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ABSTRACT: Transition metal nitrides (TMN) form a class of materials with 
unique physical and chemical properties. Among them, molybdenum 
nitrides are mainly used as high-performance magnets or catalysts for a 
wide range of reactions. This work aims at developing innovative syntheses 
to prepare nanostructured TMN from metallic clusters for heterogeneous 
catalysis. The use of a nanoscale precursor such as (TBA)2Mo6Br14 (TBA = 
tetrabutylammonium = (C4H9)4N+) enables to reach different molybdenum 
nitride compositions (Mo2N, Mo5N6) by thermal reaction under ammonia at 
relatively low temperatures. Such a novel synthetic approach highlights the 
prime importance of the starting material to stabilize specific stoichiometries. The impact of this new synthetic route is 
characterized by several techniques including electron probe microanalysis and high-resolution transmission microscopy. 
Moreover, catalytic properties of these potential cost-effective catalysts are investigated for the Water-Gas Shift Reaction. 

● INTRODUCTION 

The main objective of this work is to develop an                 
innovative synthetic route leading to molybdenum 
nitrides using nanostructured precursors, i.e. octahedral 
molybdenum halides-based cluster compounds1. From a 
panel of compositions, we focus the study on the thermal 
reaction of the (TBA)2Mo6Br14 cluster under flowing 
ammonia. Depending on the temperature, this cluster 
favors the formation of single-phase Mo2N and Mo5N6 
nitrides. We aim to use such a nanoscale precursor to 
form nanostructured nitrides at low temperatures in 
comparison with common synthetic routes2-4, leading to 
higher specific surface areas, and enhanced catalytic 
activities. Our first results as detailed below demonstrate 
the efficiency of the solid-gas reaction between a Mo6 
cluster and ammonia as an efficient route to produce 
molybdenum nitrides. Specific attention is paid on the 
physicochemical characterizations of the different 
intermediates from the precursor level (cluster) to the 
final nitride, with a particular focus on the ageing of 
samples. Molybdenum nitrides, as well as other transition 
metal nitrides (TMN), can be considered as nitrogen 
insertion compounds in the metal network. The metal 
generally forms a face-centered cubic (fcc) or hexagonal 
(hex.) closed-packed network in which the nitrogen 
atoms occupy the trigonal prismatic or octahedral sites. 
Besides well-known stoichiometric MoN (hex.) and Mo2N 

(fcc), an original bulk Mo5N6 (hex.) single phase was 
obtained to date only by nitriding a MoS2 precursor with a 
high specific surface area at 700°C4,5. The structure can be 
described as a stacking of prisms and octahedra of 
nitrogen, where nitrogen atoms are of the AABB type (like 
sulfur in MoS2). The octahedral sites have a 66% 
occupancy level whereas molybdenum atoms occupy all 
the prismatic sites. Vajenine et al.2 confirmed the space 
group P63/m by studying a mixture of Mo5N6 and δ-MoN 
phases. However, in contrast to Tessier et al.5, their 
structural model implies to place the vacancies on the 
prismatic sites and not on the octahedral sites. Recently, 
Khalifah et al.6 concluded that the molybdenum vacancies 
are placed on the octahedral sites and tried to assign 
Mo5N6 in the P63/mcm space group, with a model really 
close to the one defined by Tessier et al. (Figure S1 and 
Table S1). 

 

