resolution
micrographs (Fig. S15†) and EDS maps (Fig. 5) of this sample
that Nb is well mixed with MoOx particles without visible
segregation. This may be a reason for the increase in their
average size. Still, a fraction of highly dispersed, possibly mixed
MoOx/NbOx species can be traced on the high-resolution
micrographs for both the fresh and the spent samples (see
Fig. 4c and d). For the spent sample the STEM micrographs
This journal is © The Royal Society of Chemistry 2024
indicate at rst glance the formation of larger particles
compared to the fresh sample (see Fig. 4c and d). Quantitatively
the particle size distribution of this sample indicated the
presence of a wider range of particle sizes between 1 nm and
19 nm, with the fraction of particles >8 nm being signicantly
larger than that observed on the fresh sample. This results in an
average particle size of 8.0 ± 3.3 nm. Comparable results were
found by Pasupulety and coworkers.35
J. Mater. Chem. A, 2024, 12, 8869–8884 | 8875
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Fig. 5 STEMmicrograph (a) and the corresponding EDSmaps ((b) Mo La; (c) Nb Ka; (d) Al K; (e) Si Ka; (f) overlay of O, Si, Al, Mo andNb) of the fresh
6Mo1Nb/HZSM-5 catalyst.
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Next, we coupled STEM with EDS mapping of different
elements for the fresh (Fig. 5) and the spent catalysts (Fig. S16†).
The comparison of the STEM micrograph in Fig. 5a with Nb Ka
and Mo Lamaps (see Fig. 5c and b, respectively) shows that the
visible particles are composed of intimately mixed Nb and Mo
species. The high-resolution STEM micrographs taken of the
Nb-doped catalyst aer the reaction suggest similarly
pronounced mixing of Nb with Mo species (see Fig. S17†). This
8876 | J. Mater. Chem. A, 2024, 12, 8869–8884
is conrmed by detailed EDSmaps (see Fig. S16†). The spread of
Nb as indicated by the Nb Ka line suggests that it is homoge-
neously distributed not only on the surface but also inside the
zeolite micropores (see Fig. 5c). Larger Mo–Nb agglomerates
(visible in Fig. 5b) still contain a measurable amount of Nb. It
should also be noted that both the Al and Si signals are
homogeneously distributed which indicates that the structure
of the zeolite is retained (see Fig. 5d and e as well as Fig. S4 and
This journal is © The Royal Society of Chemistry 2024
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S18† for XRD analysis). The overlay map indicates a more
intense signal for the Mo Ka line which is clearly related to the
higher loading of Mo compared to Nb (Fig. 5f). Additionally, the
intensity of Si or Al signals on the surface is much lower on the
spent sample (see Fig. S16f†) than what can be observed in the
overlay map of the fresh sample (see Fig. 5f). We also examined
the spent 6Mo1Nb/HZSM-5 (see Fig. S17†) and especially the
buildup of carbon using high resolution STEM for relatively
larger Mo–Nb particles, about 10 nm (see Fig. S19†). The
micrographs showed a thick layer of carbon on the outer surface
in a size range of 1–1.5 nm. This observation agrees with our
thermal analysis data collected on the doped and undoped
catalysts as well as STEM results and reports by others on Mo/
HZSM-5.49 Specically, particles on the zeolite surface were
shown to exhibit a higher tendency to form carbon due to the
lack of a shape-selective pore environment.37,59,60

Lastly, we investigated the 6Mo/HZSM-5 and 6Mo1Nb/
HZSM-5 catalysts aer consecutive reaction and regeneration
cycles. Aer a total of 24 h of time on stream (with cycles con-
sisting of 6 h of reaction with methane and 45 min of regen-
eration in air) only minor average Mo or Mo–Nb particle growth
could be observed for both samples compared to the spent
samples aer 360 min on stream (see Fig. S20 and S21†).
Although catalysts retained a signicant fraction of the smaller
nanoclusters and isolated sites, a notably broadened size
distribution was found. Stabilized sub-nm Mo clusters or iso-
lated species were previously proposed as the active centers for
this reaction.37 Judging from the regeneration experiments (see
Fig. 2), we can infer that the presence of Nb might extend the
lifetime of these small active sites. A hint towards higher
regeneration stability can also be derived from the N2 sorption
results, which showed a higher recovery of surface area and
micropore volume for the Nb-doped catalyst compared to 6Mo/
HZSM-5 (see Table S3 and Fig. S22†). Finally, we cannot exclude
that more complex phenomena such as the dynamic redis-
persion/agglomeration of the tiny Mo/Mo–Nb clusters or the
interconversion of oxy- and carbidic species would occur during
the activation and reaction steps, which are essentially difficult
to disentangle.
Fig. 6 Intensity-normalized XP spectra for the Mo 3d core level of
fresh (a) and spent (b) 6Mo/HZSM-5 and 6Mo1Nb/HZSM-5 catalysts.
Reaction conditions: 700 °C, 300 mg catalyst, 90% CH4 + 10% N2,
3200 SCC gcat

