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The catalytic effect of nitrogen incorporation into Mo on hydrogenation (of -NO2 to -NH2 in nitrobenzene to aniline) and
hydrogenolysis (of -C=O in benzaldehyde to toluene) processes has been assessed. Bulk Mo was prepared by temperature
programmed reduction of MoO3 (in H2 to 933 K) and β-Mo2N (confirmed by powder XRD) subsequently synthesised by Mo
nitridation in N2/H2. Two intermediate samples (MoN-1 and MoN-2) with different Mo/N ratio were prepared by altering
the duration (1 and 2 h) of the nitridation step. XPS analysis revealed a nitrogen surface enrichment (Mo/N = 2.2→0.9
from MoN-1 to β-Mo2N) relative to the bulk (Mo/N = 5.1→2.5). Incorporation of N did not affect morphology and each
sample exhibited (by SEM analysis) aggregates (<5 μm) of crystals (27-36 nm) with unchanged specific surface area (ca. 4
m2 g-1). Hydrogen chemisorption and release (by TPD) increased with decreasing Mo/N (Mo < MoN-1 < MoN-2 < β-Mo2N).
Gas phase hydrogenation of nitrobenzene to aniline exhibited increasing rate from Mo→β-Mo2N, attributed to higher
availability of surface heterolytic hydrogen (on Mo-N). In contrast, conversion of benzaldehyde to toluene was favoured by
increasing Mo/N (from β-Mo2N→Mo) where hydrogenolytic -C=O scission is favoured by homolytic hydrogen
chemisorption (on Mo). Our results provide the first evidence that N incorporation in Mo structure can control catalytic
hydrogenation vs. hydrogenolysis performance.

Introduction
The application of Mo nitrides in catalytic hydrotreatment is
1
now established. Work to date has largely focused on
hydrogenolysis with higher activity relative to commercial Ni2
3
Mo/Al2O3 in hydrodesulfurisation and hydrodenitrogenation.
Moreover, enhanced hydrogenation selectivity has also been
reported with respect to conventional supported metal (e.g.
4-6
Pd or Pt) catalysts. The two main allotropic forms (cubic γMo2N and tetragonal β-Mo2N) have shown different catalytic
properties where β-Mo2N has delivered higher specific (i.e.
6-10
surface area normalised) hydrogenation rates.
While the
catalytic application of γ-Mo2N has been the subject of
11-14
appreciable research,
the use of β-Mo2N has not been
considered to the same extent. Nevertheless, β-Mo2N has
been employed to promote hydrodenitrogenation of
15
16
carbazole,
hydrodesulfurisation of thiophene
and
17
7
dibenzothiophene and in ammonia synthesis. We have
demonstrated the potential of β-Mo2N in selective
hydrogenation with promising results in the production of
18-20
6
functionalised anilines
and ethylene. It is generally
accepted that the adsorption and catalytic properties of
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transition metal nitrides in hydrogen mediated reactions are
governed by both bulk structure and surface composition
where (i) Mo oxidation state, (ii) degree of nitridation and (iii)
Mo (nitrogen deficient Mo nitride) site density are critical
21
parameters. An explicit identification of the catalytically
active
site(s)/species
remains
challenging.
In
the
δ+
hydrogenation of alkadiene, Mo at lower oxidation state (Mo
where 0 ≤ δ < 4) was proposed to exhibit higher activity, which
22
was attributed to a more effective alkadiene activation. An
3,21
observed
dependence of pyridine hydrodenitrogenation on
surface Mo/N serves to illustrate the importance of the degree
of nitridation. Metallic Mo edge and N deficient sites have
been proposed as the principal source of hydrogenation and
8,13,23-25
hydrogenolysis activity.
There is some evidence that H2
13,23,26
adsorbs on Mo2N at nitrogen deficient sites
and it has
been suggested that the activity response in the
8,24
hydrogenation of carbazole (to perhydrocarbazole,)
indole
25
13
(to indoline) and butadiene (to butane) is related to the
action of metallic Mo. Moreover, carbazole and
perhydrocarbazole C-N hydrogenolysis is thought to proceed
8,24
on N deficiencies
whereas hydrogenolysis of the indoline C25
N bond occurs on Mo sites.
β-Mo2N can be synthesised via temperature programmed
7,16,27
reduction/nitridation of MoO3 in N2/H2.
Nitride formation
follows a non-topotactic route, i.e. disruption of precursor
morphology, with a stepwise reduction (MoO3→MoO2→Mo)
18,28
and subsequent nitridation
The oxide precursor (MoO3)
16,18,29
can be reduced to Mo in H2 at temperatures 933 K.
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Metallic Mo has exhibited catalytic activity in a range of H2
29
mediated reactions, including hydrogenation of benzene, 130,31
22
32
hexene,
alkadiene and hydrogenolysis of propanol. A
search through the literature revealed only one reported
comparison of the catalytic action of β-Mo2N with Mo where
the former delivered higher carbazole hydrodenitrogenation
8
but lower hydrogenation rates. This was attributed to
different active site requirements for hydrogen scission and
addition steps. In this study, we examine the catalytic effect of
a systematic increased N incorporation into Mo structure on
hydrogenation and hydrogenolysis. The Mo/N content can be
effectively controlled by varying the duration or temperature
16,33
18-20
of the nitridation step.
Drawing on previous work
that
has established nitro-group hydrogenation activity and
selectivity for β-Mo2N, we have employed nitrobenzene as
model reactant and have examined hydrogenolysis
performance in the conversion of benzaldehyde to toluene.

