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Modulating the interaction betweenMo nanoparticles and their support is an elegant approach

to finely tune the structural, physico-chemical, redox and electronic properties of the active

site. In this work, a series of molybdenum nitride catalysts supported on TiO2, and SBA-15

has been prepared and fully characterized. The results of characterization confirmed the

high dispersion of Mo and the formation of small molybdenum nanoparticles in both the

10-Mo-N/SBA-15 and 10-Mo-N/TiO2 catalysts. In this context, we have shown that the

catalytic activity of Mo species was strongly impacted by the nature of the catalytic support.

Amongst the studied supports, SBA-15 was found to be the most appropriate for Mo

dispersion. In comparison, when supported on a reducible oxide (TiO2), Mo species showed

poor catalytic activity in both ammonia synthesis and decomposition and were prone to

quick deactivation in the ammonia synthesis reaction. Evidence of charge transfer from the

reducible support to the active phase, indicative of possible SMSI behaviour, has been

observed by XPS and EPR. Differences in the oxidation states, redox behaviours, and

electronic properties have been further studied by means of EPR, H2-TPR and H2-TPD.
1 Introduction

Possessing high catalytic activity and selectivity, molybdenum-based materials
are considered key catalysts in multiple reactions of high industrial and academic
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interest including hydrodesulfurization (HDS),1,2 oxidative desulfurization,3,4 CO2

conversion5,6 and ammonia synthesis.7 The versatility of Mo arises from (i) its
redox properties as it possesses different oxidation states and (ii) its ability, upon
reaction with appropriate precursors, to form a range of carbide,8,9 nitride,10,11

phosphide12,13 and sulphide14,15materials with different crystalline structures. The
high “malleability” of Mo chemical composition allows the careful tuning of its
electronic properties, textural and structural properties, surface terminations, site
occupancies, defect concentration, and surface properties, which in many cases
are determining parameters controlling the catalytic activity and selectivity.

Over the years, molybdenum related phases have driven much interest in
ammonia synthesis due to the importance of the latter in the production of
reactive nitrogen for the fertilizer industry. A wide range of Mo-based catalysts has
been studied for ammonia generation including Mo carbides and supported Mo
carbides (b-Mo2C, Mo2C/C support, Mo2C/CeO2),16–19 nitrides and supported
nitrides (g-Mo2N, b-Mo2N, d-MoN, d-MoNx/ZSM-5),7,16,20 bimetallic Mo nitrides
and carbides (Co3Mo3N, Ni2Mo3N, Co3Mo3C), etc.21–24 The application of Mo-
based materials was not only restricted to heterogeneous catalytic ammonia
synthesis but was also extended to alternative processes such as chemical loop-
ing,25 electro-chemistry,26 and photocatalysis.27,28 The interest in molybdenum
activity can trace its original roots back to the earlier work of Volpe and Boudart20

and Oyama,29 reporting high catalytic activity of Mo2N for ammonia synthesis, at
atmospheric pressure and 400 °C.29 However, throughout the years, the chemical
composition, facet surface description, and structure of Mo have been reported to
affect the catalytic activity and reaction mechanism. For instance, differences in
the catalytic activity of b-Mo2N and d-MoN were reported with the latter being less
active at 400 °C and ambient pressure.30 Furthermore, the degree of Mo nitrida-
tion was reported to inuence greatly the nature of the rate determining step
when metallic and nitride phases are compared.31 These differences have also
been reported in the case of molybdenum carbides crystallizing in different
structures. The ammonia synthesis activity of b-Mo2C (5.8 mmolNH3

gcat
−1 h−1)

was found to be higher than that of a-MoC (2.3 mmolNH3
gcat

−1 h−1) at 400 °C and
1.0 MPa.32 These results were explained based on changes observed in the
adsorption–desorption properties of nitrogen, hydrogen and ammonia, being
dependant on the nature of the crystalline structure of molybdenum carbide.32

Considering the structure-sensitive nature of ammonia synthesis using molyb-
denum, it is of paramount importance to devise new strategies to improve the
catalytic activity and stability of Mo by the careful tuning of its local structure and
chemical composition.

A further consideration, that is not largely envisioned when designing novel
Mo-based systems, is the importance of metal–support interaction in modulating
the activity for a given reaction. Such interactions, referred to in the literature as
strong metal–support interactions (SMSIs), have been studied extensively,
particularly for noble metal-reducible oxides such as titania, ceria or iron oxide.33

The classical SMSI is usually characterized by a migration of support-derived
species over the metal surface leading to the encapsulation of the active phase
which suppresses its ability to chemisorb small molecules and intermediates.34

SMSI results in fundamental changes in the electronic and geometric nature of
the active phase. In ammonia synthesis, where the reaction is governed by
nitrogen adsorption and activation on the surface, it is of great interest and
This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 243, 126–147 | 127
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importance to comprehend the role of metal–support interaction in engineering
the electronic and geometric properties of Mo and as a consequence modulating
its catalytic activity. To this end, Mo supported onmesoporous silica (SBA-15) and
titanium oxide (TiO2) has been successfully prepared by incipient wetness
impregnation (IWI) and studied in the ammonia synthesis reaction and in
ammonia decomposition. SBA-15 was studied as a non-reducible support pre-
senting (i) high surface area; (ii) highly ordered and uniform mesopores; and (iii)
good thermal stability. On the other hand, TiO2 was studied as a reducible
support capable of manifesting the SMSI effect. The effect of the support in
altering the catalytic activity of molybdenum was evaluated in the ammonia
synthesis reaction and in ammonia decomposition. SBA-15 was found to be the
most appropriate support for molybdenum dispersion in both ammonia
synthesis and ammonia decomposition. When supported on the reducible oxide
TiO2, molybdenum showed poor catalytic activity and was prone to quick deac-
tivation especially in the ammonia synthesis reaction. The effect of the nature of
the support on the physicochemical properties and catalytic activity of Mo species
was investigated through an extensive characterization study.

