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Abstract 
 
In this study, some nanocrystalline quaternary interstitial nitrides adopting the filled b-Mn 

and the η-6 carbide type structures have been synthesised using a modified Pechini method. 

This method, which involves dissolving metal salts with citric acid followed by the 

evaporation and ammonolysis of the resulting oxide precursors, has resulted in the 

nanoparticle materials. It has been shown to be a useful tool for producing homogenous 

quaternary nitrides in a fast and simple way. The structural properties of the samples were 

examined by powder X-ray diffraction and the data was further analysed and quantitatively 

refined using Rietveld refinement methods. Other characterisation techniques such as SEM, 

TEM, TGA and elemental analysis of carbon, hydrogen and nitrogen content were also 

undertaken. The surface areas of the materials were measured by the Brunauer- Emmett- 

Teller (BET) method, using nitrogen adsorption isotherms. The refinement of Ni2-xCuxMo3N 

and Ni2WxMo3-xN powder X-ray diffraction data confirms a linear dependence of lattice 

parameters versus Cu or W content where !	= 0.0, 0.1, 0.2, 0.3, and then the lattice 

parameters no longer change as the doping level is increased, indicating that copper or 

tungsten can be substituted at the nickel or molybdenum sites in Ni2Mo3N structure up to a 

solubility limit of !	= 0.3. Ni2-xFexMo3N was observed to have a linear increase in the lattice 

parameters up to !	= 1. These metal nitrides show good ammonia synthesis activity at 500 °C 

under ambient pressure. The activity fell with copper content and increased with iron and 

tungsten content, although these changes appear to be related to changing surface areas of 

the catalysts. The η-6 Co3No3M structure is a promising material for ammonia synthesis. 

The substitution of molybdenum with tungsten into this structure in the formula Co3WxMo3N 

resulted in some single phases where !	= 0.1, 0.2, 0.4, 0.7 and 0.8. However, the 

compositions with !	= 0.3, 0.5 and 0.6 were found to have a trace impurity of Co3Mo. These 

materials showed good activity for ammonia synthesis, but less than that of the parent 

compound Co3Mo3N. The oxide intermediates from the citrate gel process cleanly converted 

to the metal nitride under the ammonia synthesis gas stream (75% H2, 25% N2) providing 

more active catalysts than those pre-nitrided by ammonolysis. 
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Chapter 1 Introduction  

1.1 Ammonia: The molecule that changed the world 

Nitrogen (N) is an element that is a fundamental nutrient and one of the key components of 

life. It is part of the chemical structure of DNA, enzymes, and proteins, but the most abundant 

form of this element (atmospheric N2) is not readily available to be involved in the 

metabolism of most organisms due to the high stability of the N-N triple bond.1 In the 

majority of ecosystems, natural nitrogen fixation is not able to satisfy the demand for reactive 

nitrogen.2 That makes nitrogen a limiting factor for the growth of biomass.3 Reactive forms 

of nitrogen include nitrogen dioxide (NO2), nitrates (NO3-), nitric oxide (NO), nitrous oxide 

(N2O), and ammonia (NH3).4 The importance of ammonia cannot be overstated. It is a 

reactive form of nitrogen that can be used for multiple applications.5 Nowadays, there are 

three main sources of ammonia: Nitrogen fixation (either by direct deposition, or bacterial 

binding), ammonification of organic nitrogen from domestic animals by fungi or bacteria, 

and the Haber-Bosch process (HBP), which produces ammonia for refrigeration systems and 

fertilisers.  

The majority of ammonia that is found in the Earth’s atmosphere comes from human activity. 

It is the second most produced chemical in the world.6 The current projections for the 

worldwide production of ammonia for 2020 is 170,761 thousand tones, with a demand of 

118,763 thousand tonnes for fertiliser use, and an overall potential balance of 14,477 

thousand tonnes.7 

Ammonia is one of the main raw materials for the manufacture of fertilisers, and it’s needed 

ultimately necessary to make possible the production of stable and affordable food supply 

for an increasing worldwide population. Chemicals used in the fertiliser industry such as 

ammonium phosphate ((NH4)3PO4), urea ((NH2)2CO), and ammonium nitrate (NH4NO3), 

are prepared from ammonia.8 

At the end of the twentieth century, fertilisers synthesised from ammonia were responsible 

for the agricultural production that fed 44% of all the population in the world,9 and 

estimations for 2008 were that half of the world’s population depended on ammonia for 

feeding.5 The demand for reactive nitrogen in the form of ammonia will continue to grow, 

as the world population is expected to increase by 30% and the demand for meat and 

agricultural goods will grow by 200% and 70%, respectively.10 Ammonia can also be the 



Chapter 1 

 2 

basis for alternative energy sources. Fertilisers that use ammonia as a raw material are 

required to produce biofuels and bioenergy, contributing to a combined 11.5% of the global 

requirement of energy.11 

1.2 Industrial production of ammonia  

The industrial production of ammonia can be summarised with two names: Fritz Haber and 