TMN have properties close to metals (optical, magnetic 
and electrical properties) and ceramics (high hardness 
and melting points), making these compounds a 
particular class of materials. Interstitial nitrides are often 
compared to platinoids (platinum, gold) due to their 
convincing catalytic properties without exceeding their 
performances, but for much lower costs7-9. In recent 
years, several groups have studied the synthesis of new 
cost-efficient catalysts in finding alternatives to these 
expensive noble metals listed as critical raw materials10. 
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As an illustration, Mo2N was tested for the hydrogen 
evolution reaction11–14 and for hydro-denitrogenation15,16, 
Mo2N and Co3Mo3N for ammonia synthesis17–19, Mo2N for 
hydrazine decomposition20, VN and Mo2N for ethanol 
amination reaction21, Mo2N and W2N for base catalysis22,23. 
Concerning Mo5N6, only few examples of applications are 
listed in the literature. Recently, Mo5N6 has been tested 
for applications in electrocatalysis6,31. All these nitrides 
often stand out for their catalytic activities in comparison 
with those of the catalysts usually tested7. Mo2N and 
Mo5N6 are tested in this work as heterogeneous catalysts, 
in particular for the water-gas shift reaction (WGSR): CO 
+ H2O → CO2 + H2. The WGSR takes place in several 
industrial processes: ammonia synthesis, methanol 
synthesis or Fischer-Tropsch process. Recently, it was 
used in proton exchange membrane fuel cells in order to 
transform carbon monoxide, toxic for the cell membrane, 
into non-toxic CO2

24. In addition, it allows the production 
of hydrogen (H2) from water vapor, useful for the 
operation of the fuel cell. With the search for alternatives 
to combustion engines, a renewed interest in the 
synthesis of effective catalysts for the WGSR appeared, 
using for example Au supported on molybdenum 
carbides25 or metal-oxide supported platinum and gold26–

30. Here, we show for the first time the performance of 
Mo5N6 for the WGSR. 

 

● EXPERIMENTAL SECTION 

Synthesis Precursors synthesis (TBA)2Mo6Br14 (TBA =      
TetraButylAmmonium: (C4H9)4N+) is obtained by cationic 
metathesis by addition of (TBA)Br in a solution of 
Cs2Mo6Br14 dissolved in a water/ethanol mixture1. 
Cs2Mo6Br14 is prepared from stoichiometric amounts of 
MoBr2 and CsBr in a vacuum-sealed silica tube heated at 
950°C for three days. (TBA)2Mo6Br14 (TMB) crystallizes in 
the P21/n space group. Stacking of [Mo6Br14]2- cluster units 
corresponds to a distorted centered cubic arrangement. 
TMB (JCPDS file 98-810-1712) cluster compound is synthe-
sized with a specific surface area of 1 m²/g, and 4.5 wt.% 
(O) due to the use of H2O and EtOH as solvents.  

MoS2 (JCPDS file 00-024-0513) is prepared at 350°C in 
KSCN melt starting from commercial MoO3 (Acros             
Organics CAS 1313-27-5 ; 1 m²/g)32. As-prepared MoS2              

has a specific surface area of 200 m²/g and contains 3.5 
wt.% (O) due to the large specific surface area combined 
with ambient conditions. 
 

Nitrides synthesis TMB, as-prepared MoS2 and commer-
cial MoO3 are pretreated at 150°C under vacuum 
conditions to clean their surfaces. Then, precursors are 
placed in an alumina boat and heated under flowing 
ammonia at a flow rate of 30 L/h in the temperature range 
of 400-700°C, with a heating rate of 5°C/min. After a 
dwelling time of 16-48 hours, the furnace was switched off 
and the nitride product was cooled down to room 
temperature in a pure nitrogen atmosphere. 
 
Characterization X-Ray diffraction (XRD) Patterns were 
recorded in the 10-90° 2θ range on a Panalytical X'PERT 
Powder (Cu Kα, 40 kV, 40 mA) diffractometer equipped 
with a PIXcel 1D detector. All phase analyses were 

performed using the HighScore Plus software. Rietveld 
refinement were conducted using the FullProf Suite 
software.  

 

Elemental analyses Nitrogen and oxygen contents were 
determined with a LECO® TC-600 analyzer using the inert 
gas fusion method. Nitrogen was measured as N2 by        
thermal conductivity and oxygen as CO2 by infrared          
detection. The apparatus was calibrated using LECO®    
standards. Although water contamination, adsorbed       
species or high specific surface area powders are examples 
of situations that can affect seriously the analyses, the hot 
extraction technique appeared to be one of the most effi-
cient method to get rapid and reliable O and N contents33. 
 