−1 h−1, 1 atm, 6 h. Dashed lines were added as a visual
guide.
3.5 Insights into Mo and Nb speciation and the dominant
oxidation state

We investigated the fresh, spent, and regenerated 6Mo/HZSM-5
and 6Mo1Nb/HZSM-5 catalysts by employing XPS measure-
ments to elucidate the effect of Nb on the Mo active phase and
their possible interplay during the reaction. The XPS spectra of
the Mo 3d core level were deconvoluted according to procedures
described by Murugappan and coworkers,61 which were also
applied in our previous work.37 The fresh catalysts contained
mostly Mo6+ with small amounts of Mo5+ (see Fig. 6a). The
surface concentration of Mo was higher for 6Mo1Nb/HZSM-5
than that observed for the undoped sample, mirroring the
determined differences in surface particle size visible by STEM.
It is important to note that Al concentration was reduced in turn
(see Table 2). Furthermore, the ratio of Mo5+/Mo6+ increased in
the Nb-doped sample. Our analysis revealed the presence of
This journal is © The Royal Society of Chemistry 2024
several different oxidation states of Mo in the spent catalysts,
ranging from Mo6+ to Mo2+, showing incomplete reduction of
Mo and formation of carbidic and oxycarbidic species (see
Fig. 6b). Similar surface concentrations for Mo2+ and Mo4+

could be found for both catalysts aer the reaction at 700 °C for
360 min. The chosen deconvolution procedure assigns two
doublets to Mo4+ cations, based on research proposing species
with either more carbidic or oxidic characteristics.62,63 Overall,
surface concentrations of Mo and Al were also almost equal in
both samples. When compared to 6Mo/HZSM-5, the doped
6Mo1Nb/HZSM-5 catalyst exhibited a higher amount of Mo5+

species at all investigated reaction steps (see Table 2).
This suggests an improved reducibility of Mo in the presence

of Nb. In this context, Jento et al.64 reported a benecial effect
of Nb on the reduction and carburization temperatures of Mo.
While not directly comparable due to the absence of methane,
a similar effect was observed in our own H2-TPR investigations
where the high temperature reduction step is signicantly
diminished in favor of low-temperature processes (see Fig.
S23†). This might indicate that while Mo6+ reduction occurs
more thoroughly, further reduction is hindered by stabilization
of intermediate Mo oxidation states by Nb. An interaction
between Mo and Nb (electronic or coordinative in nature) might
cause an increased concentration of Mo5+ as well, since this
J. Mater. Chem. A, 2024, 12, 8869–8884 | 8877
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Table 2 Surface concentrations of Mo, Nb, Al, Si and C on fresh, spent
and regenerated (after four reaction/regeneration cycles) 6Mo/HZSM-
5 and 6Mo1Nb/HZSM-5 catalysts in addition to fresh and spent 1Nb/
HZSM-5 catalysts. Reaction conditions: 700 °C, 300 mg catalyst, 90%
CH4 + 10% N2, 3200 SCC gcat

−1 h−1, 1 atm, 6 h. Regeneration: 450 °C,
air, 1100 SCC gcat

−1 h−1, 1 atm, 45 min

Sample

Surface concentration [at%]

Si/AlMo6+ Mo5+ Mo4+ Mo2+ Nb Al Si C

6Mo fresh 2.3 0.46 0 0 0 1.4 27.6 9.6 19.7
6Mo1Nb fresh 2.8 0.95 0 0 0.54 1.2 26.4 10.6 22.0
6Mo spent 0.49 0.15 0.23 0.57 0 1.4 23.6 31.3 16.9
6Mo1Nb spent 0.36 0.24 0.24 0.55 0.35 1.4 24.5 28.2 17.5
6Mo reg. 3.1 0.33 0 0 0 1.8 27.8 7.3 15.4
6Mo1Nb reg. 3.6 0.86 0 0 0.56 1.6 26.0 8.7 16.3
1Nb fresh 0 0 0 0 0.37 1.6 32.1 4.6 20.1
1Nb spent 0 0 0 0 0.20 1.2 23.9 5.8 19.9