Carl Bosch. Haber patented the synthesis of ammonia from its elements, and Bosch patented 

its application at an industrial scale. The world changed since the Haber-Bosch process was 

developed in 1913.5, 12 Before the invention of this process, the nitrogen supply for fertilisers 

was far lower than the demand for it. The largest reservoir of nitrogen at the start of the 

twentieth century was a guano deposit located on Chile’s coast. Scientists desired to find a 

way to synthesise ammonia from atmospheric nitrogen, but all previous attempts failed to 

develop a cost-effective way of doing so. The synthesis of ammonia from hydrogen and 

nitrogen is described by the reaction:8,13  

                %! (g) + 3'! (g) ⇄ 2%'" (g) ,   Δ'	= - 45.7	/0/234                           Equation 1-1  

 

According to Le Chatelier’s principle, the formation of ammonia is favoured by high 

pressure and low temperature. The problem found by researchers was that the temperature 

needed for the activation of nitrogen (around 3000 °C) was favouring the reverse reaction. 

That is why the use of an iron catalyst was needed to bind the nitrogen and hydrogen 

molecules to its surface and decrease the activation energy and the temperature that are 

needed for the reaction to proceed (250-400 °C).8  

Although iron catalysts were used, the reaction yield was still low. Haber contributed to this 

process by using much higher pressures and developing a recycling process. When the gas 

mixture passed over the catalyst a single time, the amount of ammonia formed was small for 

industrial purposes, so Haber separated the ammonia by condensation and recycled the gas 

mixture to react again, compensating the lost pressure with fresh gas input.14 

In the new concept introduced by Haber, the static view that used reaction yield to determine 

the production of ammonia was abandoned, and a dynamic view that used space-time yield 

was introduced. He focused on the amount of ammonia that could be obtained per unit 

volume of the catalyst per unit time, and the real issue arose. The suitable catalyst needed to 

maximise the space-time yield, meaning that a maximum amount of product had to be 

obtained in the shortest time by using the minimum volume of catalyst possible.14 

With the focus of maximizing space-time yield in mind, the Baden Aniline and Soda 

Company (BASF) assigned the task of developing the process for industrial purposes to Carl 
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Bosch, after signing an agreement with Haber. Some promising catalysts based on osmium 

and uranium were discovered, but it was Bosch’s assistant, Mittasch, and other co-workers 

who found the first suitable catalyst for the synthesis of ammonia. The catalyst was made of 

iron with alumina, calcium oxide, and potassium, and it is the base for catalysts used today. 

15 It has been reported that 500 million tons of NH3 is produced annually via the Haber-

Bosch process to generate N2 for fertilisers.16 

That ground-breaking discovery changed the nitrogen industry and the technology is still in 

development. Thanks to the continuous gradual increases in performance and efficiency, 

modern day ammonia plants are reaching a minimum in theoretical energy consumption. 

However, fossil fuels are still used to obtain the hydrogen needed for this process,17 and 1% 

of the worldwide energy is utilised for the synthesis of ammonia,18 motivating researchers 

to find ways to make ammonia synthesis an environmentally friendly process.19  

Current research in the field of ammonia synthesis includes the development of alternative 

catalysts such as ruthenium-based catalysts, Co-Mo-N catalysts, electrocatalysts and fused 

Fe catalysts. Another challenge is to reduce the emission of CO2 by increasing the efficiency 

of Haber-Bosch synthesis plants and using alternative energies such as electric, light, solar, 

or radiation to assist the process by activating nitrogen or changing the pathway for the NH3 

production.20  

Another focus for research is understanding the nature of the N2 molecule, which is one of 

the hardest molecules in nature to activate and reaching ammonia synthesis under normal 

conditions of pressure and temperature (1 atm and 20 °C), which is theoretically feasible 

based on thermodynamic data and simulations. At these conditions, even the use of selective 

enzymes or bacteria is possible to fix nitrogen and produce ammonia.  

To overcome the high costs associated with the relatively high pressures and temperatures 

needed for the Haber-Bosch process (HBP), metal-nitride catalysts are being developed. 

These catalysts react by creating nitrogen vacancies when the N atoms in their surface are 

reduced to NH3. The vacancies are then filled with gaseous N2 in a Mars-van Krevelen 

mechanism,21 rather than adsorbing N2 first like in conventional catalysts. These types of 

catalysts can be the key to advance in the path that Haber started: achieving ammonia 

production with high yields at ambient conditions.22 

1.3 Properties of transition metal nitrides (TMNS) 

Nitride-based materials possess chemical and physical properties that render them as suitable 

catalytic materials in technological applications and science.23 Group 6 (W, Mo and Cr), 5 

(V, Nb and Ta ) and 4 (Ti, Zr and Hf ) transition metal nitrides possess high melting points 
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in the range 2000-800 °C. Their high melting points, hardness24 and tensile strength put them 

in the range of refractory compounds. This combination of features enables them to be 

broadly applied as cutting tools.25 Additionally, the nitride materials generally exhibit 

conductivity (electrical26 or thermal27), magnetic susceptibility28 and resistance against 

corrosion.29 Further applications include being utilised as diffusion barriers,30 

superconductors, high temperature structural materials and magnetic devices. Concerning 

the catalytic properties, it is well documented that early  transition metal nitrides and some 

noble group metals share similar electronic properties, which was mainly inspired by the 

pioneering work of Levy and Boudart,31 who reported the “platinum-like” catalytic 

performance of tungsten carbide in hydrogenolysis and isomerization of 2,2-

dimethylpropane. 