Specific surface area The Brunauer-Emmet-Teller (BET) 
specific surface area was determined from nitrogen 
physisorption with a Micromeritics Gemini VII 2390t 
instrument using a mixture of N2/He (30%/70%). To 
avoid the surface hydration, samples were previously 
outgassed under vacuum at 100°C.  
 

Transmission electron microscopy (TEM) TEM and high 
resolution TEM (HRTEM) images were acquired on a 
JEM-2100F (JEOL Co.) at 200 kV. Compositional analyses 
were performed by Energy Dispersive X-ray Spectroscopy 
(EDS) with double wide detecting area (100 mm²) 
detectors equipped in a JEM-2800 (JEOL Co.) operating at 
100 kV. A small amount of molybdenum nitrides was 
dispersed in ethanol, placed on a net like carbon film 
covered Cu grid (Cu micro grid), and dried in ambient 
conditions.  
 

Electron probe microanalyses (WDS-EPMA) The          
mapping analyses on molybdenum nitrides were recorded 
by electron probe microanalysis (EPMA) on a wavelength 
dispersion spectrometer (WDS) (JEOL JXA-8900R equip-
ment). WDS mapping measurements were conducted at 
an acceleration voltage of 15 kV on a 500 x 500 µm range. 
 

Thermogravimetric analyses (TGA-MS) The TGA were 
recorded on a temperature range between 30 and 550°C 
with a ramp of 5°C/min using a LabSysEvo TGA by 
Setaram, coupled with a Pfeiffer Omnistar GSD 320 mass 
spectrometer to record the following m/z signals: 12, 14, 
15, 16, 17, 18, 28, 30, 32 and 44. 
 

Table 1: Ammonolyses realized on several                        
molybdenum-halides cluster compounds, synthesis 
conditions & products obtained. 

Precursor Ammonolysis T (°C) Product(s) 

Cs2Mo6Br14 
400 Mo2N + CsBr 

500 MoN + CsBr 

Cs2Mo6Cl14 
400 Mo2N + CsCl 

600 MoN + CsCl 

(NH4)2Mo6Br14 
400 Mo6Br12 

500 MoN + Mo2N 

(TBA)2Mo6Br14 
450 Mo2N 

500 Mo5N6 
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Catalytic tests (WGSR) The catalytic performances of the 
molybdenum nitrides for the WGSR were studied in the 
temperature range between 150 and 550°C with a heating 
rate of 2°C/min. The feed gas was composed of 5 mol.% 
CO, 25 mol.% H2O and He as a carrier gas, with a 
constant flow rate of 80 mL/min. Water vapor was 
introduced at 30°C with a flow of 0.12 g/h, using a 
Bronckhorst CEM flowmeter. An online µGC coupled 
with a TCD and equipped with two columns 
(MolSieve5APLOT and Column PLOT U), was used to 
measure the concentrations of CO and CO2. All catalysts 
were sieved between 150 and 250 µm, weighted (0.1 g) and 
diluted in SiC (0.3 g) to obtain a homogeneous catalytic 
bed. Stability tests were realized after three successive 
light-off on each sample. The thermal equilibrium 
presented on Figure 7 and Figure 8 is extracted from the 
work of Chein et al.34. Carbon balance is calculated using 
the following formula: CO consumed minus CO2 formed, 
divided by initial CO concentration. 
 

 

 

 

 

 

 
Figure 1. Projection of the TMB unit cell along the [010] 
direction and lattice parameters1  

 

● RESULTS AND DISCUSSION 

Choice of the precursor As defined by Cotton et al.35  
cluster compounds are aggregates of finite dimensions of 
metal atoms connected to each other by metal-metal 
bonding. Transition metal cluster compounds are widely 
used for their luminescence or UV-NIR absorption 
properties 36–40. In this work, the true nanoscale aspect (≈1 
nm) of these compounds is used in order to form 
nanostructured molybdenum nitrides. Several 
molybdenum cluster compounds are treated at different 
temperatures under a fixed ammonia flow of 30L/h. The 
starting compounds reported in Table 1 are those that 
  

