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Catalytic Ammonia Synthesis by Supported Molybdenum
Nitride: Insight into the Support Effect
Amanda Sfeir,[a] Camila A. Teles,[a] Hervé Vezin,[b] Maya Marinova,[c] Jean-Philippe Dacquin,[a]

Said Laassiri,*[d] and Sébastien Royer*[a, e]

The influence of the support on the performance of Mo nitrides
has been investigated in ammonia synthesis and decomposi-
tion. A series of Mo–N catalysts supported on different materials,
namely SiO2 (commercial, SBA-15), Al2O3, and CeO2, were pre-
pared. The results indicated that, despite the high dispersion
of Mo species in all catalysts, large disparities in the activity
for ammonia synthesis exist. Initial rates of ∼1208, ∼481, and
∼372 μmol gactive phase

−1 h−1 are obtained over 10-Mo–N/SBA-
15, 10-Mo–N/SiO2, and 10-Mo–N/Al2O3 respectively. However, no
catalytic activity was registered when Mo species were sup-
ported on CeO2. Furthermore, 10-Mo–N/Al2O3 deactivated after

few hours of reaction. The surface composition was studied by
means of XPS to probe the origin of the catalytic activity differ-
ences, and the results indicated that a range of various oxidation
states of Mo was detected depending on the support. The differ-
ence in catalytic behavior could not be solely explained by the
differences in Mo–N species concentrations. In situ EPR analysis
exhibited that the mechanism of MoO3 nitridation could differ
depending on the support, leading to the formation of differ-
ent Mo–N species. The effect of support was, however, not as
severe in ammonia decomposition as it was the case of ammonia
synthesis.

1. Introduction

Ammonia (NH3) possesses unique physicochemical characteris-
tics, which enables it to play a major role in mid- and long-
term storage of hydrogen and transportation[1] NH3 is also being
considered for direct energy generation as fuel in combus-
tion engines for commercial maritime and aviation[2] as well
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as a potential energy carrier for fuel cells.[3] Furthermore, NH3

is an important nitrogen building block for almost all high-
value nitrogen-containing products, including nitric acid, urea,
nitrogen-based fertilizers, and so forth. The transformation of
highly stable atmospheric N≡N into the reactive nitrogen build-
ing block NH3 via the Haber–Bosch (H–B) process has been
instrumental in the industrialization of nitrogen-based fertilizer
production. This in turn sustains a large fraction of human pop-
ulation by ensuring the availability of nitrogen-based fertilizers
for intensive agriculture.

Despite its potential in decarbonizing both the energy and
agricultural sectors, ammonia production remains closely tied to
hydrogen production from nonrenewable fossil-based feedstock.
Currently, the industrial production of ammonia is dominated
by the H–B process in which highly purified N2 and H2 react
over a promoted iron-based catalyst under high pressure (up to
200 bar) and temperature varying between 400 and 500 °C. The
decarbonization of the H–B process has driven much research
effort, especially in replacing hydrogen derived from fossil fuels
by green hydrogen generated by water electrolysis powered
by renewable energy. However, the development of a decar-
bonized H–B process capable of coping with the intermittency
and uneven geographic distribution of renewable energy still
requires further optimization in several of the H–B components.
A key component where innovation and optimization have the
potential to reshape the H–B process is the development of
novel catalytic materials that are active under milder synthesis
conditions.

Over the last years, numerous materials with enhanced
catalytic properties, compared to the industrial doubly pro-
moted iron-based catalyst, have been reported in the literature.
Among these materials, Ru on activated carbon has driven sig-
nificant interest due to its high catalytic activity, leading to the
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development of the Kellogg advanced ammonia process (KAAP).
In these catalysts, the B5 site in Ru nanoparticles has been identi-
fied as the active site with the most suitable energetic properties
for nitrogen activation and dissociation at low temperatures.[4]

As ammonia synthesis is a structure-sensitive reaction over Ru
based catalysts, the catalytic performance is impacted by the
electronic and geometric properties of the active site. Therefore,
considerable effort has been directed towards promoting the
catalytic activity through (i) doping by alkali and alkaline earth
promoters[5] and/or (ii) modifying the nature of the support.[6]

Consequently, exceptionally high catalytic activity has been
reported, with significant influence from the support, for Ru.
Although Ru supported on advanced supports (electrides,
hydrides, perovskites) leads to high catalytic activity, its high
cost and scarcity remains barriers to its widespread utiliza-
tion in the industry. Nevertheless, the remarkable effect of a
support in tuning the catalytic activity of Ru showcases the
importance of modulating the support-active site interaction in
ammonia synthesis. Given the aforementioned considerations,
the development of alternative materials with reasonable cat-
alytic activity, low-cost, and readily availability is of paramount
importance. Molybdenum-based materials display high catalytic
activity in multiple reactions, including hydrodesulfurization
(HDS),[7] oxidative desulfurization,[8] CO2 conversion,[9] ammonia
synthesis,[10] and decomposition.[11] The catalytic activity of
the γ -Mo2N phase, in ammonia synthesis, has been reported
as early as 1986 by the work of Volpe and Boudart[10b] and
Oyama.[10c] However, the strong interaction between Mo and
nitrogen/NHx intermediate species results in limited catalytic
activity in ammonia synthesis. Over the years, several strate-
gies has been adopted to increase the catalytic activity of Mo
by (i) addition of second metal resulting in the formation of
bimetallic molybdenum nitrides/carbides (Co3Mo3N, Co3Mo3C,
and Ni2Mo3N),[10a,12] in turn displaying optimized nitrogen bind-
ing properties, and (ii) dispersion of Mo species on suitable
supports (MoNx/ZSM-5, Mo2C/CeO2, and Mo/SBA-15).[10b,13] These
modifications alter the structural and electronic properties of
Mo, leading to significantly different catalytic behaviors and pro-
mote different reaction mechanisms. In the literature, detailed
studies on the effect of the nature of the support in tuning the
physicochemical properties of Mo species and therefore their
catalytic activity are scarce due to the challenges associated with
the characterization of Mo–N NPs species formed during the
nitridation process. Nevertheless, the nature of the interaction
between Mo and support species might also negatively impact
the catalytic activity and lead to its premature deactivation. For
example, strong interaction between Mo–Ti has been reported
to alter the nitridation mechanism of Mo species when com-
pared to a nonreducible support, leading to a complete turnoff
of the catalytic activity in ammonia synthesis.[13c]

In this work, the effect of support and Mo-support interac-
tion has been studied using Mo supported on common catalyst
supports, namely CeO2, Al2O3, SiO2, and SBA-15. The identity of
the active phase formed during the nitridation process has been
identified by advanced characterization techniques such as in
situ EPR and XPS. The performances of supported Mo–N species
in ammonia synthesis and ammonia decomposition were inves-

Figure 1. XRD diffractograms of the supported Mo–N catalysts after 20 h of
reaction under ammonia synthesis conditions.

tigated to understand how the support impacts the catalytic
activity of ammonia synthesis. The results provided valuable
insights into the design and optimization of catalysts for various
catalytic applications, particularly in ammonia synthesis.