2 Experimental section
2.1 Catalyst preparation

2.1.1 Chemicals. All chemicals needed for the preparation of supported
molybdenum nitride catalysts and non-supported b-Mo2N were used as purchased
without further purication: tetraethylorthosilicate (Si(OC2H5)4, TEOS, 98 wt%,
Sigma-Aldrich), non-ionic triblock co-polymer Pluronic P123 (poly(ethylene glycol)-
block-poly(propylene glycol)-block-poly(ethylene glycol), average MW ∼5800, Sigma-
Aldrich), ammonium para-heptamolybdate tetrahydrate ((NH4)6Mo7O24$4H2O,
99 wt%, Alfa Aesar) and TiO2 (Saint-Gobain NORPRO ST61120).

2.1.2 Supported Mo–N catalysts
2.1.2.1 10-Mo-N/SBA-15. SBA-15 was synthesized by a hydrothermal method,

under acidic conditions as described elsewhere.35

The supported materials were synthesized by incipient wetness impregnation
(IWI). The calculated weight of the Mo precursor (NH4)6Mo7O24$4H2O (Alfa Aesar)
was dissolved in a volume corresponding to the pore volume of the respective
support and then mixed. The mixture was aged for 5 days at 25 °C and then
calcined at 400 °C (1.5 °C min−1) for 5 h. The obtained Mo–O/SBA-15 underwent
a pre-treatment step at 700 °C (5 °C min−1) under a 75 vol% H2/N2 (BOC, 99.98%)
(WHSV 18 000mL g−1 h−1) gas mixture at a total gas ow of 60mLmin−1 for 2 h in
order to obtain the nitride form Mo–N/SBA-15.

2.1.2.2 10-Mo-N/TiO2. Mo–N supported on TiO2 was prepared by incipient
wetness impregnation (IWI) as described for the preparation of 10-Mo-N/SBA-15.

2.1.2.3 b-Mo2N preparation. Molybdenum oxide was prepared by the hydro-
thermal synthesis method. The Mo precursor (ammonium molybdate tetrahy-
drate, (NH4)6Mo7O24$4H2O, Alfa Aesar) was dissolved in distilled water. The pH
was adjusted to 1 by adding dropwise a 2 M solution of HNO3. Thereaer, the
solution was subjected to hydrothermal ageing at 180 °C in a Teon autoclave for
12 h. Aer recovery by ltration, the solid was washed with water and dried at 60 °
C overnight. The sample was then calcined at 300 °C (1.5 °C min−1) for 5 h. a-
MoO3 underwent a pre-treatment step at 700 °C (5 °C min−1) under a 75 vol%
128 | Faraday Discuss., 2023, 243, 126–147 This journal is © The Royal Society of Chemistry 2023
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H2/N2 (BOC, 99.98%) gas mixture at a total gas ow of 60 mLmin−1 (WHSV 18 000
mL g−1 h−1) for 2 h in order to obtain the nitride form b-Mo2N.

N.B. Herein, the samples obtained aer the calcination step are denoted as X-
Mo-O/support. The catalysts obtained aer the pre-treatment step are referred to
as X-Mo-N/support, and the post-reaction samples are referred to as X-Mo-N-PR/
support, where X is the wt% of a-MoO3 (X = 10 wt%).
2.2 Catalyst characterization

2.2.1 Powder X-ray diffraction (PXRD). Wide angle PXRD patterns were
collected using a Bruker X-ray AXS D8 Advance diffractometer in the Bragg–
Brentano geometry conguration tted with a LynxEye Super Speed detector. XRD
patterns were recorded with Cu Ka radiation (l = 1.54184 Å) at 40 kV and 30 mA.
Patterns were recorded over a 2q range of 10–80°, at a step size of 0.02° per step
and a counting time of 0.5 s per step. Crystal phase identication was carried out
by comparison with the ICDD database.

2.2.2 Small angle X-ray scattering (SAXS). Small angle X-ray scattering (SAXS)
was performed on a Xeuss 2.0 (Xenocs) instrument operated under vacuum with
a GeniX3D microsource (l = 1.54184 Å) at 0.6 mA and 50 kV and a 2D Pilatus 3R
200K detector.

2.2.3 ICP-OES. The molybdenum content in the prepared materials was
determined by ICP-OES analysis using a sequential scanning inductively coupled
plasma with optical emission spectrometer (PerkinElmer Optima 2000 DV). The
samples were previously dissolved in a diluted solution of HF–HCl and heated
under microwave irradiation until complete dissolution.

2.2.4 Elemental analysis. Following the ammonia synthesis reaction, the
nitrogen analysis in post-reaction catalysts was carried out using a Vario Cube
elemental analyser.

2.2.5 Nitrogen physisorption. Textural properties were investigated using the
adsorption/desorption isotherms of N2 recorded at −196 °C on a Micromeritics
Tristar II automated gas sorption system, operated with MicroActive soware
version 4.06. Prior to the analysis, the catalysts were outgassed under a dynamic
vacuum at 300 °C for 3 h. The specic surface area, SBET, was calculated from the
linear part of the Brunauer–Emmett–Teller plot (10 points BETMethod). The total
pore volume (Vpore) was determined from the plateau of the adsorption branch at
P/P0 = 0.97. The pore size, DBJH, was evaluated using the Barret–Joyner–Halenda
method applied to the adsorption branch while themicropore volume (Vmicro) was
determined by the t-plot method.

2.2.6 X-ray photoelectron spectroscopy (XPS). XPS spectra were recorded on
a Kratos Analytical AXIS Ultra DLD spectrometer employingmonochromatic Al Ka
X-ray radiation (1486.6 eV), with an electron analyser operating at a xed pass
energy of 20 eV. All binding energies (BEs) were referenced to the carbon signal
corresponding to C–C bonding in the C 1s core level at 284.8 eV. A pre-treatment
chamber was used in order to mimic the catalytic pre-treatment, prior to analysis,
at 700 °C (5 °C min−1) for 2 h under a 60 mL min−1

ow of 75 vol% H2/N2 (WHSV
18 000 mL g−1 h−1).