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Powder-XRD patterns of Mo2N samples:     
TMB-450 and Mo2N-ref (a) and Mo5N6 samples:         
TMB-650 and Mo5N6-ref (b).  

give the best results among a wider A2Mo6Xi
8Xa

6 series 
differing by the nature of A+ counter cations and X 
halides. Precursors containing cesium counter-cations 
lead to the formation of CsBr/CsCl in the final material 
due to the thermal stability of these salts at the working 
temperatures. From (NH4)2Mo6Br14, we could not obtain a 
single-phase nitride and only a mixture of MoN (JCPDS 
file 00-025-1367) and Mo2N (JCPDS file 00-025-1366) can 
be synthesized (results not shown here). TMB 
ammonolyses gives the most remarkable results. Two 
different molybdenum nitrides phases could be obtained 
at relatively low temperatures: Mo2N (fcc, Fm m) at 
450°C and the less-known Mo5N6 phase (hcp, P63/m; 
JCPDS file 00-051-1326) starting from 500°C. TMB 
structure consists of molybdenum atoms octahedra with 
14 bromine ligands in both apical and inner positions 
(Figure 1). The cluster units are stabilized by (TBA)+ 

counter-cations. TMB crystallizes according to the P21/n 
space group rules1. The selectivity of TMB, coupled with 
the fact that molybdenum nitrides are obtained at low 

 

Table 2: Syntheses conditions, crystallites size, elemental analyses and BET specific surfaces areas of Mo2N and 
Mo5N6 synthesized starting from TMB, MoS2 and MoO3. Values given with an uncertainty of 0.5 wt.% for 
elemental analyses, and 2 m²/g for BET specific surface areas. 

 
Precursor 

Ammonolysis T 
(°C) 

Products 
Crystallites size 

(nm) 
N (wt.%)  O (wt.%) SBET (m²/g) 

TMB-450 (TBA)2Mo6Br14 450 Mo2N 3  13.2 5.2 80  

Mo2N-ref MoO3 700 Mo2N 9  10.6 3.4 50 

TMB-650 (TBA)2Mo6Br14 650 Mo5N6 15  13.5 3.2 40  

Mo5N6-ref MoS2 690 Mo5N6 20  14.6 3.7 30  

    P21/n 

 
a= 13.2031(2) Å 
b= 11.8531(1) Å 
c= 18.9006(2) Å 
β= 90.542(2)° 

* 
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20 nm 
20 nm 

 

20 nm 20 nm 

d) c) 

a) b) 

20 nm 

c) 

 

 

 

 

 

 

 

 

Figure 3. EDS-TEM spectrum of TMB-650 and 
mapping for molybdenum, nitrogen and oxygen.      

temperatures under an ammonia flow in comparison with 
classic synthetic routes3,4 make it a very attractive 
precursor. 
 

Characterization The original cluster compound        
TMB is used to synthesize Mo2N (TMB-450) and Mo5N6 

(TMB-650) at 450 and 650°C. To compare the impact of 
such a starting material, these two molybdenum nitride 
phases were also synthesized as Mo2N-ref and Mo5N6-ref 
starting from more conventional precursors: MoO3 for the 
synthesis of Mo2N3, and MoS2 for that of Mo5N6

4. 
Synthesis conditions, BET specific surface areas, 
elemental analyses and crystallites size of these four 
compounds are given in Table 2. Powder-XRD patterns 
show that all samples can be indexed as pure Mo2N or 
Mo5N6 (Figure 2). However, the extinction of the (101) 
reflection (22.4° 2θ) is observed for TMB-650. As 
discussed earlier, the structural resolution of this phase is 
not complete. Simulated XRD patterns of the Mo5N6 
models of Tessier and Vajenine (presented in Figure S1) 
are calculated using Vesta Software (Figure S2). These 
two models differ only by the position of the 
molybdenum vacancies, respectively in octahedral or 
prismatic sites. When the vacancies are placed in 
octahedral sites (Tessier model), the extinction of the 
(101) peak is observed on the XRD pattern. It is then 
possible that the structures of Mo5N6-ref and TMB-650 
are not identical and differs the occupation rate of the 
positions of the molybdenum sites. Rietveld refinements 
of all four samples are detailed in the supplementary 
information (Figure S3 and Table S2). When compared 
to Mo2N, TMB-450 shows a shift of the diffraction peaks 
toward small angles, indicating larger cell parameters. 
The refined a parameter is equal to 4.2147(9) Å for TMB-
450 and 4.1609(2) for Mo2N-ref. The difference between 
these values and the shift to lower 2-theta can be 
explained by the presence of impurities or a molybdenum 
deficiency, due to low temperature synthesis.   
 