Fig. 7 Intensity-normalized XP spectra for the Nb 3d level of the
6Mo1Nb/HZSM-5 catalyst before the reaction (bottom), after the
reaction with methane at 700 °C for 360 min (middle) and after four
reaction/regeneration cycles. Reaction conditions: 700 °C, 300 mg
catalyst, 90% CH4 + 10% N2, 3200 SCC gcat

−1 h−1, 1 atm, 6 h.
Regeneration: 450 °C, air, 1100 SCC gcat

−1 h−1, 1 atm, 45 min.
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effect is also observed in the fresh and regenerated samples.
Both cases may be correlated to the slightly increased conver-
sion of methane on 6Mo1Nb/HZSM-5. It should be noted at this
point that XPS is a surface-sensitive method. Most active sites
should be situated deep inside the micropores of the zeolite.
However, it has been shown before that surface (XPS) and bulk
(XAS) speciation of Mo in MDA catalysts are comparable.60

Metallic Mo0 was not detected in contrast to reports from
Pasupulety and coworkers.17 They performed in situ carburiza-
tion in 20% CH4/H2 for 20 min and employed lower ow rates
for a longer reaction time on stream (1800 mL gcat

−1 h−1 for 10
h), which might be a cause for their observation of fully reduced
Mo. The lower surface concentration of C suggests a decreased
tendency for coke formation on 6Mo1Nb/HZSM-5 during the
MDA reaction, which is consistent with our ndings from
thermogravimetric analyses (see Table S2† and Fig. 3).

The Mo 3d XPS spectra of both regenerated catalysts are
comparable to those of the fresh samples, showing the reox-
idation of MoOxCy to the original Mo oxide species (see Fig.
S24†). Aer four reaction/regeneration cycles the surface
concentrations of Mo6+ were signicantly increased for both
catalysts compared to the fresh samples (see Table 2). The Mo5+

concentration was similar to that before regeneration, though
the Mo5+/Mo6+ ratio decreased. Combined with the higher
surface concentrations of Al, this observation suggests the
occurrence of either Mo agglomeration or a partial deal-
umination of the zeolite framework and concomitant diffusion
of Al and Mo species from the micropore system to the surface
of the support. Damage to the zeolite support could not be
detected through XRD measurements (see Fig. S18†). Thus,
agglomeration of Mo or Mo–Nb into larger particles, which was
also clearly visible by STEM, is more likely and would result in
the exposure of Al sites.37 Still, the higher Mo5+/Mo6+ ratio for
6Mo1Nb persists, further underlining a possible electronic or
coordinative interaction between both transition metals.

For evaluation of Nb speciation in the doped catalyst before
and aer the reaction with methane, we rst analyzed fresh and
spent 1Nb/HZSM-5 samples. No change in the oxidation state
for niobium was visible in this case (see Fig. S25†). This was
8878 | J. Mater. Chem. A, 2024, 12, 8869–8884
expected since no product formation was observed over 360min
on stream at 700 °C. Niobium oxide is known for its high
reduction stability under a methane atmosphere.45,46 Hence, the
observed decrease in the surface concentrations of Al, Si and Nb
goes along with an increased concentration of oxygen.