The electronic modification that occurs in metal d-bands during the formation of transition 

nitrides is mainly responsible for the catalytic activities. The inclusion of nitrogen molecules 

results in an expansion of the metal host lattice, increasing the metal-metal distances and 

contracting the metal d-band of the parent metal. This results in a greater density of states 

(DOS) near the Fermi level of metal nitrides compared to the parent metal,32 which causes 

the metal surface to exhibit an electron donating character. The redistribution in transition 

metal nitrides gives rise to their catalytic behaviours; resembling that of the noble 

metals.33,34,35,36,31 Thus, they are desirable heterogeneous catalysts in a wide variety of 

industrial processes, including ammonia synthesis37,38,39,40,41,42and 

decomposition,43electrochemical reactions,44 hydrogenolysis,45 hydroprocessing46 and 

isomerisation.47 

It is argued that the incorporation of the nitrogen into the interstitial sites within the structure 

of metal nitrides plays no direct role for the behaviour of the catalyst but may be to provide 

a correct order on the active surface plane.40  

Transition metal nitrides (TMNS) can be divided broadly into three categories, ionic, 

covalent and interstitial type.48,49 In the first category, there is significant ionic and covalent 

character, similar to that found in oxides, in that (e.g. Ca3N2). Bonding is more similar to 

that found in carbides in the second category with predominates metallic bonding; nitrogen 

atoms present in interstitial positions within the metal array (e.g. TiN, CrN).48,49 The 

formation of the bonding in transition metal nitrides is due to the interaction of the 2s and 

2p orbitals of nitrogen with metal d orbitals.50,51  

 

1.4 Crystal structure 
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The structure of metal nitride materials is the most pivotal parameter that determines various 

properties. It has been reported that the structures of these materials are based on two 

fundamental factors; geometric and electronic.33 Group 4-6 early transition metal nitrides 

have been classified as interstitial alloy compounds with complex and various crystal 

structures. The smaller nitrogen atoms (0.71 Å) are integrated randomly into the interstitial 

sites of their parent metals in cubic close-packed metallic structures (ccp),33 which is the 

main contributing factor to their attractive electrical conductivity.52 In this type, the metal 

atoms are arranged differently from those of their corresponding parent metals in either face 

centred cubic (fcc), or hexagonal closed packed (hcp), or simple hexagonal (hex) structures 

Figure 1-1. The largest interstitial site is an octahedral site in (fcc) and hcp which is occupied 

by nitrogen atoms. With regards to simple hexagonal structure, nitrogen atoms accommodate 

into trigonal prismatic sites. 

 

Figure 1-1 The typical crystal structures of TMNs, including face-centred cubic (fcc), hexagon-

closed packed (hcp), and simple hexagonal (hex) structures. Reproduced from reference.53 

Copyright 2016, Wiley-VCH. 

 
The body centred cubic (bcc) structure of metallic molybdenum Mo for instance could be 

modified by intercalation of nitrogen atoms to fcc-like structure of its analogue’s stable 

nitride Mo2N Figure 1-2.  

The electronic factor is commonly cited as the reason behind the structural changes between 

the parent metals and nitrogen containing transitions metals. The structure of these 

compounds relies on two factors; geometric and electronic, as reported by Oyama.49 For 

binary compounds, the structure changes from a simple to a more complex one as we move 

from the left to right side in the periodic table due to the strong effect of geometry on 

interstitial sites. The structure can be predicted based on the empirical rule which was 

developed by Hägg. According to this rule, the crystal structure can be determined depending  

on the radius ratio r = ,!," , where 8- and 8. are the radii of the interstitial nonmetal and 

transition metal atom, respectively. When radius ratio is less than 0.59,54 the transition metal 
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and interstitial non-metal atoms form interstitial compounds such as (ccp), (bcc), or (hcp), 

whereas greater than 0.59 complex structures form. 

 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 1-2 The typical crystalline structures of body centred cubic (bcc) for metallic Mo (a) and 

face centred cubic (fcc) of Mo2N (b) unit cell’s. Pink and grey spheres represent Mo and N atoms, 

respectively. Diagram prepared using Vesta and structure data from Jette et al55 and Cao et al56 for 

pure Mo and Mo2N, respectively. 

 

Binary molybdenum nitrides exist over a broad structure range with various stoichiometry. 