        First, Mo5N6 samples synthesized starting from TMB 
were formed at 500°C under ammonia (TMB-500), leading 
to a higher specific surface area (50 m²/g) than TMB-650, 
but also to the presence of NH4Br impurities. Indeed, the 
reaction between the cluster compound and NH3 leads to 
the formation of NH4Br as a byproduct. NH4Br is then 
adsorbed on the nitrides, modifying the basicity of the 
surface,  and reacting  with  OH x and  CO2  gas  species  in 

 

 
 

 

 

 

 

 

 

 

 

Figure 4. WDS-EPMA mapping for molybdenum, 
nitrogen, oxygen and bromine on TMB-650. 

order to degrade Mo5N6 over the time (Figures S4-S7). To 
prevent this phenomenon, the ammonolysis temperature 
was increased to 650°C, well above the sublimation 
temperature of NH4Br (452°C). EDS (coupled with TEM) 
(Figure 3) and WDS-EPMA (Figure 4) are used on TMB-
650 to check the absence of bromine impurities and 
observe the repartition of molybdenum and oxygen all 
over the sample at different scales. EDS spectrum 
confirms the presence of nitrogen, molybdenum and 
oxygen. Bromine is not detected on TMB-650 (bromine 
Lα and Lβ edge energies are respectively 1.48 keV and 1.53 
keV), proving that increasing the ammonolysis 
temperature to 650°C is sufficient to avoid the presence of 
adsorbed NH4Br on the molybdenum nitrides (Figure 3). 
WDS-EPMA mapping data show a regular distribution of 
molybdenum and nitrogen all over the sample, proving 
the homogeneity of TMB-650 (Figure 4). As seen by EDS-
TEM at a nanoscale, bromine is not detected by this 
microscale method as well. Ageing studies of TMB-500 
and TMB-650 is conducted. Both samples were kept 
under ambient conditions for 3 months and XRD patterns 
were recorded every month. TMB-500 is degraded into 
MoO2 and MoO3 after one month, while TMB-650 is 
perfectly stable after three months (Figure S7). 
Crystallites sizes are extracted from the Rietveld 
refinements of the XRD patterns (Table 2 and Table S2). 
Molybdenum nitrides formed from the cluster precursor 
  
 

 

 

 

 

 

 

 

 
Figure 5. TEM images of Mo2N-ref (a), TMB-450 (b), 
Mo5N6-ref (c) and TMB-650 (d). 
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Figure 6. HRTEM image (a), selected area electron 
diffraction (SAED) pattern image (b) and extracted 
data from selected area electron diffraction pattern 
(table) for TMB-650. 