Experimental

3

Catalyst Preparation
Bulk Mo was prepared in a horizontally mounted quartz
reactor (1 cm i.d.) via temperature programmed reduction of
3
-1
MoO3 (ca. 4 g, 99.9995%, Alfa Aesar) in H2 (30 cm min , GHSV
-1
-1
= 460 h ) at 5 K min to 933 K, maintaining the final
3
temperature for 75 h then switching to an Ar flow (30 cm min
1
) for 30 min and cooling to ambient temperature. Samples for
off-line characterisation were passivated at 298 K in 1% v/v
O2/He; no increase in temperature was detected during
passivation. The latter step was introduced to avoid
34
uncontrolled sample oxidation upon exposure to air. The Mo
powder obtained was then subjected to temperature
programmed nitridation in N2/H2, using a commercial CHEMBET 3000 (Quantachrome) unit. The Mo precursor was loaded
3
-1
in a quartz cell (0.4 cm i.d.) and contacted with 15 cm min
-1
(GHSV = 1500 h ) 15% v/v H2/N2 at 298 K for 1 h and heated (5
-1
K min ) to 933 K. The effluent gas passed through a liquid N 2
trap and N2 and H2 consumption was monitored by a thermal
conductivity
detector
(TCD)
with
data
TM
acquisition/manipulation using the TPR Win software. The
TCD response is presented Figure 1. The final temperature
(933 K) was maintained for 5 h at which point the signal
33
returned to baseline, i.e. complete nitridation. It is known
that altering the duration of the final isothermal hold can
impact on the degree of nitridation. Two partially nitrided
samples, denoted as MoN-1 and MoN-2, were accordingly
generated by maintaining the final temperature for 1 h and 2
h, respectively (see Figure 1). The reaction was then quenched
3
-1
by switching to an Ar flow (65 cm min ) and the samples
cooled to ambient temperature with passivation, as described
above.
Characterisation
Temperature programmed reduction (TPR)/desorption (TPD),
total specific surface area (SSA) and H2 chemisorption (at
ambient temperature) were carried out using the CHEM-BET
3000 unit. Passivated (Mo, MoN-1, MoN-2 and β-Mo2N)

-

samples were loaded in a quartz cell and heated in 17 cm min
1
-1
5% v/v H2/N2 at 5 K min to 673 K. The activated samples
were maintained at the final temperature in a constant flow of
3
H2/N2 until return of the signal to baseline, swept with 65 cm
-1
min N2 for 1.5 h and cooled to ambient temperature. The
samples were then subjected to H2 chemisorption using a
3
pulse (10 µl) titration procedure, followed by TPD in N 2 (65 cm
-1
-1
min ) at 45 K min to 933 K. SSA were determined in 30% v/v
N2/He with N2 as internal standard using the single point BET
method. At least 3 cycles of N2 adsorption-desorption in the
flow mode were employed to determine total area using the
standard single point method. Measurements were
reproducible to within ±6% and the values quoted represent
the mean. Powder X-ray diffractograms were recorded on a
Bruker/Siemens D500 incident X-ray diffractometer using Cu
K radiation. The samples were scanned at a rate of 0.02º
-1
step over the range 5º ≤ 2θ ≤ 85º. Diffractograms were
identified using the JCPDS-ICDD reference standards, i.e. Mo
(42-1120) and β-Mo2N (25-1368). Crystal particle size (dhkl) was
estimated using the Scherrer equation:

dhkl =

K×λ

(1)
β × cosθ
where K = 0.9, λ is the incident radiation wavelength (1.5056
Å), β is the peak width at half the maximum intensity (in rad)
and θ represents the diffraction angle corresponding to the
main plane associated with Mo (2θ = 40.5°) and β-Mo2N (2θ =
37.7°). Elemental (bulk nitrogen) analyses were conducted
using an Exeter CE-440 Elemental Analyser after sample
combustion at ca. 1873 K. Analysis by scanning electron
microscopy (SEM) was carried out with a Philips FEI XL30-FEG
equipped with an Everhart-Thornley secondary-electron (SE)
detector, operated at an accelerating voltage of 10-15 kV and
using NORAN System SIX (version 1.6) for data
acquisition/manipulation. Before analysis, the samples were
subjected to hydrocarbon decontamination using a plasmacleaner (EVACTRON). X-ray photoelectron spectroscopy (XPS)
measurements were conducted using an Axis Ultra instrument
(Kratos) with a monochromatic Al K X-ray source (1486.6 eV).
Prior to analysis, the samples were adhered to a conducting
carbon tape, mounted in the sample holder and subjected to
-8
ultra-high vacuum conditions (<10 Torr). The source power
was maintained at 150 W and the emitted photoelectrons
2
were sampled from a square area of 750×350 m ; the
photoelectron take-off angle was 90°. The analyser pass
energy was 80 eV for survey spectra (0–1000 eV) and 40 eV for
high resolution spectra (over the Mo 3d3/2 and Mo 3d5/2
binding energy (BE) range, 226-238 eV). The adventitious C 1s
peak was calibrated at 284.5 eV and used as internal standard
to compensate for any charging effects. The instrument work
function was calibrated to give a BE of 84.00 eV for the Au 4f7/2
line for metallic gold (Metalor) and the spectrometer
dispersion was adjusted to give a BE of 932.70 eV for the Cu
2p3/2 line for metallic copper (Metalor). Spectral curve analysis
employed the CasaXPS software.
Catalytic Runs
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The catalytic conversion of nitrobenzene (T = 493 K) and
benzaldehyde (T = 523 K) were carried out under atmospheric
pressure, immediately after in situ activation, in a fixed bed
vertical glass tubular reactor (1.5 cm i.d.). The reactions were
conducted under the operating conditions where heat/mass
transport limitations were negligible. A layer of borosilicate
glass beads served as preheating zone, ensuring that the
organic reactant was vaporised and reached reaction
temperature before contacting the catalyst. The reaction
temperature was continuously monitored using a
thermocouple inserted in a thermowell within the catalyst
bed. Reactant (as a solution in ethanol) was delivered at a fixed
3
-1
calibrated flow rate (1.2 cm h ) via a glass/Teflon air-tight
syringe and Teflon line using a microprocessor controlled
infusion pump (Model 100 kd Scientific). A co-current flow of the
reactant and ultra pure H2 (<1% v/v organic in H2) was
4 -1
maintained at a GHSV = 2 × 10 h with an inlet reactant molar
-1
flow (F) of 9-38 μmol h . The H2 content was well in excess of
the stoichiometric requirement in respect to the products
generated and the flow rate was monitored using a Humonics
(Model 520) digital flowmeter. The mass of catalyst to inlet
reactant molar feed rate (m/F) spanned the range 266-5281 g
-1
h mol . Reaction of benzyl alcohol was also carried out over
-1
Mo and β-Mo2N (T = 523 K, m/F = 1250-2083 g h mol ) in
order to probe the benzaldehyde conversion pathway. In a
series of blank tests, passage of each reactant in a stream of H 2
through the empty reactor did not result in any detectable
conversion. The reactor effluent was frozen in a liquid nitrogen
trap for subsequent analysis, which was made using a PerkinElmer Auto System XL gas chromatograph equipped with a
programmed split/splitless injector and a flame ionization
detector, employing a DB-1 50 m  0.33 mm i.d., 0.20 μm film
thickness capillary column (J&W Scientific). Nitrobenzene (Fluka,
purity ≥99 %), aniline (Sigma-Aldrich, ≥99%), benzaldehyde
(Fluka, ≥98 %), toluene (Sigma-Aldrich, ≥99%), benzyl alcohol
(Riedel-de Haën, ≥99 %) and ethanol (Sigma Aldrich, ≥99 %)
were used as supplied without further purification. All the
gases (H2, N2, Ar, O2 and He) employed were of ultra high
purity (>99.99 %, BOC). Reactant fractional conversion (XNB),
taking nitrobenzene (NB) as representative, was obtained from

XNB =

[NB]in - [NB]out

(2)

[NB]in

and selectivity with respect to aniline (AN), as
(hydrogenation) target product, is given by
SAN (%) =

[AN]out

× 100

the

(3)

[NB]in - [NB]out

where [NB] and [AN] are, respectively, the concentrations of
nitrobenzene and aniline; the subscripts "in" and "out" refer to
the inlet and outlet streams. Repeated reactions with different
samples from the same batch of catalyst delivered raw data
reproducibility and carbon mass balance within ±5 %.