The most investigated of these materials are the rocksalt type Mo2N molybdenum nitride 

and the hexagonal structures phases d1-MoN, d2-MoN and d3-MoN. Careful control of 

conditions during synthesis can also lead to b-Mo2N, a tetragonally distorted rocksalt type 

phase with ordered stacking faults. 

The structure-types of the bimetallic metal nitrides containing transition metals typically can 

be described as cubic, metallic perovskite or cubic, η-carbide type structures. Later on, 

however, another structural form of ternary molybdenum nitride which has a filled b-

manganese structure has been identified.  

In previous studies, it has been argued whether the XRD patterns generated from the ternary 

nickel molybdenum nitride material assigning to a phase containing Ni2Mo3N or the known 

ternary nitride Ni3Mo3N. However, Herle et al. suggested that as a separate metallic Ni phase 

was conducted in the post ammonolysis XRD, the nitride phase with Ni:Mo ratio of 1:1 is 

unlikely. They also demonstrated the excellent correlation between the observed intensity of 

the peaks corresponding to the Ni2Mo3N composition with that of Al2Mo3C which has been 

used as structural model. Furthermore, they extensively investigated the structure of 

Ni2Mo3N using different characterisation techniques, including powder X-ray diffraction 

(PXRD), transition electron microscopy (TEM) and temperature programmed reduction 

(a) (b) 
 

Nitrogen 
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(TPR). Ni2Mo3N crystallises with space group P4132 and contains corner sharing [NMo6] 

octahedra. The Ni atoms are placed in a 12-fold pseudo-icosahedral coordination, 

surrounded by nine Mo and three Ni atoms, giving Ni[Mo9Ni3] polyhedra. The pseudo-

tetradecahedral site is comprised of six Ni, six Mo and two N atoms to form Mo[Ni6Mo6N2] 

entities. 

The filled b-manganese and η-carbide type structures have recently received considerable 

attention in various applications especially for ammonia synthesis. Typically, with a 

stoichiometry of M2T3X (M is a post transition metal, T is a transition metal and X is 

nitrogen). The nitride materials containing Mo with either Ni or Co have a filled 

b- manganese structure and η-carbide structure and are isostructural with the compositions 

developed in this study. In the following subsections, a brief description of each of these 

crystal structures is shown. 

1.3.1  The crystal structure of the filled ! -manganese structure 

The filled #-manganese structure has been discussed elsewhere.57,58 The filled #-manganese 

structure M2T3X (M and T= transition metals, X = small electronegative atom), as illustrated 

in Figure 1-3 is cubic and adopts the space group symmetry P4132.58,59 The structure is 

generated by the filling of an interstitial site with an electronegative non-metal atom such as 

carbon, nitrogen or oxygen, which is located at the centre of the T6 octahedra. It is a complex 

structure, with a unit cell containing 20 Mn atoms.60,61 Ni2Mo3N is an example of an 

interstitial nitride which crystallises in this structure, with corner-linked NMo6 octahedra 

interpenetrated with a (10,3)-a network of nickel atoms.58 The Ni2Mo3N structure has two 

inequivalent crystallographic sites: the Wyckoff 8c and 12d positions. Ni atoms on the 8c 

positions, result in a (10, 3)-a network of Mn atoms. Mo atoms occupy the 12d sites, which 

fill the space within the network, result in corner-sharing Mo6N octahedra.62  
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Figure 1-3 Unit cell of Ni2Mo3N viewed along [100] showing the corner linked NMo6 octahedra 

and the interpenetrating (10,3)-a network of Ni atoms. Ni atoms are shaded pink, Mo blue and N2 

green. Diagram prepared using Vesta and structure data from Prior and Battle.58  

1.3.2  The crystal structure of the η-carbide structure 

Figure 1-4 illustrates the cubic unit cell image of η-6 Co3Mo3N structure. The structure of 

the η-phase Co3Mo3N phase has been well established and it was found to be isostructural 

with η-Fe3W3C,63 which crystallises with space group Fd39m. This compound reveals a face 

centred cubic (fcc) structure which composes of corner shared NMo6 octahedra with the Co 

atoms that occupy the sites between the octahedrons. The Co (Co1, Co2) and Mo atoms are 

disordered over the Wyckoff sites (32e, 16d) and 48f, respectively. The octahedral 16c site 

is preferentially occupied by N atoms. In the η-6 Co3Mo3N structure, unlike Mo, Co is 

located at two crystallographically non-equivalent sites which resulting in the formation of 

site vacancies and interstitial defects within the crystal structure. Each Co is surrounded by 

six Mo and six Co atoms that led to the formation of Co [Mo6Co6], while Mo is bound to 

four Mo, six Co and two N species. 
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Figure 1-4 Unit cell of cubic Co3Mo3N showing the distorted corner- sharing NMo6 octahedra. 