Next, we investigated the binding energies of Nb in 6Mo1Nb/
HZSM-5 before and aer the reaction. In the fresh catalyst only
Nb5+ could be detected (see Fig. 7). Contrary to the observations
on 1Nb/HZSM-5, a signicant reduction of the Nb took place
over the course of the reaction in the presence of Mo, resulting
in a multitude of different binding energies for the Nb 3d level.
These can be attributed to Nb2+ species (NbO)35 or NbC at
204.0 eV and oxycarbidic species at 205.1 eV (presumed as
Nb4+), which agrees with assignments reported by Gupta and
coworkers.65 This nding shows the activation of otherwise
inert Nb2O5 by MoOx or MoOxCy species under our chosen
reaction conditions. A partial reduction of Nb on 6Mo1Nb/
HZSM-5 during the MDA reaction was also reported by Pasu-
pulety et al.,35 though it is important to note that pre-
carburization was not performed in our experiments. Interest-
ingly, a completely new species of Nb was found at even higher
binding energy (208.8 eV) than that of fully oxidized Nb2O5.
Since the binding energy of Nb5+ species in the 1Nb/HZSM-5
This journal is © The Royal Society of Chemistry 2024
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catalyst is shied slightly higher than that in the bimetallic
6Mo1Nb sample (208.0 eV and 207.1 eV, respectively), an elec-
tronic interaction with Mo species is likely, although a more
thorough investigation is needed. Aer oxidative regeneration,
Nb2O5 was fully restored and exhibited no differences compared
to the fresh catalyst.

3.6 In situ investigations on reduction/carburization effects
of Nb

To further elucidate the possible interactions of Mo and Nb
during MDA we expanded our analytical approaches with two
different in situ methods. First, we investigated the dynamic
change in Mo and Nb oxidation states via in situ NAP-XPS analo-
gous to our previous investigations performed on 6Mo/HZSM-
5.37,39 During the initial measurement in N2 at 127 °C the surface
composition of 6Mo1Nb/HZSM-5 was slightly different from that
observed in the ex situ results, with the major fraction of Mo
present as Mo6+ together with only a minor amount of Mo5+ (see
Fig. 8d). Nb5+ was the only niobium species observed (see Fig.
S26a†). Changing from inert gas to the CH4mixture resulted in an
increased occurrence of Mo5+ without an apparent change in total
Mo concentration (see Fig. 8a and Table S4†) and composition
more similar to that of the ex situ sample. Upon heating to 627 °C
the Nb-modied sample showed reduction of Mo6+ to Mo4+ (see
Fig. 8b) with a simultaneous appearance of two additional Nb
species already observed ex situ (see Fig. S26b†). While the Nb
Fig. 8 In situ collected Mo 3d spectra at different times ((a) time (I) – 55
showing the reduction of Mo during the NAP-XPS study of 6Mo1Nb/HZS
10% N2. For higher temperatures a shift of about 1 eV to higher binding e
different oxidation states of Mo during in situ NAP-XPS study of the 6Mo1
90% CH4/10% N2 (highlighted in light pink); (e) temperature program as

This journal is © The Royal Society of Chemistry 2024
signal at lower binding energy can be attributed to Nb4+, the
species at higher binding energy (relative to Nb2O5) is likely
a result of a direct electronic interaction with Mo. Interestingly,
the concentration ofMo4+ reached amaximum aer 70min at 627
°C (relative time 2.92 h) and gradually decreased thereaer in
favor of the formation of carbidic Mo species (labeled simply as
Mo2+, although it was reported to include both MoC and Mo2C66).
During the next 60 min (relative time 3–4 h) the concentration of
Nb5+ species dropped signicantly while contributions of Mo6+

and Mo4+ were mostly stable, supporting the proposed redox
interaction of Mo and Nb.

By the end of the experiment around 30% of the observedMo
was carburized (see Fig. 8c and Table S4†) compared to 8% for
the 6Mo/HZSM-5 catalyst under similar reaction conditions.39