Results and Discussion
Synthesis and Characterisation
Treatment of MoO3 in H2 to 933 K generated solely Mo, as
confirmed by XRD analysis (Figure 2(a)) where the only peaks
detected (at 40.5°, 58.6° and 73.7°) match the JCPDS-ICDD
reference standard (42-1120) in terms of both position and
relative peak intensity. There were no detectable signals
associated with the main planes of MoO3 (JCPDS-ICDD 350609) or MoO2 (JCPDS-ICDD 32-0671). The Scherrer expression
(eqn. (1)) was used to calculate Mo crystal size (dhkl = 36 nm,
Table 1), which falls within the range (10-100 nm) of values
35
quoted in the literature. SEM analysis was conducted to
evaluate morphological features and a representative
micrograph for Mo is shown in Figure 3(a), which reveals
irregularly shaped aggregates (<5 μm). The associated SSA is
2 -1
low (ca. 4 m g , Table 1) but comparable to that recorded for
2
commercial and laboratory synthesised Mo samples (1-13 m
-1 35
g ). The TCD response generated during the nitridation of
Mo is shown in Figure 1. The negative peak, observed during
the temperature ramp can be attributed to H2 consumption
due to the removal of the passivation layer (see Experimental
section) before incorporation of nitrogen. Nitrogen
consumption generated a broad positive signal with a return to
baseline after the isothermal hold (5 h), indicating complete
sample nitridation. The bulk Mo/N ratio for β-Mo2N
determined from N2 consumed during nitridation (2.5)
matches that obtained from elemental analysis (2.6; Table 1)
7,8,27
and is in good agreement with the literature (2.5-2.8).
XRD
analysis (Figure 2(d)) confirms full nitridation with no peak(s)
due to residual Mo in evidence. The 8 peaks identified are
consistent with the main reflections of β-Mo2N (JCPDS-ICDD
25-1368). A particle size (dhkl, Table 1) of 27 nm is in the upper
8,10,36
range of values (3-30 nm) reported previously.
The
equivalent crystal size obtained for Mo and β-Mo2N (36 nm vs.
27 nm) suggests that no significant morphological
modifications occurred during nitridation. This also follows
from the β-Mo2N SSA that converges with the starting Mo (ca.
2
-1
2
-1 7,16,18
4 m g ) and is comparable with values (2-17 m g )
recorded for β-Mo2N synthesised via temperature
programmed reaction in N2+H2.
In order to probe the correlate Mo/N with the catalytic
response, two additional samples (MoN-1 and MoN-2) were
generated by modifying the duration of the nitridation step,
i.e. 1 and 2 h, respectively, relative to the 5 h required to
generate β-Mo2N (Figure 1). The XRD diffractograms shown in
Figure 2 for (b) MoN-1 and (c) MoN-2 exhibit only peaks due to
Mo and β-Mo2N. The intensity ratio of the principal plane for
β-Mo2N (at 37.7º) relative to that of Mo (40.5º) was used to
estimate the β-Mo2N:Mo ratios (see Table 1) where a higher
Mo2N content was established for the composite sample MoN2 subjected to nitridation for 2 h. The bulk Mo/N measured
from N2 consumption and elemental analysis of the solid
samples are again in good agreement where the ratios follow
the order MoN-1 > MoN-2 > β-Mo2N. Representative
micrographs for (b) MoN-1, (c) MoN-2 and (d) β-Mo2N shown
Figure 3 reveal an equivalent overall morphology that matches
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18