Mo atoms are shaded pink; Co dark blue; N2 grey. Diagram drawn using Vesta and structure data 

from Jackson et al.64 

1.4  Improving of the catalytic properties  

Improving the performance of metal nitride catalysts can be achieved using various 

strategies. One common strategy involves the introduction of suitable transition metals into 

the crystal structure, one of the component metals of the catalyst acts as an activity promoter 

of the main active component of the compound. Some catalyst promoters such as Ni and Co, 

which are commonly used with Mo or W have been reported by Speight.65 A series of nickel 

molybdenum nitride catalysts were reported by Chu et al.66 using a sol-gel method and 

ammonolysis of oxide precursor with NH3, and characterised by BET, X-ray diffraction and 

H2 temperature programmed reduction. The primary function of supported catalysts is the 

maintenance of high surface area of active components. The different types of these catalytic 

metals were reported by several investigators. The dispersed metal component of the catalyst 

can be a single metal67 or coupled with another metal.66 Although the high temperature of 

metathesis method for example, may make this difficult, previous studies have proved that 

the control of these parameters can be achieved. Bem et al.63 used a mixture of aqueous 

solution of Mo salt with aqueous solution of Ni salt or Fe salt to produce NiMoO4 and 

FeMoO4 precursors respectively. The mixture was dried under N2 gas at 700 °C for 6 h. The 

salt precursors obtained were placed under flowing ammonia gas and heated at 5 °C min-1 to 

700 °C to synthesise the corresponding ternary nitrides (Ni3Mo3N and Fe3Mo3N). The 

review on potentialities of metal nitrides for ammonia production is discussed below. The 

size, shape and crystalline structure of metal nitrides are critical for catalytic behaviour. 
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Furthermore, high surface area of the materials is very useful to alter their catalytic activities, 

which can be achieved via the ammonolysis of their oxide precursors using temperature 

programmed reaction.68,69  

The researchers observed that the high surface area of nitride materials in correlation with 

their lower cost might improve their performance as a catalyst.70 Catalytic interest has 

mainly centred upon the interstitial materials of molybdenum and tungsten based systems as 

they exhibit high performance in ammonia production comparable to that of ruthenium 

metal, which is the most active current commercial material.70,40  

1.5 Catalytic activities of transition metal nitrides as catalysts for 

ammonia synthesis  

As mentioned earlier, the Haber-Bosch process based on iron-based metal catalysts is the 

most common process for ammonia synthesis and has been widely studied. The large scale 

production of ammonia through this process involves the direct reaction of pure H2 and N2 

over an iron-based catalyst promoted with K2O and Al2O3 at high pressure and 

temperature.71 New processes and catalysts to reduce temperature and pressure in Haber-

Bosch are required. TMNS with Pt-like catalytic properties have been suggested as the most 

promising alternative catalyst for ammonia synthesis.72 In recent years, catalytic activity of 

binary and ternary nitride systems for ammonia production has gained growing interest and 

has been widely investigated, due to its unusual composite properties. 

Earlier studies by Mittasch investigated the catalytic behaviour of some metals towards 

ammonia synthesis including, Fe, Co, Ni, Ru, Os, Mn, Mo, U and Ce. It was concluded that 

these metals share similar ammonia synthesis activity, and Ni had the lowest activity 

followed by cobalt metal.73 Boudart developed molybdenum nitride catalysts with high 

surface areas, and also later the work of Aika and Kojima reporting the high surface area of 

the cobalt molybdenum bimetallic nitride catalyst synthesised- by nitridation of cobalt 

molybdate hydrate with ammonia at 973 K-under the same conditions. It has been 

demonstrated in recent extensive studies that, Co3Mo3N related catalysts have high catalytic 

activity that have drawn the researcher’s attention. In particular, it has been stated that the 

Co–Mo bimetallic nitride Co3Mo3N doped with Cs+ is one of the most active catalysts for 

ammonia synthesis and the activity of this phase can be exceeded that of conventional iron 

based Haber-Bosch catalysts.74,75 Further investigations carried out by Jacobsen and co-

workers demonstrated that bimetallic nitrides Fe3Mo3N and Co3Mo3N display high catalytic 

properties in ammonia synthesis, although the reaction was operated at high pressure. The 

theoretical studies of Jacobsen et al. have led to establishment of a volcano shaped 
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relationship between computed TOFs of different metals and their nitrogen adsorption 

energies. In general, the idea is that the nitrogen binding energies are an important factor for 

the performance of catalysts Figure 1-5. For example, Fe and Ru catalysts display much 

higher activity than pure Co and Mo catalysts because nitrogen binds too weakly to the Co 

and too strongly to the Mo compared to Fe and Ru. On the other hand, Co–Mo bimetallic 

catalyst is expected to exhibit high ammonia synthesis activity, as compared with Ru 

catalysts, owing to the intermediate nitrogen binding energy of the Co–Mo bimetallic 

catalyst.76 It was recently reported that molybdenum nitride has the ability to store and 

transfer agents of active nitrogen species.77 Hargreaves group has found that 50 % of lattice 

N species of Co3Mo3N can be eliminated to yield Co6Mo6N. Furthermore, they found that 

the treatment of Co3Mo3N under H2/Ar can reduce Co6Mo6N to generate ammonia, adsorbed 