2. Results

2.1. Catalyst Characterization

Figure 1 displays the XRD of postreaction catalysts obtained after
20 h under ammonia synthesis conditions. The formation of
Mo–N species, which are the known active species in ammo-
nia synthesis, is usually obtained after the pretreatment step
at 700 °C under 75 vol% H2/N2 (BOC, 99.98%) gas mixture at a
total gas flow of 60 mL min−1 for 2 h.[14] This was verified by
the nitridation of molybdenum oxide α-MoO3 into β-Mo2N (PDF
25-1368) under these conditions (Figure S1). However, upon nitri-
dation and ammonia synthesis test, no diffraction peaks related
to Mo–N species have been detected for 10-Mo–N-PR/Al2O3,
10-Mo–N-PR/CeO2, and 10-Mo–N-PR/SBA-15, suggesting that the
active phase do not crystallize or is well dispersed within these
supports. On the other hand, in the case of 10-Mo–N-PR/SiO2,
poorly defined and broad peaks at 2θ = 37.8°, 43.4° and, 64.2° are
assigned to the β-Mo2N phase (PDF 25-1368), reflecting the for-
mation of molybdenum nitride with limited crystallite size over
this support. With the use of SBA-15 silica support, the β-Mo2N
peaks broadened to become barely visible in the signal baseline.
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Figure 2. (a) N2 adsorption–desorption isotherms and (b) BJH pore size
distribution measured for the Mo–O supported materials.

2.1.1. Nitrogen Adsorption–Desorption Analysis

The nitrogen adsorption–desorption isotherms of the freshly cal-
cined catalysts and their corresponding pore volume and pore
size distribution are shown in Figure 2 and Table 1. In all the stud-
ied materials, a predominant type IV isotherm characteristic of
mesoporous materials is observed. However, the characteristics
of the hysteresis loop differ from one material to another, which
reflects differences in the porosity and aggregate morphology
of the solid supports. For instance, only CeO2 and SBA-15 dis-
played a narrow pore size distribution centered at ∼3.0 nm and
6.6 nm, respectively. However, the BET surface area and pore
volume of CeO2 were 194 m2 g−1 and 0.16 cm3 g−1, whereas
SBA-15 displayed significantly higher surface area, ∼465 m2 g−1,

and pore volume, 0.82 cm3 g−1. In the case of 10-Mo–O/Al2O3

and 10-Mo–O/SiO2 samples, much broader pore size distributions
are observed with respect to CeO2 and SBA-15. The surface area
of 10-Mo–O/Al2O3 and 10-Mo–O/SiO2 was 208 m2 g−1 and 262
m2 g−1, respectively. It is worth noting that upon Mo impreg-
nation, only a small decrease in the surface area is observed
with respect to the surface areas measured on the parent mate-
rials Al2O3, SiO2 and CeO2 (Table 1). Interestingly, the BET surface
area of SBA-15 exhibited a more pronounced decrease after Mo
loading (from 760 to 465 m2 g−1).

The evolution of the surface area was also accompanied
with a decrease in pore volume from 1.1 to 0.82 cm3 g−1, result-
ing probably from partial clogging of the support porosity,
associated with the impregnated phase confining in cylindrical
channel-type porosity of SBA-15.[15]

2.1.2. HAADF–TEM Analysis

Upon activation, the morphology of supported Mo–N species as
well as the element local distribution were studied by means
of HAADF–TEM analysis coupled with EDS. Representative high
resolution HAADF images for the 10-Mo–N/support catalysts are
reported in Figure 3 and Figure S2.

In HAADF images, where the intensity is proportional to the
atomic number of the element (Z1.7), Mo atoms appear brighter
on Al2O3, SBA-15, and SiO2. In these materials, the mean par-
ticle size of Mo species has been estimated and the results
are reported in Table 1. For siliceous-based supports, the mean
particle size of Mo species was found to be ∼2.9 ± 0.3 nm
and ∼1.3 ± 0.3 nm on SiO2 and SBA-15, respectively (Figure 3).
These differences are in line with XRD results, where broad XRD
peaks characteristic of β-Mo2N are detected when Mo-species
are supported on SiO2 but barely observed on SBA-15. In the
10-Mo–N/Al2O3 catalyst, the mean particle size was found to be
∼1.7 ± 0.1 nm, which is in the same range of order as the parti-
cle size measured in the 10-Mo–N/SBA-15 sample. Unfortunately,
in the case of 10-Mo–N/CeO2, as the atomic number Z of Mo
is lower as compared to Ce, Mo species could not be detected
in the HAADF images (Figure 3c), and the d spacing visible in
Figure 3c is associated to CeO2 crystallographic structure. Com-
plementary EDS analysis, presented in Figure S2, confirmed the
high dispersion of Mo species in all the different supports. Unfor-
tunately, due to limitations related to Mo small particle size,
low Mo species concentration, and low N-K peak energy, the
identification of Mo–N species was found to be rather challeng-
ing. The identification of Mo–N species was only possible in the
case of 10-Mo–N/SiO2 displaying the largest nitride particle size
(2.9 ± 0.3 nm).

2.1.3. Surface Properties of Mo–N Supported Catalysts

The surface properties, chemical composition and oxidation
states of elements, were investigated using X-ray photoelec-
tron spectroscopy. To understand the evolution of the surface
composition under the activation step, XPS spectra of the 10-Mo–
O/supports obtained directly after the calcination step and the
nitride 10-Mo–N/supports formed after the activation step were
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Table 1. Textural properties of unsupported MoO3 and supported Mo–O based materials after calcination.