Additionally, binding energies for reduced Mo (Mo5+ to Mo2+)
were shied slightly lower in comparison, further supporting an
interaction between Mo and Nb. The formation of carbidic Mo
species was accompanied by a signicant relative concentration
increase in the Nb species at higher binding energy (up to 34%
of detected Nb, see Fig. S26c†). Meanwhile, a higher concen-
tration of carbidic C together with a lower amount of oxygen was
found. We have observed a strong increase in the Mo total
surface concentration for the undoped 6Mo/HZSM-5 catalyst
under NAP reaction conditions before,39 which was also
apparent for the Nb-doped sample in this study. Despite its
higher initial surface Mo concentration before the reaction
min@127 °C; (b) time (II) – 2.0 h@627 °C; (c) time (III) – 7.2 h@627 °C)
M-5 at a total pressure of 2 mbar in the reaction atmosphere 90% CH4/
nergies can be observed for the Mo6+ component. (d) Contribution of
Nb/HZSM-5 catalyst during heating up and the subsequent reaction in
a function of reaction time.
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Fig. 9 Normalized XANES at the Mo K-edge recorded in situ of 6Mo/
HZSM-5 (top) and 6Mo1Nb/HZSM-5 (bottom) during continuous
heating. Curves depict the normalized sum of 10 measurements (60 s)
in the range of T ± 5 °C. Insets show zoom-ins on the edge features.
Reaction conditions: 50mLmin−1 20%CH4/N2, 1 atm, heating rate 10 °
C min−1, heating from RT to 600 °C.
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compared to 6Mo/HZSM-5 (see Table 2), the 6Mo1Nb/HZSM-5
sample showed a z22% lower total concentration of Mo aer
comparable reaction times (see Table S4† and ref. 39). This
suggests a higher retention of Mo inside the pores under the
employed reaction conditions. From our ex situ XPS investiga-
tions a similar effect can be concluded, as the z36% higher
surface Mo concentration on the fresh 6Mo1Nb/HZSM-5 sample
resulted in an almost identical total concentration aer 6 h of
MDA reaction compared to undoped 6Mo/HZSM-5 (see Table 2).
According to Jento et al.,64 who noticed a more facile carbu-
rization of Mo mixed with Nb, a stable MoC/NbC mixed carbide
phase can be formed. Since deeply carburized Mo2C was re-
ported to detach from zeolite acid sites,67 we propose an
increased stability of molybdenum(IV) carbide in MDA by
doping with niobium.

Due to the possible limitations of NAP-XPS (i.e., the pressure
gap and surface sensitivity), we decided to expand our investiga-
tions to a bulk characterization method applicable under realistic
Fig. 10 Heatmap depictions of the first derivative of all recorded XANES
HZSM-5 (a) and 6Mo1Nb/HZSM-5 (b) with 50 mL min−1 20% CH4/N2 at

8880 | J. Mater. Chem. A, 2024, 12, 8869–8884
reaction conditions. Therefore, we carried out in situ dispersive
XAS studies at the Mo K-edge on both the 6Mo/HZSM-5 and the
6Mo1Nb/HZSM-5 catalysts. We followed the change of the Mo K-
edge region (XANES) during heating from RT to 600 °C in 20%
CH4/N2 to achieve a reasonable time resolution of the reduction/
carburization step. Below 470 °C no reaction with methane
occurred and no changes in the X-ray absorption were visible.
Beginning at 490 °C we observed the onset of the reduction of
Mo6+ ions to lower oxidation states (Mo5+/Mo4+) on the 6Mo1Nb
sample, while this change only happened at temperatures >520 °C
for the Nb-free catalyst (see Fig. 9). This is in line with ndings by
Jento et al.64 who reported a signicant decrease in the carburi-
zation temperature of MoO3 by addition of Nb2O5 in a similar
ratio to our catalyst. They conrmed the formation of a single-
phase mixed metal carbide made up of MoC and NbC with
cubic structure which we assume is a possible explanation for the
observed intimate mixing of Mo and Nb in our EDS investigations
(see Fig. 5). As temperature increases, the XANES edge of 6Mo/
HZSM-5 shied only slightly to lower energies (Fig. 9, upper
layer), while the change for 6Mo1Nb/HZSM-5 is more severe
(Fig. 9, bottom layer). Further heating and isothermal treatment at
600 °C did not lead to any more visible changes in the X-ray
absorption of both catalysts.

An explanation for this behavior can be discovered when
looking at the rst derivative of the XANES spectra (see Fig. 10).
Both samples exhibited a maximum at 20 007 eV (correspond-
ing to MoO3 species), whereas only the unmodied 6Mo/HZSM-
5 showed a second maximum at 19 994 eV. The latter can be
assigned to a pre-peak transition associated with tetrahedrally
coordinated Mo species.68 These species are hardly visible in the
Nb-doped catalyst, suggesting the presence of Mo in a mainly
octahedral environment. Following the reduction/carburization
these maxima converged, leading to a singular broad maximum
centered at z20 001 eV (width z 20 eV) for 6Mo/HZSM-5. This
suggests the presence of a multitude of different Mo species
ranging from Mo6+ to Mo2+ in the working catalyst, comparable
to our XPS results (see Fig. 6 and 8). However, the reaction of
6Mo1Nb/HZSM-5 with methane yields a denser maximum
(width z 13 eV) centered at z19 999 eV. Since the observed
measurements during the temperature-programmed reaction of 6Mo/
1 atm and a heating rate of 10 °C min−1.