N species can be provided by N lattice in the presence of H2.81,83 Thompson et al. have 

reported that the activity of δ-Mo2N films was more active than β-Mo16N7 and γ-Mo2N 

films.75 Bion et al. reported that the nickel molybdenum nitride materials prepared by 

ammonolysis and N2/H2  pre-treatment of the NiMoO4 precursor have much greater activities 

for ammonia synthesis.37,40 Fe3Mo3N has been shown to be isostructural with Co3Mo3N, 

cubic η-carbide structures, using Rietveld refinement.80 Recently, Laassiri et al. 

demonstrated that the nitrogen transfer properties of tantalum nitride materials does not 

depend on the accessible surface area. It was also observed that doping tantalum nitrides 

with small content of cobalt resulted in high reactivity at low temperature to produce 

ammonia.81  

 
Figure 1-5 Relationship between the turnover frequencies (TOF) of different metals for the 

ammonia synthesis reaction at 400 °C with respect to their nitrogen adsorption energy.76 
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1.6  Conversion of oxide precursors into nitride materials 

1.6.1  Ammonolysis of binary oxides 

Molybdenum nitride based materials have captured great attention since they display good 

catalytic properties for ammonia synthesis reaction.38 Preparation of molybdenum nitrides 

has been reported using a variety of methods, but the majority of them are based on the 

temperature programmed reaction of Mo-containing precursors.38,84 Since ammonia 

provides nitrogen more easily than other sources, it is the most preferred nitridation agent. 

Volpe and Boudart72 reported that high surface areas of nitride materials based on 

molybdenum can be obtained by the nitridation of the metal oxide precursors with ammonia 

via a temperature programmed reaction. Furthermore, it was found that the properties of the 

prepared materials were highly dependent on the synthesis condition. In the application of 

temperature programmed reaction, slow temperature ramping rates and space velocities of 

ammonia gas were recommended to maximise the surface area. 

Wise and Markel 85 pointed out the problem associated with the endothermic decomposition 

of ammonia. They concluded that using mixtures of H2/N2 for nitridation has several benefits 

over the use of NH3, the main ones being that γ-Mo2N could be obtained with high surface 

area. Choi et al.86 used temperature programmed reaction of MoO3 to synthesise a series of 

molybdenum nitride catalysts by employing two segment temperature program. They 

concluded that the selectivity with respect to the surface area and phase constituents of the 

molybdenum nitrides depended on the heating rates combined and space velocity 

individually. High temperature rates in the interval 450 °C to 650 °C produce high surface 

areas of molybdenum nitride. Slow heating rates in the interval temperature from 250 °C to 

450 °C led to a route going through HxMoO3. Colling et al.86 investigated the surface 

chemistry of bulk molybdenum nitrides with surface area of up to 193 m2 g-1, which were 

prepared using temperature programmed reaction of MoO3 with NH3, from ambient 

temperature to 500 °C. The catalysts were investigated by temperature programmed 

desorption (TPD) measurements. They concluded that the passivated layer of oxygen was 

removed by reaction with decomposed NH3 and H2 gas left on the surface of the catalyst at 

temperatures 277 °C or with H2 gas at higher temperatures. Research on the synthesis of 

transition metal nitrides is ongoing. 

Nitrides including transition metals such as Mo, W were reported by Ramanthan and 

Oyama.46 The catalysts were synthesised by temperature programmed reaction of oxide 
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precursor under a flow of ammonia gas, and analysed using X-ray diffraction and BET 

surface area.87,88 

 Synthesis of metal nitrides is well explored. Processing complexity of tungsten nitride 

synthesis is related to necessity of nitrogen atom incorporation into the tungsten lattice which 

is problematic to realise at atmospheric pressure.89 Normally use ammonia reduction is used 

to produce tungsten nitride from tungsten oxides at a high temperature 700-900 °C.90 

DiSalvo reported a simple method to form mesoporous transition metal nitrides (NbN, VN, 

Ta3N5 and TiN) by the ammonolysis of ternary zinc metal oxide precursors.91 Transition 

metal nitrides with pore sizes from 10 to 40 nm, particle sizes of 5–40 nm, and surface areas 

15–60 m2 g−1, depending on both the starting composition and the ammonolysis variables 

such as synthesis temperature, heating rates and space velocity have been studied. Neylon et 

al.47 prepared phase-pure early transition metal nitrides, γ-Mo2N, VN and β-W2N by the 

method of temperature programmed reaction of metal oxide precursors with NH3 flow. 

Furthermore, they investigated the catalytic properties of these materials. They found that 

the nitrides were mesoporous, the pore size was in two ranges of about 2 and 50 nm and the 

surface area was 81 m2 g−1. 