MoO3
a) (wt%) SBET

b) (m2 g−1) Sμ
c) (m2 g−1) Vp

d) (cm3 g−1) Dp
e) (nm) Mo Mean Particle Size (nm)f)

MoO3 − 4 − −
10-Mo–O/Al2O3 10.7 208 (251) — (10) 0.99 (1.00) 8.3 (8.2) 1.7 ± 0.1

10-Mo–O/CeO2 11.8 194 (237) — (—) 0.16 (0.16) 3.0 (3.1) ND

10-Mo–O/SiO2 10.8 262 (294) — (24) 1.07 (0.92) 13.2 (13.8 2.9 ± 0.3

10-Mo–O/SBA-15 10.8 465 (760) 68 (131) 0.82 (1.1) 6.6 (6.5) 1.3 ± 0.3

a) MoO3 content measured by ICP–OES in the calcined samples.
b) SBET calculated by the BET method.
c) Sμ microporous surface area.
d) Vp total pore volume calculated using BJH method.
e) Dp mean pore size calculated using BJH method; ND not detectable; properties of the supports are given in parentheses.
f ) Average of 50 particles counted for each sample.

Figure 3. Representative HAADF images of (a) 10-Mo–N/Al2O3, (b) 10-Mo–N/SiO2, (c) 10-Mo–N/CeO2, and (d) 10-Mo–N/SBA-15.

acquired. The activation step was conducted in a pretreatment
environmental chamber connected to the XPS (700 °C under 75
vol% H2 in N2 flow for 2 h), to avoid any contact of the sam-
ple with air and minimize surface contamination. The results are
summarized in Figure 4; Figures S3 and S4; Table 2 and Tables
S1–S3.

10-Mo–O/supports. The XPS spectra along with spectral
decomposition of Mo 3d region for the calcined samples are pre-
sented in Figure 4a. All the supported oxides 10-Mo–O/Al2O3,

10-Mo–O/SiO2, 10-Mo–O/SBA-15, and 10-Mo–O/CeO2 displayed a
similar Mo 3d XPS profile, characterized by two major spec-
tral lines corresponding to Mo 3d5/2 and Mo 3d3/2 spin–orbit
components, which correspond to a formal Mo6+ oxidation
state.[16]

10-Mo–N/supports. Upon the activation step, at 700 °C under
H2/N2 for 2 h, a shift to lower binding energies was observed
in all the catalysts, indicating successful oxidation state reduc-
tion of Mo species. However, disparities in Mo 3d/Mo 3p binding

ChemCatChem 2024, 0, e202400494 (4 of 15) © 2024 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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Figure 4. XPS spectra of solids before (10-Mo–O/support) and after
nitridation step (10-Mo–N/support) in (a) Mo 3d region and (b) Mo 3p
region.

energies are observed, pointing the impact of the nature of the
support on the stabilization of different chemical environments
of Mo species (Figure 4 and Table 2) compared to the profile of
the bulk unsupported Mo2N (Figure S4).

In the case of siliceous supports (SiO2 and SBA-15), the high-
resolution Mo 3d XPS profile can be decomposed into several
peaks (Figure 4a). In both materials, the major contribution is
related to the presence of Mo–N species with two major spec-
tral lines at 228.4 eV and 231.5 eV.[17] Additional peaks correlated
to the presence of Mo6+ and Mo4+ have been also observed
in both catalysts. The surface composition of Mo species was
found to be similar between SiO2 and SBA-15, where in both
catalysts, Mo–N species were predominant ∼66.4% and ∼69.7%
in 10-Mo–N/SBA-15 and 10-Mo–N/SiO2, respectively. Moreover, in
both catalysts, at least 20 at.% of Mo species were present
as Mo4+. The remaining fraction of Mo species that was not
reduced was estimated to be ∼2.8 at.% of Mo6+ in SBA-15, and
∼8.3 at.% of Mo6+ in SiO2. Such results indicate that Mo–Si
interaction affected the nitridation mechanism similarly in both
amorphous SiO2 and SBA-15. The comparable distribution of Mo
species when supported in SiO2 or in SBA-15 strongly suggests
that confinement in SBA-15 has no discernible chemical effect
on the nature of stabilized Mo–N species. In a similar manner,
when 10-Mo–N/Al2O3 was subjected to the activation step, the
surface was mainly populated with Mo–N species ∼82.0%. Fur-
thermore, the spectral decomposition of the high-resolution Mo
3d region revealed the presence of an important fraction of Mo
species as Mo5+ ∼18.0 at.%. Interestingly, when investigating 10-
Mo–N/CeO2, the spectral decomposition of Mo 3d XPS profile
exhibited the predominance of Mo4+ species with Mo 3d5/2 and
Mo 3d3/2 spin–orbit components of 229.7 eV and 232.8 eV. An
additional set of peaks related to Mo6+, Mo5+, and Mo–N were
also identified. The distribution of Mo oxides species was deter-
mined to be ∼65.5 at.% for Mo4+, ∼25.6 at.% for Mo6+, 7.4 at.%
for Mo5+, and only 4.5 at.% was found to be in the form of
Mo–N. Such observations indicate that supporting Mo on CeO2

increased the Mo4+ content at the expense of Mo–N formation.
The impact of the activation step on the support elements

has also been examined by XPS (Figure S3). In the case of 10-
Mo–O/Al2O3, the Al 2p XPS profile was fitted as a single peak at
∼74.1 eV. This is due to the closely spaced Al 2p peak spin–orbit
components. Upon the activation step, a slight shift of the Al 2p
XPS profile to lower binding energies of 73.6 eV was observed.
In the case of SiO2, the Si 2p XPS profile was characterized by
one peak as well with a binding energy of 103.2 eV and a slightly
higher BE after nitridation at 104.0 eV (Table S2). In the case
of SBA-15, both Si–O–Si and Si–OH corresponding peaks were
identified in the Si 2p region, with BE of 104.0 eV and 103.2 eV,
respectively. Upon the activation step, only a slight shift of Si–OH
peak to lower binding energy of 103.5 eV was observed.

In the case of CeO2, the Ce 3d core-level XPS spectrum
(Figure S3) was decomposed into 10 gaussian peaks following
the methodology proposed by Burroughs et. al.[18] Signals
labeled as U, U’’, U’’’ and (V, V’’, V’’’) correspond to the 3d3/2 and
(3d 5/2) final states of Ce4+. Meanwhile, the peaks labeled as U’,
Uo and (V’, Vo) refer to the 3d3/2 and (3d5/2) final states of Ce3+.
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Table 2. Position of 3d Mo peaks of unsupported and supported Mo-based catalysts before and after nitridation and element surface composition.