This journal is © The Royal Society of Chemistry 2024
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absorption edge as well as the derivative maximum shied
more signicantly for the niobium-doped sample, it can be
argued that the reduction of Mo6+ species happens more easily
and uniformly compared to the undoped catalyst. The reduced
broadness of the derivative maximum aer reduction/carburi-
zation infers a more narrow distribution of Mo oxidation states
in addition to fewer Mo–O species in the presence of Nb.
Together with the observed reduction of Nb2O5 only with Mo
(see Fig. 7) a signicant interaction between both elements is
likely. Due to their similar derivative XANES maxima an exact
differentiation betweenMoC andMo2C is not possible from this
data (see Fig. S27†). However, the observed mixing of Mo with
Nb inside the micropores might create sufficient local Mo/Nb
ratios to enable the stabilization of a MoC/NbCmixed carbide.64

4. Discussion

In this section we would like to rst summarize and highlight
the most important ndings obtained from different measure-
ments and connect them to draw a more comprehensive
mechanistic overview of the Nb-doping effect on the activity of
the Mo/HZSM-5 catalysts for the dehydroaromatization of
methane. These can be listed as follows:

(i) The catalytic activity of the Mo/HZSM-5 catalysts for the
MDA can be improved by doping with Nb especially under
reaction conditions with lower conversions (low temperature
down to 600 °C or a high space velocity of 4800 SCC gcat

−1 h−1).
This is associated with a pronounced enhancement in benzene
productivity for the Nb-doped Mo/HZSM-5 catalysts.

(ii) Based on thermal analysis measurements (TGA/DSC) the
Nb-doped catalyst exhibits a slight decrease in the tendency for
the buildup of coke species (carbon) but at the same time it
shows enhanced oxidation of MoCx species.

(iii) Electron microscopy reveals intimate mixing of Mo and
Nb oxides on the doped catalyst, as well as the presence of
subnanometer particles at all stages of reaction similar to the
undoped sample; the average particle size of MoNbOx in
6Mo1Nb/HZSM-5 before and aer reaction with methane is
larger than that of MoOx in 6Mo/HZSM-5, while the relative
particle growth under reaction conditions is less pronounced
(4.2 / 8.0 nm for 6Mo1Nb, 1.6 / 5.8 nm for 6Mo).

(iv) Oxidative regeneration restores activity for both 6Mo/
HZSM-5 and 6Mo1Nb/HZSM-5; the presence of Nb increases
the stability of the catalyst against irreversible deactivation.

(v) Surface analysis with XPS indicated that Mo is mainly
present as Mo6+ (with a small fraction of Mo5+) for both fresh
6Mo/HZSM-5 and 6Mo1Nb/HZSM-5; larger surface particles
observed by STEM led to an increased Mo surface
concentration.

(vi) Aer the reaction, both the doped and undoped catalysts
exhibit similar overall Mo surface concentrations but differ in
the distribution of oxidation states; the observable increase in
the Mo5+/Mo6+ ratio for the Nb-doped sample refers to interac-
tion of Nb with MoOx species.

(vii) Oxidative regeneration restores the originally present
MoOx species; the Nb-doped catalyst retains its higher relative
Mo5+ content.
This journal is © The Royal Society of Chemistry 2024
(viii) In situ NAP-XPS experiments show an increased degree
of Mo carburization on the Nb-doped catalyst, while a relatively
decreased Mo surface concentration compared to the undoped
catalyst suggests a lower likelihood of deep reduction during
the reaction.

(ix) In situ Mo K-edge XANES measurements show more
facile reduction of Mo6+ as indicated by changes at lower
temperature in the presence of Nb; formation of a more
uniform carbidic phase is suggested by the width of the deriv-
ative feature compared to the undoped 6Mo/HZSM-5.