2.2.7 Electron microscopy (TEM). Morphology analysis was performed using
a TITAN Themis 300 S/TEM equipped with a high brightness Schottky eld
emission gun, a monochromator and a probe aberration corrector, allowing
This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 243, 126–147 | 129
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energy and spatial resolution of about 150 meV and 70 pm, respectively. The
microscope is equipped with several annular dark eld detectors and a super-X
detector system with four windowless silicon dri detectors for electron disper-
sive X-ray spectroscopy (EDS). The experiments were performed at 300 kV with
a semi-convergence angle of about 20 mrad, probe size of the order of 500 pm and
probe current between 60 and 100 pA. For high angle annular dark eld (HAADF)
imaging the c collection angles were between 50 and 200 mrad. EDS mapping was
carried out in spectrum imaging mode with a dwell time per pixel of about 15 ms
and continuous scanning of frames for a total acquisition time of about 15 to 20
minutes. The samples were deposited on 200mesh lacey carbon, while the SBA-15
samples were frozen at −120 °C in distilled water and then cut to 70 nm with an
ultramicrotome equipped with a 35° diamond knife (Leica UCT Ultracut). Cuts
were then deposited on a 200 mesh lacey carbon grid for analysis.

2.2.8 Continuous-wave electron paramagnetic resonance measurement (CW
EPR). CW EPR experiments were recorded at 9.5 GHz using a Bruker high
temperature resonator at 700 °C. The experimental set up involved a modulation
amplitude of 1 G and a microwave power of 5 mW. The kinetic experiments were
realised under a gaseous mixture of 75 vol% H2/N2. The spectra were collected for
2 hours with a spectrum recorded every 40 s.

2.2.9 Redox properties.H2-temperature programmed reduction (H2-TPR) was
conducted on an Autochem Chemisorption Instrument (Micromeritics) equipped
with a TCD. Before analysis, the samples were pre-treated at 200 °C under a 50
mL min−1

ow of synthetic air (heating rate of 5 °C min−1, 30 min). Aer cooling
down to room temperature, the H2-TPR was performed under a 50 mL min−1

ow
of 5.0 vol% H2 in Ar up to 1000 °C, with a heating rate of 5 °C min−1.

2.2.10 Hydrogen chemical adsorption. H2-temperature programmed
desorption (H2-TPD) was conducted on an Autochem Chemisorption Instrument
(Micromeritics) equipped with a TCD. In a typical test, 0.5 g of Mo–O/support was
added to the reactor and pre-treated under similar conditions to the pre-
treatment reaction in order to obtain Mo–N/support (700 °C for 2 h under 75%
H2 in N2). The reactor was then cooled under the same gas mixture to reach
ambient temperature. Ar gas ow was used in order to purge the sample for 1 h
followed by the adsorption of H2 (5%H2 in Ar) and then the gas was switched back
to Ar for 1 h to remove all the physisorbedmolecules of H2. The H2 desorption was
measured by increasing the temperature (1 °C min−1) until reaching 700 °C.
2.3 Catalytic activity

2.3.1 Ammonia synthesis. The reaction was performed at 400 °C and atmo-
spheric pressure using a gas mixture of 75 vol%H2/N2 (BOC, 99.98%) at a total gas
ow of 60 mL min−1. 0.15–0.30 g (supported and bulk respectively) of material
was placed in a quartz reactor tube and held centrally between two pieces of
quartz wool in the heated zone of the furnace. The material was activated at
700 °C (5 °C min−1) under 75 vol% H2/N2 (BOC, 99.98%) at 60 mL min−1 for 2 h
(WHSV 18 000mL g−1 h−1) . Aer the activation step, the reactor was cooled down,
and the reaction was performed at 400 °C.

The reactor effluent steam was owed into a 200mL H2SO4 solution (0.0018 M)
and ammonia production was calculated from the decrease in conductivity. The
catalytic activity was monitored as a function of reaction time.
130 | Faraday Discuss., 2023, 243, 126–147 This journal is © The Royal Society of Chemistry 2023
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2.3.2 Ammonia decomposition. In a typical test, 0.6 g of catalyst was placed
in a quartz reactor under a 15 vol% NH3/Ar (BOC, 99.98%) gas mixture at a total
gas ow of 100 mL min−1. The catalytic activity was measured between 250 and
700 °C at steps of 100 °C (30 min at each step) from 250 to 450 °C, and steps of 50 °
C (30 min at each step) up to 700 °C. Ammonia conversion was determined using
an FTIR analyser.
3 Results
3.1 Textural and structural properties

3.1.1 X-ray diffraction. Fig. 1 shows the PXRD patterns recorded in the wide-
angle domain for a-MoO3, b-Mo2N, 10-Mo-O/SBA-15, 10-Mo-N-PR/SBA-15, 10-Mo-
O/TiO2 and 10-Mo-N-PR/TiO2.

First the transformation of bulk molybdenum oxide a-MoO3 into b-Mo2N aer
the activation step was veried by PXRD (Fig. 1a). Aer the pre-treatment step,
a single b-Mo2N phase was formed. The diffractogram showed intense PXRD
reections indicating the formation of a well-crystallized material with all the
peaks corresponding to the b-Mo2N phase (PDF 25-1368).

PXRD diffractograms of 10-Mo-O/TiO2 and 10-Mo-N-PR/TiO2 are presented in
Fig. 1b. For both materials only diffraction related to TiO2 in the anatase phase
Fig. 1 XRD diffractograms of (a) unsupported a-MoO3 and b-Mo2N, (b) 10-Mo-O/TiO2

and 10-Mo-N-PR/TiO2, (c) SAXS diffractograms of 10-Mo-O/SBA-15 and 10-Mo-N-PR/
SBA-15 and (d) wide angle domain diffractograms of 10-Mo-O/SBA-15 and 10-Mo-N-PR/
SBA-15. *10-Mo-N-PR/TiO2 and 10-Mo-N-PR/SBA-15 are post-ammonia synthesis
reaction catalysts obtained after 1000 min in stream.

This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 243, 126–147 | 131
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(PDF 78-2486) is observed. The absence of XRD reections corresponding to the
molybdenum oxide/nitride phase suggests that the crystallite size is small and
molybdenum species are well dispersed on TiO2.

SAXS patterns of the as-prepared siliceous support were collected before and
aer IWI impregnation and are presented in Fig. 1c. The calcined SBA-15 displays
the three characteristic well-resolved diffraction peaks that can be associated with
the (100), (110), and (200) planes of the P6mm hexagonal symmetry structure,
reecting the well-dened and uniform mesoporous structure of SBA-15. Upon
Mo impregnation, the SAXS pattern of 10-Mo-O/SBA-15 showed that the support
maintained its pore structure (Fig. 1c). However, an apparent shi of the reec-
tion peaks to higher 2q angle, from 0.88° to 0.93°, can also be observed, indicating
a slight pore contraction upon Mo impregnation. No further changes were
observed upon reaction, conrming the stability of the 10-Mo-N/SBA-15 catalyst
under reaction conditions. The effectiveness of the dispersion of Mo oxides on the
surface of SBA-15 was conrmed by PXRD in the wide-angle domain (Fig. 1d). The
PXRD diffractogram was characterised by broad PXRD peaks of amorphous silica,
and poorly dened reection peaks related to the molybdenum oxide phase were
observed, reecting a well dispersed active phase. Surprisingly, upon reaction, no
molybdenum nitride reections were observed.