Mo Peaks B.E. (eV) Surface Composition (at.%)

Mo6+ Mo5+ Mo4+ Mo–N Mo6+ Mo5+ Mo4+ Mo–N

3d5/2 3d3/2 3d5/2 3d3/2 3d5/2 3d3/2 3d5/2 3d3/2

10-Mo–N/SBA-15a) 232.3 235.4 − − 230.0 233.2 228.4 231.5 12.8 − 20.8 66.4

10-Mo–N/Al2O3
a) − − 231.3 234.5 − − 228.3 231.5 − 18.0 − 82.0

10-Mo–N/SiO2
a) 232.1 235.2 − − 229.7 232.8 228.0 231.1 8.3 − 22.1 69.7

10-Mo–N/CeO2
a) 232.76 235.9 231.0 234.1 229.7 232.8 228.1 231.3 25.6 7.4 65.5 4.5

10-Mo–O/SBA-15 232.8 235.9 − − − − − − 100 − − −
10-Mo–O/Al2O3 232.5 235.6 − − − − − − 100.0 − − −
10-Mo–O/SiO2 232.2 235.3 − − − − − − 100.0 − − −
10-Mo–O/CeO2 232.6 235.7 − − − − − − 100.0 − − −
a) Catalyst subject to pretreatment under reaction condition at 700 °C for 2 h (3:1 H2/N2 50 mL/min) in environmental activation chamber connected to
XPS before analysis.

For the 10-Mo–O/CeO2, only Ce4+ species are present with their
corresponding binding energies of 901.3 eV (882.7 eV), 907.2 eV
(888.7 eV), and 916.7 eV (898.2 eV) for U (V), U’’ (V’’), and U’’’ (V’’’),
respectively. After pretreatment step, a shift to lower binding
energies is observed, confirming the partial reduction of Ce4+

to Ce3+. The newly formed Ce3+ displayed BE for U’, Uo and (V’,
Vo) at 903.9 eV, 899.5 eV (885.4 eV, 881.0 eV).

2.1.4. EPR Studies

The process of Mo nitridation during the activation step has
been further investigated by EPR. Prior to the activation step, all
the Mo–O supported materials are EPR silent due to the absence
of paramagnetic centers as Mo is present in the +6 oxidation
state. Upon activation, Mo displayed a range of oxidation states.
However, only Mo5+ is paramagnetic and can yield an EPR sig-
nal (Figure 5). The EPR spectra recorded, after the activation step,
for the 10-Mo–N/Al2O3 displayed a strong Mo5+ signal with an
isotropic line centered at a g value of 1.95 (Figure 5a). The kinetic
evolution of Mo5+ species during the activation step was also
studied by in situ EPR (at 700 °C under 3:1 H2/N2 for 2 h). The
reduction leads to a sharp increase in the formation of Mo5+ that
reached a plateau after 40 mins of pretreatment (Figure 5c). The
reduction process was accompanied by an initial increase in the
concentration of anionic vacancies where the signal then rapidly
disappears as the temperature increases. To have information
about the local structure of Mo5+ in the case of 10-Mo–N/Al2O3,
a HYSCORE experiment at 5 K (Figure 6) was performed. On this
HYSCORE spectrum, one can observe in the weak coupling quad-
rant the presence of a signal centered at 3.9 MHz, resulting from
the interaction of an aluminum weakly coupled by dipolar mech-
anism. In the strong coupling quadrant, we observe four peaks
of correlations in the antidiagonal separated by two times the
Larmor frequency of Al (7.8 MHz). This profile indicates the pres-
ence of two strongly coupled aluminum via Mo–O–Al covalent
bonds with respective Aiso coupling constants of 15 and 16 MHz.
Therefore, these EPR results indicate that the formation of Mo5+

species is a bulk phenomenon.

After the activation of MoOx supported over CeO2, the
recorded EPR spectrum indicated the presence of Mo5+

(Figure 5a). In this case, the EPR signal was anisotropic with
a square plane symmetry (gz = 1.97 and gx,y = 1.95). During
the kinetic studies at 700 °C, the reduction/nitridation process
was characterized by an increase in the concentration of Mo5+

species, accompanied with an increase of anionic vacancies
concentration reaching a maximum at 10 min and gradually
decreasing afterward to stabilize after 60 min of pretreatment
(Figure 5c,d).

Finally, when Mo is supported on siliceous-based supports,
only a weak isotropic Mo5+ signal with a g factor of 1.94 is
observed (Figure 5a). During the kinetic evolution at 700 °C
under H2/N2, this signal quickly disappears, indicating the loss
of Mo5+, leaving only a weak signal related to the presence of
oxygen vacancies (Figure 5d). The remaining Mo5+ species seem
to be marginal after the nitridation step for silica-supported
catalysts based on EPR results, which is in accordance with
XPS results that demonstrated a > 64% of nitridation over
silica-supported catalysts.

2.1.5. Effect of Mo-Supported Interactions on Mo Reducibility
and Affinity Toward Hydrogen

The effect of the nature of the support on the reduction kinetics
of Mo oxides was evaluated by means of H2-TPR measurements
and the results are compared to those collected for the unsup-
ported α-MoO3. The results are presented in Figure 7 and Table
S5. TPR profiles of supported Mo oxides are compared to the
unsupported α-MoO3, where significant changes in the reduc-
tion process are observed. The reduction profile of unsupported
α-MoO3 proceeds via two steps as previously seen in the lit-
erature (Figure S5-a). First the reduction of α-MoO3 into MoO2

occurs, and the process is characterized by a sharp hydrogen
consumption peak at 770 °C. It is followed by the reduction of
MoO2 into metallic Mo at higher temperatures.[19] During the
reduction process, the formation of intermediate species such as
Mo4O11 has also been reported in the literature.[19] However, the
reduction of MoO2 was not entirely complete even at temper-

ChemCatChem 2024, 0, e202400494 (6 of 15) © 2024 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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Figure 5. (a) EPR spectra registered for the catalysts after pretreatment at 700 °C under H2/N2, (b) fraction of Mo5+ after pretreatment conditions by EPR
and XPS, (c) kinetic evolution of Mo5+ species at 700 °C under H2/N2, and (d) kinetic evolution of On− species at 700 °C under H2/N2.

atures as high as 1000 °C. Based on the H2 quantity consumed,
a Mo(VI) reduction degree of 89% is obtained. In the case of
all supported catalysts, the reduction process started at lower
temperatures with respect to α-MoO3. Depending on the nature
of the support, the temperature of the first maximum reduction
domain shifted to lower temperatures, with the following order:
10-Mo–O/Al2O3 (˜447 °C) < 10-Mo–O/CeO2 (˜515 °C) < 10-Mo–
O/SBA-15 (˜530 °C) < 10-Mo–O/SiO2 (˜565 °C) < α-MoO3 (˜770 °C).
In a similar manner, the temperature of the second reduction
peak associated with the formation of metallic Mo shifted to
lower temperatures with slight differences observed between
the different supports. In 10-Mo–O/CeO2, the second reduction
event was characterized by a broad and small reduction peak

observed between 600 and 800 °C, denoting the stabilization of
Mo-oxide intermediates.