the starting Mo, as noted elsewhere.
In previous work,
we proposed that a disruption of the crystal structure occurs
during the MoO3→MoO2 reduction step and the resultant
structure is retained in the subsequent steps MoO2→Mo→βMo2N. This is in agreement with the results presented here
where the switch from a body-centred cubic to tetragonal
structure with nitrogen incorporation was not accompanied by
any distinguishable variation in morphology or surface area
(Table 1).
XRD and elemental analyses provide information on bulk
properties but these can differ significantly from surface
37
characteristics. As the catalytic step proceeds on the surface
actives sites, complementary characterisation of surface
composition is essential. The XPS profile measured for Mo
(Figure 4(a)) is dominated by a peak with a BE = 228.0 eV that
δ+
38
can be attributed to Mo (0 ≤ δ < 2) for passivated Mo.
While metallic Mo is characterised by a Mo 3d5/2 spin
30,31,39
component at 227.8 ± 0.1 eV
, the formation of a
passivating oxide layer is known to shift the peak to higher
22,31
BE.
The XPS profile for β-Mo2N (Figure 4(d)) exhibits a main
δ+
signal at higher BE (= 228.5 eV) that is characteristic of Mo (2
36,40,41
≤ δ < 4) for passivated β-Mo2N.
The second spin
component for both Mo and β-Mo2N (BE given in Table 1) can
4+
29
5+
be ascribed to contributions from Mo (229.9 eV) and Mo
34,42
(231.6 eV)
species. The Mo 3d5/2 signal for β-Mo2N is
shifted to a significantly higher BE (by 0.5 eV) relative to Mo,
indicating differences in oxidation state for both samples. The
XPS response for MoN-1 (b) and MoN-2 (c) largely converges
with the profile for β-Mo2N, with a main peak at 228.5±0.1 eV.
This suggest that there is no significant influence due to the
degree of nitridation on the distribution of Mo valence states,
33
which is in agreement with the literature. The signal at higher
BE (235.7-236.0 eV) for the four samples can be related to the
6+
7,42
occurrence of Mo resulting from the passivation step.
The
samples of surface Mo/N obtained from XPS (Table 1) confirm
decreasing Mo/N with increasing nitridation and demonstrate
a surface enrichment by nitrogen relative to bulk values.
37
Demczyk and co-workers also observed a higher surface
nitrogen content and attributed this to a stoichiometry
(possibly Mo2N3-xOx) that differs from the bulk. Moreover,
10
Ghampson et al.
proposed that nitrogen can be
accommodated on the near surface at interstitial sites and
defects, such as grain boundaries leading to lower Mo/N. The
results establish four distinct samples, pure Mo and β-Mo2N
and two composites (MoN-1 and MoN-2) with (a) similar
morphological characteristics (<5 μm aggregates of crystals
2 -1
(27-36 nm) and SSA (ca. 4 m g )), (b) decreasing Mo/N in the
order Mo > MoN-1 > MoN-2 > β-Mo2N with a higher surface
δ+
(relative to bulk) nitrogen content and (c) Mo species (0 ≤ δ ≤
6) where increased N content resulted in higher oxidation
states.
TPR, H2 Chemisorption-TPD
Removal of the passivation layer, prior to catalysis, was
achieved by TPR. The profile for the passivated Mo is
presented in Figure 5(aI) and shows a single positive peak at
22
673 K. Li et al. also applied a reductive treatment (in H2 to

723 K) to remove the protective oxide layer from Mo but did
not provide any detailed TPR analysis. TPR of β-Mo2N Figure
5(aII) also exhibited a similar H2 consumption peak with a Tmax
that is within the 590-780 K range reported for passivated
14,43
Mo2N.
The TPR profiles for MoN-1 and MoN-2 (not shown)
generated an equivalent response, i.e. single peak at the same
Tmax. The passivation treatment can be assumed to result in a
monolayer oxygen coverage and H 2 consumed during TPR
should be proportional to surface area. Equivalency in H 2
-1
consumption for the four samples (15716 μmol g ; Table 2) is
2 -1
consistent with the similar SSA (ca. 4 m g ). Hydrogen uptake
(by pulse titration) and release (by TPD) were measured and
the results are given in Table 2. The available literature on the
44-46
45
dynamics of H2 interaction with Mo is limited.
ARPES and
46
LEED analyses have shown that H 2 can adsorb on the (110)
plane of Mo although quantitative measurements were not
provided in these studies. We recorded a total H2 uptake of
-1
0.23 μmol g on Mo at ambient temperature but could not find
any value to compare this with one in the open literature. A
measurably higher H2 chemisorption capacity was observed for
-1
β-Mo2N (0.35 μmol g , Table 2) while adsorption on MoN-1
and MoN-2 delivered intermediate values where uptake
increased with increasing degree of nitridation. This is
13,26,47-49
consistent with publications
indicating that the
incorporation of N in Mo-phase creates supplementary sites
that can modify reactant (H2 and organic) adsorption and alter
the catalytic response. Hydrogen interaction with metallic Mo
50
leads to homolytic dissociation while heterolytic dissociation
51,52
on Mo-N pairs results in Mo-H and N-H formation.
Both
dissociation mechanisms are possible for Mo nitride but
heterolytic interaction is favoured on coordinatively
52
unsaturated Mo sites. Hydrogen TPD generated the profiles
for (I) Mo and (II) β-Mo2N shown in Figure 5(b), which are
characterized by H2 release over a broad temperature interval
with Tmax in the final isothermal hold (933 K). Desorption at
temperatures >500 K has been associated with loss of H 2 from
53
bulk β-Mo2N. Hydrogen released during TPD (Table 2) was up
to 24 times greater than that chemisorbed, suggesting that the
major uptake occurred during TPR. A migration of hydrogen to
26
51-53
high energy surface sites (e.g. N) and nitride sub-layers
has been proposed, which results in strong interactions and
the requirement of elevated temperatures for release. The
enhanced H2 chemisorption (and total release) observed in this
study can be linked to lower surface (and bulk) Mo/N ratios,
where the incorporation of nitrogen serves to facilitate H 2
uptake.
Hydrogenation Activity: Nitrobenzene to Aniline
The catalytic activity of Mo nitrides in nitro group reduction
19,20
has been demonstrated.
Taking nitrobenzene as a model
reactant, we studied the effect of N incorporation in Mo on
hydrogenation performance with Mo and β-Mo2N as the two
boundary systems. Hydrogenation of nitrobenzene generated
aniline (Figure 6(a)), an important aromatic amine used as an
intermediate in commercial dye, fine chemical (e.g.
polyurethane)
and
pharmaceutical
(e.g.
antifebrin)
54
55-57
manufacture. This reaction has been extensively studied
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and nitrobenzene is commonly used as a model reactant to
test the catalytic potential of new systems for -NO2 reduction.
Nitrobenzene adsorption can proceed via the aromatic ring or
57,58
nitro group, where the latter generates aniline.
Strong
interaction through the aromatic ring can result in the
59
formation of cyclohexylamine (over Ni film)
or
60
nitrocyclohexane (over Rh complex). The four systems (Mo,
MoN-1, MoN-2 and β-Mo2N) considered in this study produced
aniline as the sole product. We could not find any published
reports of the application of Mo in the hydrogenation of nitro61
compounds but IR analysis has shown that NO2 can adsorb
on Mo (110). We have demonstrated previously nitrobenzene
hydrogenation to aniline proceeds over β-Mo2N in liquid phase
19
batch operation. The data presented here confirm that this
extends to continuous gas phase reaction where exclusivity to
aniline as product suggests nitrobenzene activation on both
Mo and β-Mo2N via the nitro functionality. This is also
consistent with theoretical work (DFT calculations) that has
shown adsorption through the -NO2 group for p62
chloronitrobenzene on Mo2N
and literature that has
demonstrated weak interaction of the aromatic ring with
63
19
63,64
MoO3, Mo nitride and carbide.
Representative time on-stream nitrobenzene conversion (XNB)
profiles are presented in Figure 7(a). In each case, there is a
temporal decline in conversion that can be expressed in terms
58
of the empirical relationship