       
contain crystallites with smaller size for both phases 
compared to reference samples, demonstrating the 
impact of this new synthetic route. Considering Mo5N6 as 
an example, the size of crystallites is 20 nm using MoS2 as 
a precursor versus 15 nm starting from TMB. Specific 
surface areas are slightly higher following the cluster 
synthetic route for both Mo2N and Mo5N6 and reach 80 
m²/g for TMB-450 proving the role of the nanostructured 
precursor on the morphology of the resulting nitrides 
(Table 2). The nitrogen content is higher than the 
calculated value (6.8 wt.%) for TMB-450 and Mo2N-ref. 
This can be explained for both samples by the high 
surface areas and relatively low synthesis temperatures, 
leading to adsorption of NHx species on their surfaces. In 
addition, TMB-450 contains NH4Br impurities, 
contributing to the high nitrogen content. At higher 
synthesis temperature, adsorption of NHx species can be 
avoided: Mo5N6-ref has a nitrogen content close to the 
calculated value (14.9 wt.%) whereas TMB-650 exhibits a 
small nitrogen deficiency (13.5 wt.%). Synthesis 
conditions and precursors preparations are adjusted to 
limit the presence of oxygen in the nitrides. Indeed, both 
as-prepared TMB and MoS2 precursors contain around 4 
wt.% of oxygen. It is therefore not straightforward to 
obtain nitride materials with low oxygen content and 
high specific surface area. For TMB-650 and Mo5N6-ref, 
3.2 to 3.7 wt.% of oxygen are measured. FTIR conducted 
on TMB-650 (Figure S6) shows peaks characteristic of O-
H (1690 cm-1) and H-O-H (3400 cm-1) bonding, indicating 
that oxygen may be present only under the form of 
adsorbed water. In addition, ATG-MS analyses are 
realized on Mo5N6-ref and TMB-650 (Figure S8). We 
observe a mass loss of 3.9 wt.% and 2.8 wt.% for Mo5N6-
ref and TMB-650 up to 500°C, corresponding to OH and 

 H2O signals according to MS analysis. This result is in 
good adequation with the oxygen contents determined by 
elemental analyses. Thus, it is clear than the oxygen 
present in the nitride materials is mainly due to adsorbed 
water on the surface. TEM is first used to observe the 
shape and size of the particles for the four different 
molybdenum nitrides samples. TMB-450 and Mo2N-ref 
exhibit a similar morphology with round shaped particles 
of around 15 nm in diameter for Mo2N-ref and 10 nm for 
TMB-450. Mo5N6 samples consist of platelets aggregates 
with broad size distribution dimensions. The average 
length is 60 nm for Mo5N6-ref and 20 nm for TMB-650. 
This new synthetic route leads to smaller particle sizes. 
TEM confirms the clear impact of the nanoscaled 
precursor on the morphology. HRTEM and selected area 
electron diffraction (SAED) were performed on TMB-650 
to verify the crystallinity of this sample and to confirm 
the data obtained by powder-XRD (Figure 2). Single 
phase well-crystallized particles are observed by HRTEM 
for TMB-650 (Figure 6.a.). SAED pattern consists of wide 
diffraction circles, characteristics of nanocrystals (Figure 
6.b.). Experimental dhkl values were extracted from the 
SAED pattern and compared with those obtained by 
Tessier et al.5 and Vajenine et al.2. Good agreement is 
obtained between our experimental data and the 
literature values, confirming the powder-XRD results and 
the presence of pure Mo5N6 by ammonolysis of the 
original TMB precursor. Unfortunately, it was not 
possible to conclude yet about the uncertainty concerning 
the ordering of the molybdenum vacancies in Mo5N6 
either in prismatic or octahedral sites.  
 

     Catalytic performance Molybdenum nitrides are 
tested as heterogeneous catalysts for the WGSR. 
Concerning the light-off tests (5 mol.% CO, 25 mol.% H2O 
– flow rate of 80 mL/min), the results are given in 
function of the CO percentage conversion (Figure 7) and 
the normalized rate of the reaction in function of the 
weight of Mo5N6 (Figure S9). TMB-650 shows the highest 
CO conversion, up to 77 % at 450°C, whereas TMB-450 
reaches a CO conversion of only 11 % at the same temper-
ature. It is important to notice that TMB-650 and   
Mo5N6-refnare the two samples with the most attractive 
results, giving a potential application for this less explored  

 
 

 
 
 
 
 

 
 
 

 
 

Figure 7. Catalytic performance of the catalysts for the 
WGSR. Light-off curves of TMB-650, Mo5N6-ref, TMB-
450 and Mo2N-ref.
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110 2.410 2.446 
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300 1.404 1.412 