According to the detailed analysis of the undoped and the Nb
doped catalysts, we propose that electron transfer occurs
between Nb and Mo species. An electronic interaction between
Mo and Nb can be deduced based on the binding energy shis
of both Mo 3d and Nb 3d in the bimetallic catalyst compared to
the respective monometallic samples. The interaction between
both metals is made possible due to the intimate mixing of Mo
and Nb on the 6Mo1Nb/HZSM-5 catalyst as observed in EDS
measurements (see Fig. 5). In this redox process, Nb is reduced
and Mo is concurrently oxidized. Nb was proven to not be
reducible by hydrocarbons and barely reducible by molecular
hydrogen below 900 °C, so reduction by Mo-activated CHx

species is unlikely.45,46 This interaction was especially visible
during in situ NAP-XPS measurements (see Fig. 8 and S26†), as
reduction and noticeable binding energy shis of both Mo and
Nb occurred simultaneously. Due to the existence of the acti-
vation period (reduction of Mo6+ by CH4) at the beginning of the
MDA reaction, it is generally assumed that Mo6+ species are not
active for C–C coupling reactions and at least partial reduction
to lower oxidation states (Mo5+/Mo4+/Mo2+) is necessary for C2+

hydrocarbon formation. Pre-reduction with H2 or CO was re-
ported to shorten or eliminate the activation period for the
catalyst.69 The subsequent occurrence of aromatic products and
their increase in selectivity over time is the so-called induction
period, which was related to the formation of (oxy-)carbidic
active sites.70,71 In recent studies larger carbonaceous species
were proposed as a key intermediate for benzene production via
hydrogenolysis and radical reactions.53,60,72,73 In this case, the
induction period was referred to as the buildup of a hydro-
carbon pool. The observed redox interaction between Nb and
Mo would explain the slightly delayed formation of aromatics
and an prolonged formation of CO with 6Mo1Nb/HZSM-5
catalysts clearly visible at 600 °C (see Fig. S10†), as the genera-
tion of active sites and aromatic precursors is slowed by reox-
idation of MoOxCy and MoCx.67 As an example, Lai et al. found
reoxidation of Mo to be the cause of quenched aromatic yields
when co-feeding CO2 to the MDA reaction.74

While oxidation of active sites might appear counterpro-
ductive, it can be concluded from the presented results that the
redox interaction of Mo and Nb increases the stabilization and
lifetime of intermediate Mo oxidation states which seem to have
a pronounced impact on catalytic performance of the Mo/
HZSM-5 catalysts. It was proposed that completely carburized
Mo species (Mo2C) are not active towards aromatics formation,
but rather produce aliphatics instead. This was correlated by
Lezcano-González et al. to a detachment of deeply reduced Mo
carbides from the Brønsted acid sites of the zeolite.67 This leads
J. Mater. Chem. A, 2024, 12, 8869–8884 | 8881
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to the loss of both electronic stabilization and pore-induced
shape selectivity due to diffusion and surface agglomeration.
The assumed critical role of Brønsted acid sites in C2+ oligo-
merization during the MDA reaction75–77 has been disputed in
the recent literature. Kosinov et al.16 found that aromatization of
methane is possible without any acid sites present in the cata-
lyst. The acid sites on HZSM-5 are rather proposed to disperse
and stabilize Mo species nely inside the zeolite micropores.
We have recently demonstrated further dispersion of Mo upon
rst contact with methane via 27Al MAS NMR, so the initial state
of Mo is not easily relatable to the catalyst performance under
reaction conditions.37

The intimate mixing and interaction of Mo and Nb species
conrmed by STEM/EDS and XPS investigations, together with
the observation of homogeneous carburization of Mo in the
presence of Nb at lower temperatures by XANES measurements,
suggest that a Mo–Nb mixed carbide is formed during MDA.
This is supported by the simultaneous reduction and change in
speciation of both Mo and Nb visible in NAP-XPS. As seen from
our experimental results, methane conversion is thermody-
namically controlled in the temperature range studies. In this
case Nb did not affect the time-on-stream behaviour. Formation
of aliphatic products such as ethylene or ethane is also mostly
unchanged. Production of aromatics, however, was generally
higher with Nb, suggesting improved kinetics especially visible
at low methane conversions where subsequent product
condensation is less likely. Jento et al.64 found that mixed Mo–
Nb carbide allows for more facile creation of carbon vacancies.
Isotopic labeling experiments by Vollmer et al.78 have shown the
direct incorporation of carbidic carbon into the MDA products,
suggesting a Mars–van-Krevelen-like interaction with a formed
hydrocarbon pool. With this in mind, we tend to propose an
improved carbon exchange from transition metal carbides into
aromatic products as a possible explanation for the increased
benzene productivities observed for 6Mo1Nb/HZSM-5. While
autonomous aromatization activity of reduced Nb species
cannot be completely excluded, reactivity of Mo and Nb cannot
be clearly separated in the doped catalyst.