3.1.2 Nitrogen adsorption–desorption analysis. The textural properties of
supported molybdenum oxide were investigated by means of N2-physisorption.
The results are summarized in Fig. 2, and Table 1.

The unsupported a-MoO3 exhibited a type II isotherm (Fig. 2a) which is
characteristic of non-porous materials and possessed a limited accessible surface
area of ∼4 m2 g−1. The N2 adsorption/desorption isotherm of 10-Mo-O/SBA-15
exhibited a type IV isotherm with an H1 hysteresis loop which is characteristic
of ordered mesoporous materials. Additionally, a narrow pore size distribution of
cylindrical pores of ∼6.6 nm was observed. When compared to the parent
material SBA-15, a signicant decrease in surface area from 760 to ∼465 m2 g−1
Fig. 2 (a) N2 adsorption–desorption isotherms and (b) pore size distribution of 10-Mo-O/
SBA-15 and 10-Mo-O/TiO2.
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Table 1 Textural and reducibility properties of the bulk and supportedMo-basedmaterials

Sample
a-MoO3

a

(wt%)
SBET

b

(m2 g−1)
Sm

c

(m2 g−1)
Vp

d

(cm3 g−1)
Dp

e

(nm)
Mean particle sizef

(nm)

a-MoO3 — 4 — — — NA
SBA-15 — 760 131 1.1 6.5 NA
10-Mo-O/SBA-15 10.8 465 68 0.82 6.6 1.3 � 0.3
TiO2 — 135 3.8 0.44 12.0 NA
10-Mo-O/TiO2 13.2 115 1 0.27 9.7 1.7 � 0.7

a a-MoO3 content in the calcined samples measured by ICP-OES. b BET surface area.
c Microporous surface area. d Total pore volume. e BJH mean pore size. f Mean particle
size of MoNx estimated from HAADF-STEM analysis of a sample of 25 particles.
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was observed, which was accompanied by a parallel decrease in pore volume. This
is in accordance with partial lling of the mesopores by the molybdenum oxide
phase. However, both SBA-15 and 10-Mo-O/SBA-15 display similar pore size
distribution, indicating the formation of discrete molybdenum oxide nano-
particles in the pores of SBA-15. 10-Mo-O/TiO2 exhibited a type IV isotherm with
less marked hysteresis. The accessible surface area of 10-Mo-O/TiO2 was found to
be ∼115 m2 g−1.

3.1.3 TEM-EDS studies. Following ammonia synthesis, themorphology of 10-
Mo-N/SBA-15 and 10-Mo-N/TiO2 was studied by means of HAADF-STEM analysis
coupled with EDSmapping to investigate the local distribution of molybdenum. A
selection of high resolution HAADF images of 10-Mo-N/SBA-15 and 10-Mo-N/TiO2

is presented in Fig. 3 and S1.†
As observed in Fig. S1a,† the characteristic hexagonal array of SBA-15 with the

typical 2D periodic hexagonal structure was maintained in 10-Mo-N/SBA-15
following the ammonia synthesis reaction. Furthermore, complementary EDS
analysis conrms the high dispersion of molybdenum nitride species within the
2D-channels of SBA-15. In fact, the average particle size of molybdenum nitride
Fig. 3 Representative lower magnification HAADF images for (a) 10-Mo-N/SBA-15 and (b)
10-Mo-N/TiO2.
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was found to be 1.3 ± 0.3 nm (sample of 25 particles). In a similar manner,
HAADF-STEM analysis revealed a high dispersion of molybdenum nitride species
in the 10-Mo-N/TiO2 catalyst (Fig. S1 (b–d)†). Furthermore, the particle size of
molybdenum species was slightly larger than that observed in 10-Mo-N/SBA-15,
which was estimated to be 1.7 ± 0.7 nm. In both 10-Mo-N/TiO2 and 10-Mo-N/
SBA-15 catalysts, STEM-EDX analysis conrmed the formation of small nano-
particles and the homogeneous distribution of molybdenum species within the
support. Unfortunately, due to the small particle size, the low N concentration,
and the low N K peak energy it was not possible to detect unambiguously the
formation of MoNx species.

3.2 Electronic properties of supported Mo samples: XPS and EPR studies

3.2.1 XPS studies. XPS analysis was performed for 10-Mo-O/SBA-15 and 10-
Mo-O/TiO2 on calcinedmaterials. The active form of the catalysts was also studied
by means of XPS by directly pre-treating the materials in the XPS environmental
chamber at 700 °C for 2 h under a 60 mLmin−1

ow of 75 vol% H2/N2. The results
are presented in Fig. 4 and S2, and Tables 2 and S1–S3.†