304 1.260 1.258 
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Figure 8. Catalytic performance of the catalysts for the 
WGSR. Successive light-off curves of Mo5N6-ref (a) and 
TMB-650 (b). Arrhenius plot of the reaction rate after 
four successive light-off curves (c).        
 

phase. In addition, the two molybdenum nitrides 
synthesized from the cluster compound precursor TMB-
450 and TMB-650 give higher conversions than their 
counterparts synthesized with more common starting 
materials. Given the high oxygen content of the as-
synthesized molybdenum nitrides, the reactivity of the 
material under CO only is studied on TMB-650 and 
presented in Figure S10. A single peak is visible, starting 
at 407 °C for 3 % CO conversion, that is 50 °C higher than 
under WGSR conditions. The conversion of CO in the 
absence of H2O is probably related to the reaction with 
surface oxygen and partial reduction of Mo5N6. The 
product profile of the test under CO only is presented in 
Figure S11, showing that all the CO is transformed into 
CO2 and no byproduct is present. As the WGSR is an 
endothermic reaction (Figure 7: thermal equilibrium) 

and the feed contains an excess of water vapor, secondary 
reaction such as methanation reaction could occur. We 
do not observe the formation of CH4, and the carbon 
balance demonstrates that only CO and CO2 are present, 
without the formation of any byproduct (Figure S12). 
Next to the catalytic performance, the stability under 
tests conditions is one of the most important parameters 
defining a catalyst material. To investigate the stability of 
these molybdenum nitrides under WGSR conditions, four 
successive light-offs are realized on the Mo5N6 samples 
(Figure 8a and 8b). The experimental conditions are 
identical as Figure 7.a (5 mol.% CO, 25 mol.% H2O-flow 
80 mL/min). Surprisingly, the catalytic performance of 
TMB-650 is enhanced for runs 2, 3 and 4, as the CO to 
CO2 conversion starts at lower temperature than during 
the first run. Concerning Mo5N6-ref, the four runs lead to 
identical light-off curves. Figure 8.c. shows Arrhenius-
type graphs of the steady-state reaction rates, obtained 
from the fourth run of TMB-650 and Mo5N6-ref at low CO 
conversion (below 15%). The difference between the two 
catalysts differing only by the precursor is striking, even 
though the overall performance is lower than any 
supported noble metal or transition metal catalyst41,42.  At 
the end of the fourth light-off, a dwell of 5 hours at 525°C 
is performed to look at the stability of the catalysts at 
high temperature. Both samples are stable for at least 5 
hours at 525°C after four successive light-off curves, with a 
constant CO conversion of 75 % for TMB-650 and a CO 
conversion of 53 % for Mo5N6-ref under our experimental 
conditions (Figure 9).  
 

        To study the stability of Mo5N6 under reactive 
conditions, post-catalytic characterizations are carried 
out, starting with XRD after the third run on both TMB-
650 and Mo5N6-ref (Figure 10). Partial oxidation of both 
Mo5N6 samples is visible in the XRD patterns, 
characterized by the presence of the (011) and (222) 
reflections of monoclinic MoO2. Rietveld refinement 
shows that the presence of MoO2 does modify the cell 
parameters (Figure S13 and Table S3), possibly indicating 
the presence of Mo-vacancies, as MoO2 is formed at the 
same time. Also, the crystallite size is slightly reduced 
after the catalytic tests. The specific surface area 
measured on spent TMB-650 and spent Mo5N6-ref is 30 
and 25 m²/g (compared to 40 and 30 m²/g before catalytic  
 

 
 
 
 
 
 
 
 
 
 

 
Figure 9. Stability tests (5h at 525°C) for TMB-650 and 
Mo5N6-ref after four consecutive light-off curves.
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Figure 10. Post-catalysis XRD patterns for Mo5N6-ref 
and TMB-650 after three WGSR light-off. 
 