1.6.2  Ammonolysis of ternary oxides 

Mixed metal nitrides can be produced via the ammonolysis of metal oxide precursors. This 

approach was used by Weil and Kumta to prepare Co3W3N and Fe3Mo3N.92,93,94 The 

preparation of the precursors was first done by adding a complexing agent (ethanolamine 

and triethylamine to form Fe3Mo3N and Co3W3N, respectively.) to stoichiometric mixtures 

of the interrelated transition metal chlorides that are dissolved in acetonitrile. Evaporating 

the solvent and successive ammonolysis at around 950°C for 4 hours generated ternary 

transition metal nitrides. Fe3W3N was subsequently prepared using the same method to 

rapidly precipitate a homogenous mixture of the ions from solution. Another method 

provides technology of ternary V-Mo-N synthesis from the amine. It includes further steps: 

mixing of ternary oxide hexadecylamine in acetone, addition of hydrogen peroxide, foaming 

process with spreading of the product onto a clean glass, transferring in a furnace and treating 

by high temperature (up to 800 °C) under ammonia flow. This scheme allows forming a high 

surface area material, which is important for V-Mo-N systems.29,95  

A variety of known ternary metal nitrides have been prepared from binary nitrides, metals 

or by the ammonolysis of ternary oxide. Synthesis of ternary metal nitrides has been 

accomplished by using various preparative procedures.  
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Conventional high temperature routes lead to low surface area, so for catalysts different 

approaches are needed. Focussing on the past several years, extensive research on metal 

nitrides has been carried out, numerous ternary and quaternary metal nitride catalysts have 

been synthesised using different routes via controlled temperature programmed 

ammonolysis of metal oxide precursor. The major synthetic approaches to transition metal 

nitride catalysts have been employed and reported in detail by several investigators. Sapina 

et al.96 prepared pure phase Ni2Mo3N by freeze drying a solution of metal salts followed by 

heating and subsequently ammonolysis. This method has been applied in the formation of 

vanadium molybdenum oxynitrides. Hada et al. reported the nitrides of Co and Mo mixtures 

at Co/ (Co+Mo) ratios of 0.25 and 0.5 and documented that the species formed at 750 °C 

were γ-Mo2N, β-Mo2N0.78 and Co3Mo3N phases. Gomathi developed a new process to 

prepare interstitial molybdenum nitrides with η-carbide structure such as Co3Mo3N and 

Fe3Mo3N via urea route.97 In this method pellets of the corresponding oxide precursors were 

heated with urea in a 1:12 molar ratio under nitrogen stream for 3 h in the temperature range 

900 - 1000 °C.  

A similar route that was applied to the synthesis of η-carbide nitrides was used to prepare 

Ni2Mo3N.97 Unfortunately, due to the stoichiometry of the starting material (Ni2MoO4), the 

results showed unwanted Ni impurities in the Ni2Mo3N.  

Other routes based on the transformation of organometallic oxide precursors into metal 

nitrides by the direct reaction between metal oxide with ammonia were applied for the 

production of metal nitride materials.98 A very similar technique to that used to prepare η-

carbide nitrides was used by Herle et al. to prepare the filled !-manganese nitride 

Ni2Mo3N.57 The obtained precursor which was made by dissolving the corresponding metal 

chlorides in acetonitrile was reacted under flowing ammonia gas at 950 °C for 4 h. Attempts 

were made to prepare Ni2Mo3N via the reduction of NiMoO4. This, however, resulted in a 

mixed phase containing Ni2Mo3N and Ni metal, due to the difference in stoichiometry of the 

precursor and desired product. This mixture of Ni2Mo3N and Ni metal has been erroneously 

reported in the literature as Ni3Mo3N.99,100,101,102 Ni2W3N was also synthesised via the 

ammonolysis of chemically complexed precursors.103 Pt2Mo3N and PtPdMo3N have been 

prepared by the ammonolysis of amorphous precursors obtained by the freeze-drying of 

aqueous solutions of the appropriate metal salts: (NH4)6Mo7O24 .4H2O, (NH4)2[PdCl6] and 

(NH4)2[PtCl6].104 The individual salts were dissolved in water and added to each other in 

stoichiometric amounts. Then, droplets of this solution were flash-frozen in liquid nitrogen 

and successively freeze-dried. 
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The resulting amorphous powders were calcined in air at 600 °C for 12 h, in order to induce 

crystallinity. The crystalline precursors were then heated with NH3 flow for 12 h at 900 °C. 

This route was also used to prepare Pd2Mo3N.104  

1.6.3  Reduction-nitridation of oxide precursors 

The reduction–nitridation of oxides under dilute hydrogen in nitrogen have also been used 

to synthesise ternary nitrides that contain two transition metals. The water produced as a by-

product in the reaction is blown away by the flow of dilute hydrogen in nitrogen gas through 

the furnace. This process can be applied to binary and ternary oxides, as in the synthesis of 

the filled !-manganese compounds of Ni2Mo3N, Co2Mo3N (impure), and the solid solutions 

Ni2−xMxMo3N (M = Co, 0 ≤ x ≤ 1; M = Pd, 0 ≤	x ≤ 1.5),58 Fe2−xMxMo3N (M = Ni, Pd, Pt) 
105 and Fe2−xRhxMo3N.59 The η-carbide compounds prepared in this way include the common 

η-carbides Fe3Mo3N and Co3Mo3N,58 the solid solution of Fe in Co3Mo3N 

(Co3−xFexMo3N),106 and the ordered quaternary η-carbide Ni2GaMo3N.106 The benefit of this 

route is a quick preparation of highly pure phases from oxide precursors. 