3.2.2 Evolution of Mo oxidation states. To establish a basis for comparison,
unsupported a-MoO3 and b-Mo2N were also investigated by XPS. As expected, in a-
MoO3, the predominant molybdenum species are Mo6+ (Table 2).36,37 Upon pre-
treatment, the Mo 3d XPS prole shied to lower binding energy. The spectral
decomposition of the Mo 3d region was composed predominantly of two oxida-
tion states that can be ascribed to Mo4+ and Mo–N (Table 2).
Fig. 4 XPS spectra recorded for the calcined materials (10-Mo-O/SBA-15 and 10-Mo-O/
TiO2) and after nitridation under reaction conditions at 700 °C for 2 h in the environmental
XPS chamber. (a) Mo 3d region: 10-Mo-O/SBA-15 and 10-Mo-O/TiO2, (b) Mo 3d region:
10-Mo-N/TiO2 and 10-Mo-N/SBA-15, (c) Si 2p region: 10-Mo-O/SBA-15 and 10-Mo-N/
SBA-15 and (d) Ti 2p region: 10-Mo-O/TiO2 and 10-Mo-N/TiO2.
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The evolution of the surface chemical composition of the supported Mo
catalysts has also been studied and compared to that of the unsupported mate-
rials. For instance, 10-Mo-O/SBA-15 showed a similar Mo 3d XPS prole to the
unsupported a-MoO3 phase with only two major spectral lines corresponding to
the Mo 3d5/2 andMo 3d3/2 spin–orbit components at 232.8 eV and 235.9 eV, which
were attributed to the formal Mo6+ oxidation state, with a small shi when
compared to the reference material (Fig. 4). Interestingly, in the case of 10-Mo-O/
TiO2, the spectral decomposition of the high-resolution Mo 3d region revealed the
presence of both Mo6+ and Mo5+ species.36 The distribution of Mo oxide species
was determined to be ∼70.93 at% and ∼29.07 at% for Mo6+ and Mo5+ respectively
(Table 2). The stabilization of a large fraction of Mo5+ in 10-Mo-O/TiO2 might be
related to the strong interaction between Mo species and TiO2. The isomorphic
substitution of Ti4+ species by Mo5+ has been reported in the literature as both
species possess very similar ionic radii (Ti4+: 0.605 Å, and Mo5+: 0.61 Å).38

Following the pre-treatment step, a noticeable change in the Mo 3d XPS prole
can be observed for both 10-Mo-N/SBA-15 and 10-Mo-N/TiO2 characterized by an
important shi to lower binding energies. In 10-Mo-N/SBA-15, the high-resolution
Mo 3d XPS prole can be deconvoluted into several peaks. The peaks at 228.36 eV
and 231.50 eV are correlated with the 3d5/2 and 3d3/2 states of Mo–N species39

which are the main Mo species (66.40 at%; Table 2), suggesting that the nitri-
dation of Mo species is not complete. Additional peaks at 232.26 eV and 235.40 eV
that can be correlated to the presence of Mo6+ and peaks at 230.05 eV and
233.19 eV that can be correlated with Mo4+ have also been observed. In the case of
the 10-Mo-N/TiO2 catalyst, the deconvolution of the high-resolution Mo 3d XPS
prole revealed a chemical composition dominated by Mo–N (∼77.39 at%) and
Mo4+ (∼21.89 at%). In summary, following the activation process, in all catalysts,
a large fraction of Mo species were present as molybdenum nitrides (>60 at%).

Further details on the degree of molybdenum nitridation can be extracted
from the high-resolution Mo 3p spectra in which N 1s can also be observed
(Fig. S2†). Due to the overlapping of N 1s with Mo 3p3/2 peaks, it is difficult to
deconvolute these peaks in a very detailed manner. Nevertheless, useful infor-
mation can still be deduced. When compared to the oxides, the high-resolution
Mo 3p XPS proles of b-Mo2N, 10-Mo-N/SBA-15 and 10-Mo-N/TiO2 were all shif-
ted to lower binding energies which can be associated with the nitridation of Mo
species. For 10-Mo-N/SBA-15, peaks related to N 1s andMo 3p3/2 were signicantly
overlapped. Nevertheless, in the case of 10-Mo-N/TiO2 an intense and well
resolved peak at 398.00 eV, which is attributed in the literature to N 1s inMoN and
bulk Mo2N (397.8 eV), was observed.40 The same peak was observed in our
unsupported b-Mo2Nmaterials but with less intensity. An additional, very weak in
intensity peak only observed in the case of 10-Mo-N/TiO2 at 400.8 eV was also
detected. This might be attributed to N–H or adsorbed NH3 as its binding energy
is very close to the value reported for adsorbed NH3.41 NH3 species are formed
during the activation under a N2 : H2 atmosphere in conditions favourable for
ammonia synthesis.

3.2.3 Evolution of the support surface redox properties. The evolution of the
support surface characteristics has also been studied. For SBA-15, no shi in
binding energy was reported which is in agreement with the non-redox nature of
the support (Fig. 4c). Although, following the pre-treatment step, changes in the
intensity of the two components of the Si 2p peak, namely Si–O–Si and Si–O–H
136 | Faraday Discuss., 2023, 243, 126–147 This journal is © The Royal Society of Chemistry 2023
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(104 and 103.1 ± 0.05 eV respectively), are detected. The inversion of intensity
detected is more related to modication of the concentration of the external
functional groups when subject to a reducing atmosphere under reduction
conditions (Fig. 4c and Table S1†). For the TiO2 support more visible changes are
observed aer the pre-treatment. In 10-Mo-O/TiO2 (Fig. 4d and Table S2†), the
binding energies of Ti 2p3/2 and Ti 2p1/2 were 458.89 and 464.61 eV, at slightly
higher binding energies when compared with values reported for Ti4+ in the
undoped TiO2 anatase phase (Ti 2p3/2: 458.59 eV and Ti 2p1/2: 464.31 eV).42 This
slight shi to higher binding energy (∼0.3 eV) has been attributed to charge
redistribution between Mo and Ti species.38,43 However, aer the activation step,
a further shi to higher binding energies of Ti4+ is observed (Ti 2p3/2: 459.51 eV
and Ti 2p1/2: 465.23 eV). In our nitridation conditions, the formation of titanium
oxynitrides/nitrides or reduction of Ti4+ to Ti3+ can be safely ruled out as both
outcomes are accompanied by a marked shi in Ti 2p positions to lower binding
energy.44

3.2.4 Support surface composition. XPS analysis also allows us to assess the
effect of the nature of the support and the pre-treatment step in affecting the
surface composition (Table S3†). First of all, the Mo atomic surface concentration
was found to be higher in 10-Mo-O/TiO2 (12.5 at%) than 10-Mo-O/SBA-15 (4.3 at
%). This might be related toMo being impregnated within the pores and channels
of SBA-15 rather than the external surface. However, when subject to the activa-
tion step, the concentration of Mo in the surface is only slightly modied in 10-
Mo-N/SBA-15 (3.57 at%), whereas in the case of 10-Mo-N/TiO2 a more pronounced
decrease in surface Mo, of ∼21%, is observed suggesting a strong interaction
between Mo and Ti species.

3.2.5 EPR studies. While molybdenum displays a range of oxidation states,
only Mo5+ is paramagnetic and can yield an EPR signal. As such, EPR is valuable
in studying the process of nitridation of Mo species; the results are shown in
Fig. 5.