Furthermore, a third reduction process starting at temper-
atures as high as 880 °C was observed. This might be related
to the reduction of CeO2 bulk species at higher temperatures
and/or reduction of Mo species in strong interaction with the
support. For comparison, the H2-TPR profiles of the bare sup-
ports are presented in Figure S4b and as expected only CeO2

displayed redox properties. The H2-TPR profile was characterized
by two peaks with temperatures of reduction maxima at ∼450 °C
and ∼790 °C. The first peak has been assigned to the reduction
of superficial CeOx species, whereas the second peak has been
correlated to the reduction of bulk CeO2 species, respectively.[20]

ChemCatChem 2024, 0, e202400494 (7 of 15) © 2024 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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Figure 6. 2D-HYSCORE of nuclear interaction for 10-Mo–N/Al2O3.

Figure 7. H2-TPR profiles of 10-Mo–O/Al2O3, 10-Mo–O/SiO2, 10-Mo–O/CeO2,
and 10-Mo–O/SBA-15.

Figure 8. H2-TPD profiles of 10-Mo–N/Al2O3, 10-Mo–N/SiO2, 10-Mo–N/SBA-15,
and 10-Mo–N/CeO2.

The temperature of the second maximum reduction peak was
also fairly high on 10-Mo–O/Al2O3 (∼864 °C), especially when
compared to Mo–O supported on siliceous supports (10-Mo–
O/SiO2 at ˜730 °C and 10-Mo–O/SBA-15 at ˜790 °C). Furthermore,
small differences in Mo oxides reducibility were also observed
between SiO2 and SBA-15. As mentioned above, the reduction
process started earlier in 10-Mo–O/SBA-15 when compared to 10-
Mo–O/SiO2, signifying that particle size has a role in influencing
the reduction behavior of Mo oxides species. In summary, the
reactivity of Mo oxides species towards hydrogen was greatly
impacted by the nature of the support and particle size.

The effect of Mo-support interaction on the activation of
H2 was studied by means of H2-temperature programmed des-
orption (Figure 8). Starting with alumina, the H2-TPD profile of
10-Mo–N/Al2O3 was characterized by two desorption peaks, the
first peak being in the range of 350–550 °C and the second
desorption peak starting from 550 °C. When Mo is supported
on siliceous supports, similar H2-TPD profiles are observed for
SBA-15 and SiO2. The corresponding H2-TPD profiles were char-
acterized by three desorption peaks. The first one starting from
100 to 300 °C, the second desorption peak from 350 to 550 °C,
and a third desorption peak at high temperature (>550 °C).
Small disparities between the two desorption profiles are, how-
ever, observed especially when the temperatures of the max-
imum desorption are compared, which are slightly shifted to
higher temperatures in the case of 10-Mo–N/SBA-15. As shown
in Figure 8, the desorption profile of 10-Mo–N/CeO2 was charac-
terized by a first desorption peak at low temperature between
50 and 150 °C, which can be related to the desorption of H2

adsorbed on the unsaturated sites from CeO2−δ surface.[21] A
second broad H2-desorption peak is observed at temperatures
ranging between 150 and 550 °C. Surprisingly, no H2 desorption
was observed at higher temperatures. The differences in H2-TPD
profiles reveal the coexistence of different possible H2 adsorption
sites, with each support displaying different Mo species popu-
lation (Mo–N, Mo6+, Mo5+, and Mo4+) after the activation steps

ChemCatChem 2024, 0, e202400494 (8 of 15) © 2024 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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Figure 9. Catalytic activity of 10-Mo–N/Al2O3, 10-Mo–N/SiO2, and 10-Mo–N/CeO2 for (a) ammonia synthesis at 400 °C and (b) ammonia decomposition from
250 to 700 °C. (c) Catalytic activity and stability of 10-Mo–N/SBA-15 and (d) catalytic activity and stability 10-Mo–N/SiO2 for ammonia synthesis at 400 °C,
450 °C, and 350 °C.

and eventually contributing to the adsorption of H2 (case of
CeO2).

2.2. Performance in NH3 Synthesis–Decomposition

The catalytic activity of Mo supported catalysts was evaluated
in ammonia synthesis and ammonia decomposition (Figure 9
and Table 3). Control tests were performed prior to the cat-
alytic tests to ensure that the empty reactor and bare supports
show no activity. As a general comment, the rates presented,
whatever the catalyst, are far below the thermodynamic limits
under the operational conditions. Thus, the trends for synthe-

sis and decomposition reflect the inherent differences in catalyst
reaction kinetics and not reaction thermodynamics.

2.2.1. Ammonia Synthesis

The catalytic activity of Mo–N supported catalysts in ammo-
nia synthesis was evaluated at a weight hourly space velocity
(WHSV) of 18 000 mL g−1 h−1 at 400 °C and at ambient
pressure (Figure 9a). When compared to the unsupported β-
Mo2N (initial rate of 76 μmol gcatalyst

−1 h−1), only 10-Mo–N/SBA-
15 catalyst (initial rate of ∼85 μmol gcatalyst

−1 h−1) displayed
a higher catalytic activity for ammonia synthesis. Under the

ChemCatChem 2024, 0, e202400494 (9 of 15) © 2024 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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Table 3. Summary of the catalytic activity of supported Mo–N supported catalysts in ammonia synthesis and ammonia decomposition.

Ammonia Synthesis Ammonia Decomposition

Initial Rate (μmol
gcatalyst

−1 h−1)
Initial Rate (μmol
gactive phase

−1 h−1)a)
Steady State Rate**
(μmol gcatalyst

−1 h−1)
T10 T100 Ea (kJ mol−1)

β-Mo2N 76 76 77 − − −
10-Mo–N/SBA-15 85 1208 51 460 585 71

10-Mo–N/SiO2 34 481 34 425 560 71

10-Mo–N/Al2O3 26 372 0 450 575 59

10-Mo–N/CeO2 NDb) ND ND 470 − 78

a) Rate normalized to the theoretical Mo2N content in the catalysts, considering a complete conversion of MoO3 to Mo2N.
b) ND: not detected, **steady state rate calculated after 5 h of reaction.

same catalytic conditions, the 10-Mo–N/SiO2 (initial rate of
∼34 μmol gcatalyst

−1 h−1) exhibited lower catalytic activity than
those observed for β-Mo2N phase and 10-Mo–N/SBA-15. When
normalized against the active phase loading, an initial rate of
∼1208 μmol gactive phase