 

tests), indicating a small decrease in the specific surface 
area. Rietveld analysis further shows that a higher fraction 
of MoO2 is present in spent TMB-650 (approx. 15 wt.%) 
compared to spent Mo5N6-ref (approx. 6 wt.%) after three 
WGSR light-off. These results are in agreement with 
results from elemental analyses (Table 3): 8.6 wt.% (O) 
and 9.6 wt.% (N) for TMB-650 and 6.0 wt.% (O) and 12.2 
wt.% (N) for Mo5N6-ref. The larger fraction of MoO2 and 
higher oxygen content in TMB-650 might be related to 
the larger specific surface area. Concerning TMB-650, 
further elemental analyses are realized between each 
light-off (Table 3). Partial oxidation of Mo5N6 into MoO2 

occurs only during the first light-off, the weight 
percentages of oxygen and nitrogen are stable after runs 2 
and 3. According to these results, surface oxidation occurs 
on both Mo5N6 samples during the first light-off due to 
the presence of adsorbed water. This is further confirmed 
when exposing the catalyst to pure water vapor, in the 
absence of CO and under the same temperature 
conditions than the catalytic tests. Also, in this case a 
small fraction (approx. 13 wt.%) of Mo5N6 is transformed 
into MoO2, but the main phase is Mo5N6 (Figure S14 and 
Table S4). Even though MoO2 alone is not highly active 
for this reaction (Figure S15), TMB-650 shows improved 
performance upon cycling. Besides the oxidation of 
Mo5N6 into MoO2, amorphous surface oxynitrides might 
have been formed. Liu et al. investigated the role of 
 
 

Table 3. Elemental analyses on TMB-650 and Mo5N6-
ref after each successive light-off curve. 
 

oxygen on the catalytic properties of molybdenum 
carbides and concluded that the high activity of Mo2C is 
due to the presence of an oxycarbide phase in the surface 
during the WGSR43. The structure difference observed by 
XRD between TMB-650 and Mo5N6-ref could also explain 
the enhanced catalytic properties of TMB-650, as this 
sample may be more lacunar at its surface. Further 
studies are needed to fully determine the active phase, 
which goes beyond the scope of this paper. 

 

● CONCLUSION 

Nanostructured molybdenum nitrides are 
synthesized starting from an original precursor: the 
cluster compound (TBA)2Mo6Br14. Mo2N and Mo5N6 are 
obtained by ammonolysis of this starting material at 
relatively low temperatures (450 and 650°C, respectively) 
in comparison to more common precursors. High surface 
areas are obtained, making these compounds attractive 
for applications in heterogeneous catalysis. TEM 
demonstrates the impact of this kind of precursor on the 
particle size of the resultant nitride materials. Purity of 
the products is confirmed by elemental analyses, WDS-
EPMA and EDS. All samples were tested for the WGSR. 
Nitrides synthesized from (TBA)2Mo6Br14 show higher CO 
conversion than the corresponding reference nitrides. 
Mo5N6 stands out with a 77 % CO conversion at 450°C 
and a good stability during five hours under test 
conditions. It is relevant to notice that Mo5N6 is a less 
known phase with only few applications reported yet in 
the literature6,31. Molybdenum nitrides formed by this 
innovative synthesis route leads to drastically enhanced 
catalytic properties for the WGSR. In comparison with the 
state of the art, Mo5N6 does not reach yet the 
performances of other reported cost-effective 
catalysts44,45. Impregnation on oxide catalytic support 
such as CeO2

45,46 could further enhance the catalytic 
properties. This work demonstrates that Mo5N6 can be an 
interesting and cost-effective catalyst for the WGS 
reaction. Moreover, transition metal clusters can be 
described as a new family of nitrides precursors and can 
be used to synthesize a large range of nanostructured 
transition metal nitrides, for various applications in 
heterogeneous catalysis or photocatalysis.  
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 TMB-650 Mo5N6-ref 

 O (wt.%) N (wt.%) O (wt.%) N (wt.%) 

As-synthesized 3.2 13.5 3.7 14.6 

1 run WGSR 7.5 9.7   

2 run WGSR 8.4 9.6   

3 run WGSR 8.6 9.6 6.0 12.2 
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