The EPR spectrum recorded for 10-Mo-O/TiO2, prior to the pre-treatment step,
displays a weak isotropic signal centred at g = 1.95, indicating the presence of
Mo5+ species. The presence of Mo5+ was also conrmed by XPS analysis (Table 2
and Fig. 4a). Additionally, a weak signal is observed, around g = 2, revealing the
presence of oxygen vacancies.45 During the activation process, under in situH2/N2,
a sharp increase in Mo5+ content is detected, reaching a maximum aer 15
minutes of reaction at 700 °C. Thereaer, the concentration of Mo5+ decreases
and stabilizes aer a period of 20 minutes (Fig. 5c). The spectrum displayed in
Fig. 5a shows the EPR signal recorded at 293 K at the end of the kinetic evolution.
The spectrum displays a weak anisotropy of the g factor with gx,y = 1.97 and gz =
1.93. In contrast, the evolution of the oxygen vacancy concentration followed the
reverse of that of Mo5+. First, the concentration of oxygen vacancies decreased
until reaching a minimum at 15 min of reaction and slightly increased aerwards
to remain stable aer 20 min. For 10-Mo-O/SBA-15 only a weak signal of Mo5+ and
oxygen vacancies is detected. During the pre-treatment step no changes are
observed in the concentration of both species. For the 10-Mo-O/SBA-15 catalyst, as
EPR measures only Mo(V) content, the XPS results may reveal fast electron
exchange between oxygen vacancies andMo that can contribute to overestimating
the Mo(V) content.
This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 243, 126–147 | 137
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Fig. 5 EPR results: (a) EPR spectra after reaction, (b) fraction of Mo5+ after pre-treatment,
(c) kinetic evolution of Mo5+ species at 700 °C under hydrogen, and (d) kinetic evolution of
On− species at 700 °C under H2/N2.
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Both XPS and EPR spectroscopy proved to be effective in measuring redox
changes of Mo-based catalysts during the pre-treatment step. The activation
process seems to proceed differently depending on the nature of the support. It
seems that the nitridation process of Mo species, when supported on SBA-15,
occurs via the direct reduction of Mo species to Mo4+. However, during the
nitridation process of Mo species in the case of TiO2, the formation of Mo5+ was
detected, hinting that the process might proceed via the formation of an H-

xMo5+xMo6+1−xO3 species.46
3.3 H2-temperature programmed reduction (H2-TPR)

Fig. 6 depicts the results of molybdenum oxide reducibility when supported on
SBA-15 and TiO2. The results were compared with the unsupported a-MoO3

phase.
The reduction prole of the unsupported a-MoO3 phase was characterized by

two main reduction peaks at 770 and 980 °C and a smaller shoulder at around
800 °C. However, the reduction process was not complete at a temperature as high
as 980 °C. The prole agrees well with the literature with a rst reduction step of
a-MoO3 to MoO2, characterized by a sharp reduction peak, followed by the
reduction of MoO2 to the metallic form at high temperature.47 The shoulder at
around 800 °C was attributed in the literature to the formation of intermediate
phases, such as Mo4O11, during the reduction process.47
138 | Faraday Discuss., 2023, 243, 126–147 This journal is © The Royal Society of Chemistry 2023
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Fig. 6 H2-TPR profiles of a-MoO3, 10-Mo-O/SBA15 and 10-Mo-O/TiO2.
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The reducibility of Mo oxide species was strongly affected by their dispersion
in SBA-15 and TiO2. In both 10-Mo-O/SBA-15 and 10-Mo-O/TiO2, the reduction
prole shied to lower temperature. Depending on the nature of the support, the
rst reduction step started at a temperature as low as 445 °C for 10-Mo-O/TiO2,
and a higher reduction temperature of∼530 °C for 10-Mo-O/SBA-15 was observed.
These small differences between SBA-15 and TiO2 might be related to the
differences, observed by XPS, in the surface composition of the samples (Table 2).
The second reduction step has also shied to lower temperature with slight
differences observed between SBA-15 and TiO2. In summary, the reactivity of
molybdenum oxides increased signicantly upon their dispersion into high
surface area supports, conrming the high reactivity of small nanoparticles
towards hydrogen when compared to unsupported molybdenum species.
3.4 H2-temperature programmed desorption (H2-TPD)

The effect of the support on the adsorption–desorption properties of 10-Mo-N/
TiO2 and 10-Mo-N/SBA-15 was studied by means of H2-TPD. The results are shown
in Fig. 7 and Table S5.† For 10-Mo-N/TiO2, the desorption prole was charac-
terised by two desorption peaks, the rst one appearing from 100 °C to 350 °C and
the second desorption peak appearing from 350 °C to 600 °C. In both desorption
events, only a small quantity of hydrogen is observed. However, in 10-Mo-N/SBA-
This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 243, 126–147 | 139
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Fig. 7 H2-TPD profiles of 10-Mo-N/SBA15 and 10-Mo-N/TiO2.
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15, the quantities of hydrogen desorbed were more pronounced, especially for the
second peak of hydrogen desorption. Furthermore, H2-desorption continued at
higher temperature (>600 °C) which was not the case in the 10-Mo-N/TiO2 sample.
These results indicate a strong effect of the nature of the support in tuning
molybdenum hydrogen adsorption–desorption properties. The drop in H2-
desorption capacity at high temperature might be indicative of SMSI behaviour
affecting the ability of Mo species to activate hydrogen.

3.5 Catalytic activity in model reactions: ammonia synthesis and ammonia
decomposition

The performance of 10-Mo-N/SBA-15 and 10-Mo-N/TiO2 in ammonia synthesis
and the opposite reaction (ammonia decomposition) was studied. The results are
summarized in Fig. 8 and Table 3.