−1 h−1 and ∼481 μmol gactive phase
−1 h−1 is

obtained over 10-Mo–N/SBA-15 and 10-Mo–N/SiO2, respectively.
Although 10-Mo–N/SiO2 catalyst did not show any sign of deac-
tivation over time of reaction, the 10-Mo–N/SBA-15 on the other
hand showed a slight deactivation during the first hour of
reaction, to stabilize at a constant production rate of 51 μmol
gcatalyst

−1 h−1, which is 60% above the stable rate obtained for
10-Mo–N/SiO2 catalyst (Table 3). In 10-Mo–N/Al2O3, the initial
ammonia synthesis rate was found to be 26 μmol gcatalyst

−1 h−1,
denoting a decrease in the catalytic activity when the active
phase is supported on Al2O3 with respect to SBA-15 and SiO2.
Furthermore, the catalytic activity of 10-Mo–N/Al2O3 was found
to decrease gradually with time until completely deactivating
after 10 h of reaction. Finally, the 10-Mo–N/CeO2 sample did not
display any catalytic activity in ammonia synthesis despite the
formation of small Mo nanoparticle species.

2.2.2. Stability of Mo–N Nanoparticles on Siliceous Supports

Stability tests have been performed for both Mo–N/SiO2 and
Mo–N/SBA-15 at different temperatures (400 °C, 450 °C, and
350 °C) for 100 h (Figure 9c,d). The results confirm that both
catalysts were stable under reaction conditions at different tem-
peratures. The effect of particle size and dispersion is evident in
SBA-15, where enhanced activity is observed compared to Mo–N
supported on commercial silica. The average rates for ammo-
nia production for Mo–N/SBA-15 were 1029, 2881, and 296 μmol
gactive phase

−1 h−1 at 400 °C, 450 °C and 350 °C, respectively,
whereas the rates for Mo–N/SiO2 were 508, 1542, and 140 μmol
gactive phase

−1 h−1 at 400 °C, 450 °C, and 350 °C, respectively The
activation energies were also calculated and found to be around
80 kJ/mol for Mo–N/SBA-15 and 90 kJ/mol for Mo–N/SiO2.

2.2.3. Ammonia Decomposition

The effect of the nature of the support in tuning the catalytic
activity of Mo species in ammonia decomposition was also stud-
ied and the results are shown in Figure 9b and in Table 3. As

expected, depending on the nature of the support, differences in
the catalytic activity of Mo species are observed. However, all the
studied catalysts were found to be active in ammonia decom-
position. At low temperatures, the order of activity, classified
as a function of 10% NH3 conversion temperature, is: 10-Mo–
N/SiO2 (425 °C) < 10-Mo–N/Al2O3 (450 °C) < 10-Mo–N/SBA-15
(460 °C) < 10-Mo–N/CeO2 (470 °C). At higher temperatures, com-
plete conversion of NH3 was achieved in the following order:
10-Mo–N/SiO2 (560 °C) < 10-Mo–N/Al2O3 (575 °C) < 10-Mo–N/SBA-
15 (585 °C) < 10-Mo–N/CeO2 (∼700 °C). These results imply that
the nature of the support was not altering severely the cat-
alytic activity of Mo species in ammonia decomposition as was
the case in ammonia synthesis. Surprisingly, by a comparison
between the siliceous supports, the catalytic activity seems to be
favored by the increase in Mo species particle size.

3. Discussion

Despite achieving high dispersion of Mo species and small par-
ticle size in all the catalysts, large disparities in the catalytic
activity in ammonia synthesis were observed, where the catalysts
supported on silica were better performing and more stable.
On the contrary, complete deactivation of 10-Mo–N/Al2O3 after
10 h of reaction is observed, and 10-Mo–N/CeO2 displayed no
catalytic activity, suggesting an important role of the support
in modulating the final state of the Mo phase. To probe the
origin of the catalytic activity differences, the surface composi-
tion was studied by means of XPS. Before the activation step,
Mo6+ was the predominant species in all the supported 10-Mo–
O/support materials. However, upon nitridation and depending
on the nature of the support, various oxidation states were
detected. Over siliceous-based supports, the catalysts showed
similar XPS profiles where most of Mo–O species were converted
successfully to Mo–N in both catalysts. This stands to show that
the nitridation mechanism remained unchanged when switch-
ing between two supports of the same nature. A high level of
nitridation was also reported for the alumina supported catalyst
for which Mo–N species were quantified at 82.0 at.% alongside
Mo5+ (18.0 at.%). Surprisingly, the distribution of Mo species was
found to be quite different in 10-Mo–N/CeO2 where only a small
fraction of Mo species was nitrided, 4.5 at.%; after the activa-
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Figure 10. Impact of support identity on the chemical composition and performance of supported molybdenum nitrides in ammonia synthesis. Note:
10-Mo–N/CeO2 sample: proportion of Mo5+ issued from XPS.

tion step, Mo species predominantly formed are Mo4+ (65.5 at.%),
Mo6+ (25.6 at.%), and to a lesser extent Mo5+ (7.4 at.%). The sta-
bilization of Mo oxides species when supported on CeO2 might
explain the absence of catalytic activity of 10-Mo–N/CeO2 catalyst
in ammonia synthesis. The differences in the catalytic behavior
cannot be solely explained by the differences in Mo–N species
concentration (Figure 10). 10-Mo–N/Al2O3 displayed the highest
surface concentration of Mo–N species but displayed lower cat-
alytic activity and poor stability as a function of time, leading to a
complete deactivation measured after only 10 h of reaction. The
catalytic activity of Mo–N species was found to be dependent

to crystallographic phases formed (i.e., β-Mo2N and δ-MoN)[14]

and degree of nitridation (δ-MoN).[14,22] Furthermore, the hydro-
gen chemisorption capacity of Mo–N species were observed to
be influenced by several factors such as chemical composition
(Moδ+/N ratio), Mo oxidation states, and nitrogen-deficient site
density,[23] and the mechanism of MoO3 nitridation is sensitive
to several parameters (particle size, support, gas composition,
space velocity):[24]

(i) nitridation of MoO3 to β-Mo2N proceeds through initial
reduction to MoO2, further nitrided to MoNx (without forma-
tion of Mo(V) species).[23,25]

ChemCatChem 2024, 0, e202400494 (11 of 15) © 2024 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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(ii) γ -Mo2N forms through molybdenum bronze
(HxMox

5+Mo1-x
6+O3) as an intermediate species before

nitridation.[24a]