The proposed redox interaction between Nb and Mo might
also be responsible for the measurably increased catalyst
stability against long-term irreversible deactivation mecha-
nisms. Judging from the surface concentrations determined by
XPS and the particle sizes observed in STEM analyses, the
abundance of surface Mo is not a direct indicator for catalyst
activity. It should be noted that the MoNb average particle size
(for the doped 6Mo1Nb/HZSM-5) was, at all investigated reac-
tion states, higher than that of the reference sample. Despite
this observation 6Mo1Nb/HZSM-5 was proven to be almost
universally more active for benzene formation. It can thus be
concluded that surface Mo–Nb particles do not contribute
signicantly towards the desired reaction, but rather
subnanometer-sized centers inside the micropores are respon-
sible. The signicantly higher concentration of Mo5+

(commonly associated with Al-stabilized Mo) in the fresh and
regenerated 6Mo1Nb/HZSM-5 catalysts might indicate that Nb
improves the anchoring of Mo onto the zeolitic acid sites or by
itself presents an anchoring site. Through stabilization of
8882 | J. Mater. Chem. A, 2024, 12, 8869–8884
intermediate Mo oxidation states by Nb (i.e., formation of mixed
Mo–Nb carbide) during the reaction, deep reduction to Mo2+

could be partially avoided, which would otherwise lead to
detachment of the active site from the framework
aluminium.60,67 Based on our in situ experiments, which suggest
a lower occurrence of Mo-bound oxygen and stronger retention
of Mo species inside the zeolite pores in the presence of Nb, it
can be concluded that the abundance of stabilized carbidic Mo
is increased, in turn reducing the likelihood of active site loss by
surface diffusion and agglomeration. The more facile oxidation
of mixed Mo–Nb carbide in 6Mo1Nb/HZSM-5 compared to the
undoped sample (see Fig. 3) might also assist in an increased
regenerability. Therefore, we conclude that despite the observ-
ably increased surface particle size of 6Mo1Nb/HZSM-5, the
actual concentration of active sites inside the zeolite pores aer
each regeneration step is higher than that for the unmodied
6Mo/HZSM-5.

One other possible explanation for the benecial effect of Nb
would be a decreased rate of dealumination of the zeolite
framework during the reaction or regeneration. This loss of
tetrahedral Al species is most likely caused by the oxidative
regeneration step,28 although the Si/Al ratios measured by XPS
are reduced in the spent samples as well. This can be explained
by surface coverage of Si with carbon deposits. Due to the Nb-
catalyzed oxidation of Mo at lower temperatures (visible in
TGA, see Fig. 3) the formation of Al2(MoO4)3 could possibly be
reduced in favor of a Mo–Nb mixed oxide. The initial absence of
tetrahedrally coordinated Mo during our XAS investigations on
the Nb-doped catalyst might be associated with a Mo–Nb mixed
oxide. However, additional XRD measurements (see Fig. S18†)
did not show any signicant loss of crystallinity, making deal-
umination less likely. Furthermore, minor changes to frame-
work aluminium are difficult to analyze and might not be
conclusive in regard to a structure–reactivity relationship in
MDA.18,71,79

5. Conclusions

In total we conclude that the doping of a 6.3 wt% Mo/HZSM-5
catalyst with a small amount of Nb (1 wt%) enhances the
activity and stability of these catalysts for the dehydroaromati-
zation of methane, with a measurable impact on the yield of
aromatics especially at low reaction temperatures and increased
space velocities. In addition, doping with Nb enhanced the
regenerability of the catalyst via oxidative treatment. The
improved catalytic performance was associated with a more
facile conversion of MoOx to active Mo–Nb carbide species and
their stabilization under reaction and regeneration conditions
which extends the lifetime productivity of the catalyst. While
a complete solution to the deactivation of MDA catalysts is still
a highly sought-aer target, these results will help broaden the
scope of applicable dopants and further understand and control
the catalytic properties of Mo-based catalysts for this reaction
and similar chemical conversions based on catalysts using
zeolitic frameworks. This gives a positive outlook for further
optimizations in regard to productivity and regenerability, as
well as potential industrial applications.
This journal is © The Royal Society of Chemistry 2024
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