The catalytic activity of the 10-Mo-N/SBA-15 and 10-Mo-N/TiO2 catalysts was
studied in ammonia synthesis and compared against the unsupported b-Mo2N
(Fig. 8a, Table 3). 10-Mo-N/SBA-15 exhibits catalytic activity that is comparable to
that of the reference material despite large differences in Mo loading (10-Mo-N/
SBA-15: 84.6 mmol gcat

−1 h−1and b-Mo2N: 76 mmol gcat
−1 h−1 for the initial rate

(30–60 min)). When normalised against the active phase loading, a rate of 1208
mmol gactive phase

−1 h−1 is obtained over the 10-Mo-N/SBA-15 catalyst. Aer
a period of stabilisation, the catalyst didn't show any sign of deactivation over
time, demonstrating its stability in the H2 : N2 stream. Surprisingly, 10-Mo-N/TiO2

displayed a very poor catalytic activity and deactivated very quickly. The limited
catalytic activity of 10-Mo-N/TiO2 despite its enhanced textural and structural
properties demonstrated a marked inuence of the nature of the support in
altering the ability of Mo to catalyse the ammonia synthesis reaction.

To conrm whether TiO2 will affect in a similar manner the activity of Mo
species in the reverse reaction, the activity of 10-Mo-N/SBA-15 and 10-Mo-N/TiO2

has also been studied in ammonia decomposition. The catalytic activity was
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Fig. 8 (a) Cumulative ammonia yield obtained for 10-Mo-N/SBA-15 and 10-Mo-N/TiO2.
Reaction performed under 60 mL min−1

flow rate of 75 vol% H2/N2 at 400 °C and ambient
pressure. (b) Ammonia decomposition conducted under 15% NH3 in Ar at different
temperatures and atmospheric pressure.
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measured at temperatures ranging between 50 °C and 700 °C and the results are
presented in Fig. 8b and Table 3. Unlike in ammonia synthesis, both catalysts, 10-
Mo-N/SBA-15 and 10-Mo-N/TiO2, are active in ammonia decomposition. However,
differences in the catalytic activity are observed especially at high temperature. At
low temperature, 10% NH3 conversion is achieved at 460 °C on 10-Mo-N/SBA-15
while the same conversion value is achieved at slightly higher temperature
(∼510 °C) in the case of 10-Mo-N/TiO2. The activation energy is slightly lower in
the case of 10-Mo-N/SBA-15 (71 kJ mol−1) when compared to 10-Mo-N/TiO2

(78 kJ mol−1). At higher temperature, complete conversion of NH3 was achieved at
600 °C on 10-Mo-N/SBA-15, while on the 10-Mo-N/TiO2 catalyst complete
conversion wasn't attained even at a temperature as high as 700 °C. In summary,
while supporting Mo over titania didn't turn off the catalytic activity in ammonia
decomposition, lower conversions are clearly obtained compared to 10-Mo-N/
SBA-15.
4 Discussion

The catalytic properties of the supported Mo nitrides in both ammonia synthesis
and ammonia decomposition were found to be markedly affected by the nature of
the support (TiO2 or SBA-15). Depending on the catalytic reaction, disparities in
how the support affects the catalytic activity of Mo species were found. When
ammonia synthesis was studied, Mo nitride supported on SBA-15 was found to be
active and stable over time. But when supported on TiO2 a very limited catalytic
activity was observed and the catalyst deactivated quite rapidly. This indicates
that the properties of Mo active species varied with the nature of the support. In
ammonia decomposition, the effect of the support was not as “radical” as
observed in ammonia synthesis. While 10-Mo-N/SBA-15 was far more active than
10-Mo-N/TiO2, the activity of the latter didn't turn-off completely.

In the current study, the active phase, MoNx, was prepared by nitridation
under a 75 vol% H2/N2 (BOC, 99.98%) gas mixture at a total gas ow of 60
mL min−1 for 2 h at 700 °C. To investigate the differences between the catalysts,
the textural and structural properties have been studied. Both catalysts displayed
This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 243, 126–147 | 141
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high accessible surface area (10-Mo-O/SBA-15: 465 m2 g−1 and 10-Mo-O/TiO2: 194
m2 g−1). Furthermore, in both catalysts, no PXRD peaks related to Mo oxide or
nitride phases are observed in the wide-angle domain, conrming the high
dispersion of the active sites. The formation of small Mo nanoparticles was also
conrmed by HAADF-STEM analysis. The particle size of molybdenum species
was found to be reasonably similar in 10-Mo-N/SBA-15 (1.3 ± 0.3 nm) and in 10-
Mo-N/TiO2 (1.7 ± 0.7 nm). Thus, in both catalysts, aer the activation step, small
size nanoparticles were formed. Hence the effect of particle size in inuencing the
catalytic activity can be considered minimal.

The inuence of the support on the surface composition was investigated by
means of XPS spectroscopy and compared against a reference material. Before the
activation step, a difference in Mo species detected by XPS was already observed.
In both a-MoO3 and Mo-O/SBA-15, the predominant Mo species was Mo6+ (Table
2, Fig. 4). However, ∼29.07 at% of Mo species in 10-Mo-O/TiO2 was found to be
composed of Mo5+ with possible substitution of Ti4+ species by Mo5+.38 Further-
more, in 10-Mo-O/TiO2, the binding energies of Ti 2p3/2 and Ti 2p1/2 were found at
458.89 and 464.61 eV, which are slightly higher when compared with values re-
ported in the literature which further conrms the strong interaction of Mo
species with titanium species.42,43 Upon nitridation, a range of oxidation states
have been detected. In both catalysts, a high proportion of Mo species were found
to be in the nitride form (>60 at%). However, aer the activation step, only Mo4+

species and MoNx species are detected in 10-Mo-N/TiO2 while in 10-Mo-N/SBA-15,
in addition to Mo4+ species and MoNx a fraction of Mo6+ was still present in the
catalyst aer the activation step, indicating an incomplete nitridation process.
Despite these differences, the percentage of Mo nitrides in both systems seems to
be rather close (10-Mo-N/TiO2: 77.39 at% and 10-Mo-N/SBA-15: 66.40 at%). The
degree of Mo species nitridation was also observed from the high-resolution Mo
3p spectra in which N 1s can also be observed. Only in the case of 10-Mo-N/TiO2

an intense and well resolved peak at 398.00 eV, which is attributed in the litera-
ture to N 1s in bulk MoN and Mo2N (397.8 eV), is observed which may reect
a different Mo/N ratio in the catalyst. An additional, very weak in intensity peak
only observed in the case of 10-Mo-N/TiO2 at 400.8 eV is also detected which was
attributed to N–H or adsorbed NH3.