Thus, the formation of a specific Mo–N phase can be mod-
ified by an appropriate control of the nitridation conditions[26]

and/or by controlling the Mo-support interaction. Based on
the results obtained, the nitridation process was observed to
be significantly different in the case of 10-Mo–N/Al2O3 catalyst
where large quantity of Mo5+ species was detected. The con-
centration of Mo5+ increased with time of reduction to reach
a plateau after 40 min of nitridation. In these conditions, the
formation of hydrogen molybdenum bronze (HxMox

5+Mo1-x
6+O3)

intermediates is likely. Another hypothesis could be the forma-
tion of Al2(MoO4)3, as suggested by XPS with a BE ∼73.6 eV
corresponding to Mo–O-Al, hosting the pentavalent Mo.[27] This
formation is not inconsistent with the absence of crystalline
aluminum molybdate phase by XRD, considering the limited sen-
sibility of the technique (poor crystallinity, small clusters), and
finally the limited proportion of Mo involved in the aluminum
molybdate phase. Thus, it is more likely, that a part of the
Mo species is located in the aluminum–molybdate extra phase,
associated to the reactivity of hydroxylated surface of transi-
tion alumina, which might explain the low initial activity rate of
10-Mo–N/Al2O3 (26 μmol gcatalyst

−1 h−1) when compared to 10-Mo–
N/SBA-15 (84 μmol gcatalyst

−1 h−1). The progressive formation of
Al2(MoO4)3, might be also responsible for the deactivation of the
catalyst.[28] In contrast with 10-Mo–N/Al2O3, only a weak isotropic
Mo5+ signal is observed for silica-based catalysts, which rapidly
disappeared during the activation step of Mo species. It indi-
cates that the process of nitridation is rather dominated by direct
reduction of Mo6+ to Mo4+ without massive Mo5+ intermediate
formation. Part of the discrepancies in the catalytic activity might
be explained by the differences of Mo-species populating the
surface.

The example of 10-Mo–N/CeO2 showcased the role of CeO2

in stabilizing MoOx species and slowing down the nitridation
process, leading to an inactive catalytic material under the
same conditions of activation used for silica and alumina sup-
ported catalysts. However, modification of activation conditions
(i.e., higher reduction temperature for ceria reduction) could be
envisaged to modify electron transfer ability of the support and
improve Mo phase nitridation.

4. Conclusion

The preparation of supported nitride phases offers an ele-
gant approach for the preparation of small Mo–N nanoparticles
with good performances for ammonia synthesis and ammo-
nia decomposition. The results of characterizations confirmed
the high dispersion of Mo species within the different sup-
ports (namely a commercial SiO2 and a mesostructured SBA-15
silica, commercial Al2O3 and CeO2). However, the performance
and stability of Mo–N supported catalysts was found to be
largely dependent on the nature of the supports. An initial rate

of ∼1208, ∼481, and ∼372 μmol gactive phase
−1 h−1 is obtained

over 10-Mo–N/SBA-15, 10-Mo–N/SiO2 and 10-Mo–N/Al2O3 cata-
lysts, respectively, whereas 10-Mo–N/CeO2 did not express any
catalytic activity. Furthermore, 10-Mo–N/Al2O3 deactivated after
few hours of reaction, whereas catalysts supported over silica
are far more stable with time. XPS analysis and EPR revealed
that the identity and distribution of Mo (Mo–N, Mo6+, Mo5+,
Mo4+,) species formed during the activation process were sig-
nificantly influenced by the nature of the support. For instance,
when supported on CeO2, Mo species were predominantly sta-
bilized in the oxidic forms and only a small fraction was found
to be nitrided upon the activation step. The low concentration
of Mo–N species in of 10-Mo–N/CeO2 resulted in very low cat-
alytic activity in ammonia synthesis. Despite the large gap in
the catalytic behavior of Mo when supported on siliceous sup-
ports (SBA-15 and SiO2) or on Al2O3, XPS analysis confirmed
the successful nitridation of Mo species during the activation
step on both types of supports. However, in situ EPR revealed
that the process of nitridation of Mo species followed a differ-
ent path depending on the nature of the support. The catalytic
activity of Mo species in ammonia decomposition was also inves-
tigated, revealing variations in activity depending on the nature
of the support. Nonetheless, all studied catalysts were active in
ammonia decomposition. At both low and high temperatures,
the order of activity differed across supports, with 10-Mo–N/SiO2

showing the highest activity. These results demonstrate the
prominent role of the identity of the support in tuning the prop-
erties of the active sites and thus impacting the performance of
Mo species in the catalytic activity.

5. Methodology

5.1. Catalyst Preparation

5.1.1. Chemicals

The following chemicals and commercial supports were pur-
chased and used with no further purification: ammonium para-
heptamolybdate tetrahydrate ((NH4)6Mo7O24.4H2O, 99 wt%, Alfa
Aesar), SiO2 (Saint-Gobain NORPRO SS61138), Al2O3 (Saint-Gobain
NORPRO SA6176), and CeO2 (Solvay ECL15).

5.1.2. Mo–N Supported Catalyst

Mesoporous SBA-15 support was produced by hydrothermal
method, under acidic conditions as described elsewhere.[29] The
available commercial supports (i.e., Al2O3, SiO2, and CeO2) were
utilized without prior treatment.

Supported molybdenum oxides were prepared by incipi-
ent wetness impregnation (IWI) method. In this procedure, the
required weight of Mo precursor ((NH4)6Mo7O24.4H2O, Aesar) was
first dissolved in a volume corresponding to the pore volume of
the respective support and then mixed with the support. The
resulting mixture was aged during 5 days at 25 °C and then cal-
cined at 400 °C with a heating rate of 1.5 °C min−1 for 5 h. All the
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samples underwent a calcination step at 400 °C, 1.5 °C min−1, for
5 h to form MoO3 oxide phase. The nitridation process was con-
ducted prior to catalytic reaction, during the pretreatment step,
at 700 °C under a 75 vol% H2/N2 (BOC, 99.98%) gas mixture at a
total gas flow of 60 mL min−1 for 2 h.

Herein, the samples obtained after the calcination step are
denoted 10-Mo–O/support. The catalysts obtained after the pre-
treatment step are referred to as 10-Mo–N/support, and the post
reaction samples as 10-Mo–N-PR/support, where X is the wt% of
α-MoO3 (X = 10 wt%).

5.2. Catalyst Characterization

5.2.1. X-ray Diffraction (XRD)

Powder X-ray diffraction (XRD) of the calcined and postreaction
samples was performed using a Bruker X-ray AXS D8 Advance
diffractometer in Bragg–Brentano geometry configuration fit-
ted with a LynxEye Super Speed detector. XRD patterns were
recorded with a Cu Kα radiation (λ = 0.154 nm, 40 kV, 30 mA)
over a range of 10–80° and a scan rate of 0.02°/step and scan
time of 0.5 s/step. Crystal phase identification was made by
comparison with the ICDD database.