( X NB - X 0 )
( X 4h - X 0 )

=

t
(β + t )

(4)

where X4h represents fractional conversion after 4 h on-stream
and β is a time scale fitting parameter. Deactivation of Mo
65
nitride in hydrogenation reactions has been examined by IR
66
and XPS
and attributed to nitrogen loss and carbon
deposition during reaction. Moreover, the water generated
during -NO2 reduction has been proposed to have a
67
detrimental effect on activity. Values for initial conversion
(X0) were obtained from the fit to eqn. (4); the goodness of the
fit is illustrated in Figure 7(a). We have previously
9,18
established
the applicability of pseudo-first order kinetics

m 

F 

ln(1 - X 0 ) = k × 
-1

(5)

where m/F represents the ratio of mass of catalyst to inlet
nitrobenzene molar feed rate. The pseudo-first order kinetic
plots are given in Figure 7(bI) where the linear fit (passing
through the origin) confirms adherence to the model. The
-1
-1
extracted rate constants (k1, μmol g h ), as a measure of
activity given in Table 3 and plotted in Figure 8, exhibit an
increase in the order: Mo < MoN-1 < MoN-2 < β-Mo2N. This
matches the observed order of increasing H 2 chemisorption
and release (TPD) (Table 2). This in turn, can be correlated with
increasing N content (decreasing Mo/N ratio, see Table 1).
Given that an increase in surface N content (from Mo→MoN1→MoN-2→β-Mo2N) can enhance heterolytic H2 dissociation
51,52
on Mo-N pairs, i.e. formation of Mo-H and N-H,
this must
contribute to the increase hydrogenation activity.