To gain insight in the nitridation process of supported Mo oxide species, EPR
and H2-TPR have been conducted. When compared to the a-MoO3 phase, the
reduction process started earlier in the supported catalysts with the rst reduction
step starting at a temperature as low as 445 °C for 10-Mo-O/TiO2 and a slightly
higher reduction temperature of ∼530 °C for 10-Mo-O/SBA-15. These differences
might be related to the difference in Mo oxide species present on the surface as
evidenced by XPS. Furthermore, the activation process was studied by EPR under
a 75 vol% H2/N2 (BOC, 99.98%) gas mixture mimicking the activation step.
Fundamental differences were observed between the 10-Mo-O/SBA-15 and 10-Mo-
O/TiO2 materials. In the case of Mo supported on TiO2, the nitridation/reduction
process occurs rst via the formation of Mo5+ species as detected by EPR which
reached a maximum concentration aer 12 min reaction before the concentration
started decreasing. Although only a very small fraction is detected by XPS, EPR
shows that a fraction of Mo5+ (7.8%) is still present in the 10-Mo-O/TiO2 catalyst
directly aer the activation step. The fast formation of Mo5+ might be indicative of
a multistep reduction process with rst intercalation of hydrogen into a-MoO3 to
This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 243, 126–147 | 143
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form rst hydrogen molybdenum bronzes HxMo5+xMo6+1−xO3.46 Hydrogen
molybdenum bronzes are metastable phases that will decompose eventually to
form MoO2 and water.48 In contrast, no Mo5+ was detected when Mo species were
supported on SBA-15, indicating that the process is rather dominated by direct
reduction of Mo6+ to Mo4+. These differences might be related to different mech-
anisms by which Mo species are reduced/nitrided. In the literature, different
mechanisms have been proposed including the formation of either molybdenum
bronze (HxMo5+xMo6+1−xO3) and/or MoO2 and Mo metallic intermediates before
nitridation. Depending on the nitridation conditions (i.e. gas composition, space
velocity and/or heating rate), the nitridation mechanism can be altered leading to
the formation of either cubic g-Mo2N or tetragonal b-Mo2N.49,50 The formation of b-
Mo2N has been reported to follow a non-topotactic route via a multiple step
reduction (MoO3 / MoO2 / Mo / MoNx).51,52 While the formation of g-Mo2N
has been reported to proceed through a topotactic route with the formation of
hydrogen molybdenum bronze as an intermediate species before nitridation.53 It's
clear from our investigation that the mechanism of reduction/nitridation is
strongly affected by the degree of interaction between Mo species and the support
species. However, due to the formation of small nanoparticles in both SBA-15 and
TiO2, and the similar chemical composition of b-Mo2N and g-Mo2N, it was rather
difficult to unambiguously determine the nature of MoNx species based on XRD
and XPS results. As the activity of Mo2N species in many catalytic reactions was
found to vary depending on the crystallographic phase, it's tempting to explain the
differences in the catalytic activity of 10-Mo-N/SBA-15 and 10-Mo-N/TiO2 in
ammonia synthesis by the formation of different Mo2N allotropic forms. However,
it is worth mentioning that no large differences in the catalytic activity have been
found between bulk b-Mo2N and g-Mo2N in ammonia synthesis and only the d-
MoN nitride phase was found to be poorly active in ammonia synthesis.30 As such
the identication of the catalytically active site and the origin of deactivation in Mo
species supported on TiO2 remains very challenging. In the literature, the perfor-
mance of catalysts in the ammonia synthesis reaction has been correlated to
nitrogen binding energy with the ideal surface displaying intermediate nitrogen
binding energies. The adsorption properties of metal nitrides were found to be
sensitive to chemical composition (surface vs. bulk), Mo oxidation states, Mod+/N
ratio, and nitrogen-decient site density.52 To some extent, differences in H2

adsorption–desorption capacities, at least at high temperature, were observed
between 10-Mo-N/SBA-15 and 10-Mo-N/TiO2. The surface composition aer the
activation step, and the reduction/nitridation process was found to be different
depending on the nature of the support. Thus, the differences observed in the
catalytic activity might be related to the differences observed in the surface
composition and changes in the adsorption of ammonia synthesis reactants.

5 Conclusion

In the current study supported Mo nitride species on SBA-15 and TiO2 were
prepared by nitridation under a 75 vol% H2/N2 (BOC, 99.98%) gas mixture at
a total gas ow of 60 mL min−1 for 2 h at 700 °C. The results of characterisation
demonstrate the formation of small molybdenum nanoparticles in both 10-Mo-N/
SBA-15 and 10-Mo-N/TiO2 catalysts. Although both samples exhibited ameliorated
structural properties when compared to the bulk material, b-Mo2N, only 10-Mo-N/
144 | Faraday Discuss., 2023, 243, 126–147 This journal is © The Royal Society of Chemistry 2023
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SBA-15 was found to be active in ammonia synthesis (1208 mmol gactive phase
−1 h−1)

while 10-Mo-N/TiO2 only displayed a poor catalytic activity before completely
deactivating over time. The catalysts were also studied for ammonia decompo-
sition where 10-Mo-N/SBA-15 was found to be more active than 10-Mo-N/TiO2.
XPS analysis showed a strong interaction between Mo species and the TiO2

support leading to differences in the Mo species reduction/nitridation process.
EPR spectroscopy proved to be effective in determining the nitridation mecha-
nism of Mo species. In the case of Mo supported on TiO2, EPR showed that the
reduction/nitridation process occurred via the formation of Mo5+ species which
was not the case inMo supported on SBA-15, suggesting the formation of different
Mo nitride species. Upon nitridation, the distribution of Mo oxidation states was
found to be different depending on the nature of the support. Furthermore,
a weak XPS signal related to adsorbed NHx species was detected in the 10-Mo-N/
TiO2 catalyst. It is also worth noting that the 10-Mo-N/SBA-15 hydrogen chemi-
sorption capacity and desorption (during TPD) were superior to those of the 10-
Mo-N/TiO2 catalyst. The Mo species deactivation in ammonia synthesis when
supported on TiO2 probably originates from the strong interaction between Mo
species and the support. This phenomenon resulted in the alteration of the Mo
nitridation mechanism, leading to a catalyst with different surface composition,
and probably different surface terminations, vacancy concentrations, etc. These
results demonstrate that the catalytic activity of Mo nitride species can be tuned
via modulation of the interaction between the active species and the support.
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