5.2.2. Inductively Coupled Plasma–Optical Emission
Spectrometer (ICP–OES)

Prior to analysis, the catalysts were dissolved in a diluted mixture
of HF–HCl and heated under microwave until complete dissolu-
tion. The concentration of Mo was determined using sequential
scanning inductively coupled plasma with an optical emission
spectrometer (Perkin Elmer Optima 2000 DV).

5.2.3. Elemental Analysis

The nitrogen content of the post reaction samples was deter-
mined by an elemental analyzer Vario Cube.

5.2.4. Nitrogen Physisorption

Surface areas and textural properties were determined by nitro-
gen physisorption using a Micromeritics Tristar II automated gas
sorption system at the boiling temperature of liquid nitrogen.
Before analysis, the samples were outgassed under dynamic vac-
uum at 300 °C for 3 h. Specific surface area and pore volume
were then determined by the multipoint Brunauer-Emmett-Teller
plot (BET) and by the Barrett, Joyner, and Halenda (BJH) method.
The total pore volume (Vpore) was determined on the adsorption
branch at P/P0 = 0.97, whereas the micropore volume (Vmicro) was
determined by the t-plot method.

5.2.5. X-ray Photoelectron Spectroscopy (XPS)

XPS spectra were recorded on a Kratos Analytical AXIS Ultra DLD
spectrometer employing a monochromatic Al Kα X-ray radiation
(1486.6 eV), with an electron analyzer operating in a fixed pass

energy of 20 eV. Binding Energies (BE) were calibrated to the C─C
bonding signal in the C 1s core level at 284.8 eV. A pretreatment
environmental activation chamber was used to mimic the cat-
alytic pretreatment prior to analysis at 700 °C for 2 h under a
60 mL min−1 flow of 75 vol% H2/N2. The results were fitted using
CasaXPS V2.3.24 software.

5.2.6. Transition Electron Microscopy (TEM)

Morphology analysis was performed using a TITAN Themis 300
S/TEM equipped with a high brightness Schottky field emission
gun, a monochromator, and a probe aberration corrector, allow-
ing energy and special resolution of approximately 150 meV and
70 pm, respectively. The microscope is equipped with annular
dark field detectors and a super-X detector system comprising
four windowless silicon drift detectors for electron dispersive
x-ray spectroscopy (EDS). The experiments were conducted at
300 kV with a semiconvergence angle of ∼20 mrad, a probe size
of ∼500 pm, and probe current between 60 and 100 pA. For
high angle annular dark field (HAADF) imaging, the collection
angles ranged from 50 to 200 mrad. EDS mapping was obtained
using spectrum imaging mode with dwell time of 15 ms per pixel
and continuously scanning frames until total acquisition time of
about 15–20 minutes. For analysis, the samples were deposited
on a 200-mesh lacey carbon.

5.2.7. Continuous Wave Electron Paramagnetic Resonance
Measurement (CW EPR)

CW EPR experiments were recorded a Bruker high temperature
resonator. The experiments were carried out at a frequency of
9.5 GHz with a modulation amplitude of 1 G and a microwave
power of 5 mW. For kinetics study, the EPR experiment were con-
ducted at 700 °C, under 75 vol% H2/N2, where the spectra were
collected for 2 h with a spectrum recorded each 40 s. The quan-
tification of Mo5+ is related to the pure Mo5+ reference. The Mo5+

proportion is calculated by the ratio of double integral of EPR
signal normalized by the weight of analyzed sample.

5.2.8. Redox Properties

H2-temperature programmed reduction (H2-TPR) was performed
in an Autochem chemisorption instrument (Micromeritics)
equipped with a TCD for analysis. After an initial pretreatment
step at 200 °C (under 50 mL min−1 of synthetic air, heating rate
of 5 °C min−1, 30 min), H2-TPR experiments were performed from
25 to 1000 °C under 50 mL min−1 of 5.0 vol% H2 in Ar (heating
rate of 5 °C min−1).

5.2.9. Hydrogen Chemical Adsorption

H2-temperature programmed desorption (H2-TPD) was con-
ducted in an Autochem chemisorption instrument (Micromerit-
ics) equipped with a TCD. In a typical test, 0.5 g of Mo–O/support
was added to the reactor and pretreated under 75 vol% H2 in N2

(50 mL min−1) at 700 °C for 2 h to obtain Mo–N/support. After
cooling to ambient temperature, Ar gas flow was used to purge

ChemCatChem 2024, 0, e202400494 (13 of 15) © 2024 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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the sample for 1 h. The purge was followed by the adsorption
of H2 step (under 5 vol% H2 in Ar, 50 mL min−1) and switched
back to Ar (50 mL min−1) for 1 h to remove all the physisorbed
molecules of H2. The H2 desorption was conducted by increasing
the temperature (1 °C/min) until reaching 700 °C under Ar flow
(50 mL min−1).

5.3. Catalytic Activity

5.3.1. Ammonia Synthesis

In a typical experiment, 0.2 g of 10-Mo–O/support was placed
in a quartz reactor tube held centrally in a vertical furnace.
Prior to the ammonia synthesis reaction, the sample was acti-
vated at 700 °C (10 °C min−1) under 75 vol% H2/N2 (BOC,
99.98%) at 60 mL min−1 for 2 h to obtain the corresponding
nitride X-Mo–N/support. After the activation step, the reactor
was cooled down, and the reaction was performed at 400 °C and
atmospheric pressure using the same gas mixture and gas flow.

The reactor effluent steam was flowed to a 200 mL of H2SO4

solution (0.0018 M), and ammonia production was calculated
from the conductivity variation rate. The catalytic activity was
monitored as a function of reaction time.

5.3.2. Ammonia Decomposition

The performance of 10-Mo–N/support catalysts in ammonia
decomposition reaction was investigated under a 15 vol% NH3/Ar
(BOC, 99.98%) gas mixture at a total gas flow of 100 mL min−1.
The reaction was carried out in a quartz reactor containing 0.6 g
of catalyst that was subject to a similar activation step as in the
ammonia synthesis test. After activation 700 °C, the catalyst was
cooled to ambient temperature under 75 vol% H2/N2. The cat-
alytic activity was then measured between 250 and 700 °C by
steps of 100 °C (30 min at each step) from 250 to 450 °C and
then by steps of 50 °C (30 min at each step) from 450 to 700 °C.
Ammonia conversion was determined using an FTIR analyzer.
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