Nitrobenzene hydrogenation proceeds via a nucleophilic
57
mechanism, where the polarized N=O function undergoes
nucleophilic hydrogen attack with the formation of a
negatively charged intermediate. Nitrogen inclusion in Mo
modifies (from XPS analysis (Figure 4)) the surface oxidation
state and may facilitate polarisation of the -NO2 group leading
49
to increased reaction rate. Indeed, HREELS analysis has
identified NO interaction with both Mo and N sites and -NO2
activation may be sensitive to surface Mo/N, which influences
hydrogenation rate.
Hydrogenolysis Activity: Benzaldehyde to Toluene
The catalytic hydrogenation of benzaldehyde has been
promoted using transition metals (Pt, Pd, Ru, Au and Ni)
supported on oxides (Al2O3, ZrO2, CeO2, TiO2 and SiO2) in both
68-71
72-75
liquid
and gas
phase operation. The reaction pathway
is shown in Figure 6(b) where benzyl alcohol and toluene have
been the principal reported products. The conversion of
benzaldehyde to benzyl alcohol follows a nucleophilic
72
mechanism where -C=O polarization renders the oxygen
76
susceptible to attack with proton transfer. Toluene can result
from hydrogenolysis of benzaldehyde, which is favoured by a
strong surface interaction with the carbonyl oxygen that
77
undergoes hydrogenolytic cleavage. Conversion of benzyl
alcohol to toluene over oxide supported metals has been
proposed to involve adsorption/activation of the alcohol on
the support and reaction with hydrogen dissociated at the
76
metal site. When benzaldehyde is strongly held on the
surface, e.g. in the presence of strong basic sites, benzene is
78
formed directly from hydrogenolysis. Methylcyclohexane can
result from the further reduction of toluene, e.g. over
73
Ni/Al2O3. In liquid phase operation over Ru/C, hydrogenation
79
of the aromatic ring generated hexahydro-benzaldehyde and
71
cyclohexylmethanol from benzaldehyde and benzyl alcohol,
respectively.
Reaction over the four catalytic systems in this study (Mo,
MoN-1, MoN-2, β-Mo2N) generated toluene as the sole
product, consistent with hydrogenolytic character. β-Mo2N has
15
16,17
exhibited catalytic activity in C-N and C-S
hydrogenolysis.
10
We can flag the work of Ghampson et al. who reported C-O
hydrogenolysis in the conversion of 2-methoxyphenol to
phenol over γ-Mo2N. Moreover, Guerrero-Ruiz and co5
workers have recorded a γ-Mo2N/C promoted -C=O
(crotonaldehyde) hydrogenolysis. A pseudo first order kinetic
treatment was also applicable to the benzaldehyde reaction
data, as demonstrated in Figure 7(bII); the associated rate
constants are given in Table 3. In order to establish if toluene
is generated by direct conversion of benzaldehyde or
successive (benzaldehyde→benzyl alcohol→toluene) steps, the
reaction of benzyl alcohol under the same conditions was
examined over Mo and β-Mo2N. Benzyl alcohol was converted
with 100% selectivity to benzene where the rate constant over
-1
-1
-1
-1
Mo (124 μmol g h ) and β-Mo2N (49 μmol g h ) was
significantly higher than that observed for benzaldehyde as
reactant (Table 3). These results indicate that toluene must be
formed by direct hydrogenolysis of the carbonyl group. In
marked contrast to nitro group reduction, the activity
sequence follows the order β-Mo2N < MoN-2 < MoN-1 < Mo,
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as depicted in Figure 8, suggesting that increased heterolytic
hydrogen dissociation (on Mo-N) does not favour reaction and
benzaldehyde hydrogenolysis must result from the reaction of
80
homolytic surface reactive hydrogen. Wyvratt et al.
examined the liquid phase hydrogenation of crotonaldehyde
and proposed two types of reactive hydrogen that promote
C=O and C=C bond hydrogenation. The catalytic response can
also be influenced by benzaldehyde adsorption/activation and
the results suggest enhanced -C=O activation for hydrogen
scission on Mo relative to β-Mo2N. The authors could not find
any reported study of aldehyde adsorption on Mo 2N but IR
81
analysis of acetaldehyde uptake on Mo 2C has revealed a
chemisorptive interaction of the carbonyl oxygen with Mo that
preceded C-O bond scission. We can also note that Mo exhibits
13
greater capacity for CO uptake than Mo 2N where repulsive
interaction prevails between the negatively charged nitrogen
82
and the oxygen lone pair. Moreover, a stronger interaction of
22
29
48
organic reactants (e.g. alkadiene, benzene, 1-butene ) has
been reported for Mo species at low oxidation states. The shift
in the XPS response to higher BE (higher Mo oxidation state)
after incorporation of nitrogen may then result in a weaker
interaction of benzaldehyde with the Mo nitride surface
relative to Mo.
Our results suggest the respective contribution of heterolytic
(on Mo-N) chemisorbed hydrogen to catalytic hydrogenation.
A decrease in Mo/N ratio lowers the available hydrogen for
hydrogenolysis but enhances hydrogenation rate (Figure 8).
We acknowledge that catalyst performance may not governed
by surface hydrogen alone and the dynamics of the surface
interactions by the organic (nitrobenzene and benzaldehyde)
reactant can have a major bearing. Future work will focus on NO2 and -C=O activation as a function of Mo/N ratio.

Conclusions
Hydrogen mediated reaction of nitro- (nitrobenzene) and
carbonyl- (benzaldehyde) functions shows contrasting
dependence on Mo/N ratio. Variation in Mo/N is possible by
controlling the duration of Mo nitridation (in N2/H2) where βMo2N was the product of complete nitridation. Surface area
2 -1
(ca. 4 m g ) and bulk morphology (aggregates (<5 μm) of
crystals (27-36 nm)) remained unchanged during nitridation.
XPS measurements have revealed a surface enrichment by
nitrogen (lower Mo/N) relative to the bulk where the
passivated nitrided samples exhibit higher oxidation states of
Mo than passivated Mo. Ambient temperature H2
chemisorption and release (during TPD) was elevated with
increasing nitridation. A higher rate of nitrobenzene
hydrogenation with 100% selectivity to aniline with decreasing
Mo/N is attributed to increased availability of reactive
heterolytic dissociated hydrogen (on Mo-N). Reaction of
benzaldehyde resulted in toluene formation where rate was
enhanced with increasing Mo/N, consistent with the
contribution of homolytic hydrogen (on Mo) to hydrogenolytic
-C=O attack.
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Table 1: Bulk (β-Mo2N:Mo and Mo/N) and surface (Mo/N) composition, specific surface area (SSA) and XPS binding energies (BE) for Mo 3d.

Catalysts

Mo

MoN-1

MoN-2

β-Mo2N

β-Mo2N:Moa

-b

0.34:0.66

0.88:0.12

-c

SSA (m2 g-1)

3.9

4.5

4.1

4.4

Bulk Mo/N

-

5.1d/4.9e

2.8d/2.8e

2.5d/2.6e

Surface Mo/N

-

2.2

1.1

0.9

Mo 3d BE (eV)

231.3
228.0

231.8
228.4

231.8
228.6

231.8
228.5

a

from XRD analysis.
dhkl = 36 nm using (110) plane associated with Mo at 2θ = 40.5˚ (see eqn. (1)).
c
dhkl = 27 nm using (112) plane associated with β-Mo2N at 2θ = 37.7˚ (see eqn. (1)).
d
from N2 consumption during nitridation.
e
from elemental analysis.
b

Table 2: Hydrogen consumed during TPR with (ambient temperature) H2 uptake in subsequent chemisorption and release during TPD.

Catalysts
TPR H2 consumption
(μmol g-1)
H2 chemisorption
(μmol g-1)
H2 TPD
(μmol g-1)

Mo

MoN-1

MoN-2

β-Mo2N

141

143

151

174

0.23

0.26

0.33

0.35

5.5

5.6

7.1

7.9

Table 3: Rate constants (μmol g-1 h-1) for the conversion of nitrobenzene (k1), and benzaldehyde (k2); Reaction conditions: T = 493-523 K, P = 1 atm, m/F =
266-5281 g h mol-1.

Catalysts

Mo

MoN-1

MoN-2

β-Mo2N

k1

249

271

319

407

k2

46

37

30

26
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Figure 1: TCD response resulting from the temperature programmed treatment of Mo at 5 K min -1 to 933 K in 15% v/v N2/H2. The final isothermal
hold was maintained for 1 h, 2 h and 5 h (see solid arrow) to generate MoN-1, MoN-2 and β-Mo2N, respectively.

10 | Catal. Sci. Technol.., 2019, XX, X-X

This journal is © The Royal Society of Chemistry 201

Please do not adjust margins

Please do not adjust margins
Journal Name

ARTICLE

Figure 2: XRD patterns with crystallographic plane characteristic of each peak associated with (a) Mo, (b) MoN-1, (c) MoN-2 and (d) β-Mo2N.
Note: XRD peak assignments are based on JCPDS-ICDD reference data: () Mo (42-1120) and () β-Mo2N (25-1368).
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Figure 3: Representative SEM micrographs for (a) Mo, (b) MoN-1, (c) MoN-2 and (d) β-Mo2N (scale bar = 2 m).
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Figure 4: XPS spectra in the Mo 3d region for (a) Mo, (b) MoN-1, (c) MoN-2 and (d) β-Mo2N.
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Figure 5: H2 (a) TPR and (b) TPD profiles (solid lines) with temperature ramp (dotted lines) generated for passivated (I) Mo and (II) β-Mo2N.
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Figure 6: Reaction pathways associated with the hydrogenation of (a) nitrobenzene and (b) benzaldehyde; bold arrow identifies the step(s)
observed in this study.
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Figure 7: (a) Variation of nitrobenzene fractional conversion (XNB) with time on-stream (m/F = 800-900 g h mol-1); (b) pseudo-first order plots for
hydrogenation of (I) nitrobenzene (open symbols) and (II) benzaldehyde (solid symbols); Mo (, ), MoN-1 (, ), MoN-2 (, ) and β-Mo2N
(, ). Note: Dotted lines in (a) and (b) represent fit to eqns. (4) and (5), respectively.
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Figure 8: Rate constants associated with the hydrogenation of nitrobenzene to aniline (k1, ) and benzaldehyde to toluene (k2, ) over Mo, MoN-1, MoN-2 and β-Mo2N.
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