Herel et al.103 prepared Ni2Mo3N by the reduction of Ni2MoO4. They observed that the 

sample contains some amount of bimetallic nitride impurity, due to stoichiometry of the 

starting materials. Wang et al.107 reported that the reduction temperature of the passivation 

layers of nitride, which prepared using temperature programmed reaction, has been 

decreased as a consequence of increase amount of Ni added. A new synthetic route to 

interstitial ternary nitrides which based on the reduction of mixed metal oxides under 10 % 

hydrogen in nitrogen has been developed.58 The route was employed in the synthesis of 

ternary and quaternary metal nitrides adopting the filled β-manganese structure and the η-

carbide structure. An example of a typical reaction equation is given below:108 

     2%&'	 + 	3*+'!	10	%	/"/%" → 	%&"*+!%	 + 	11/"'                         Equation 1-2  

 

1.7  Citrate gel method 

Since the preparation of oxide materials can be achieved in an oxygen containing 

atmosphere, these compounds are widely studied compared to nitride materials. Similar 

chemical methods are not successful for producing nitrides owing to the thermodynamic 

factors. Synthetic routes of transition metal nitride materials generally require high 

temperature and long synthesis times. The obvious process to manufacture transition metal 

nitrides is the direct reaction of metals with nitrogen gas.44 This route requires a large amount 
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of energy in order to cleave the strong triple bond in molecular nitrogen (945 kJ mol-1 for 

N≡N compared to only 498 kJ mol-1, the bond dissociation energy for O=O).109 Accordingly, 

increasing the activation energies for the formation of nitrides over oxides results in a low 

standard free energy of formation. As a result of long-term research efforts in nanoscience 

field, different approaches were developed. The preparation of metal nitride materials using 

different techniques is dependent upon the required materials properties for a particular 

application. As for many advanced materials, particle size reduction, high surface area and 

well-defined morphologies in transition metal nitrides are of key importance to produce 

active and efficient catalysts. At high synthetic temperatures, the resultant materials have 

various drawbacks including particle aggregation, high-energy consumption, poor 

crystallinity and incomplete conversions which result in oxygen and carbon contaminations 

that reduce their use in catalytic applications.110 In addition, some transition metal nitrides 

are sensitive to air and moisture. Therefore, it is still necessary to develop a facile and highly 

efficient route to most nitrides in order to meet the increasing demand for high performance 

materials into many fields including catalysis. In the case of catalytic applications, the 

catalysts used, especially in ammonia synthesis reaction, are typically in the form of high 

surface area nanoparticles (NPs) with a narrow size distribution, which are deposited and 

dispersed uniformly on a high surface area support. Despite the synthetic challenges of 

nitrides, there has been substantial progress in the synthesis and processing of nitrides with 

development of various synthetic approaches leading to new well-crystallised metal nitride 

catalysts.  

Wet chemical methods to metal nitride materials via suitable precursors are widely used, and 

lead to a rapid reaction rate at lower temperature processing. Among them, alkoxide sol gel 

process and co-precipitation are the most promising techniques that have been successfully 

employed for the development of a homogeneous mixed metal nitride. However, both are 

rather limited owing to the difficulties in the solubility of the different reactant metal salts 

components in the solution.111 Accordingly, the Pechini method is required to overcome 

previously mentioned limitations. In 1967, Pechini produced an alternative method for the 

preparation of inorganic materials. Later, this route was modified to form multi component 

metal oxides, and coined as the "Pechini method" or the "Liquid Mix Process".112 In order 

to prepare the optimum oxide precursors for metal nitride, this method was initially regarded 

as a suitable candidate for its key properties, which will be briefly described here. The 

modified Pechini-like process is based on two stages: first, the reaction between initial 

components, such as nitrates, carbonates and alkoxide with a-carboxylic acids, in the 

aqueous solution which leads to the formation of the gel. The second step consists of the 
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formation of metal oxide through the thermal decompositions of the obtained metal-polymer 

compositions.113 Due to the polymeric matrix, the nucleation of intermediate precursors is 

constrained to the nanoscale and stays well dispersed in the reaction medium.114 The sol–gel 

based Pechini method stands out as an efficient and versatile process, due to its distinctive 

advantages such as the use of different temperatures and proportions of citric acid and 

desired metal ions, to produce nanocrystalline powders, e.g. precursors to metal nitride 

catalysts. This approach  involves the production of solid state material from a solution, 

where metallic ions are immobilized in a rigid organic polymeric network at the molecular 

level without precipitation and phase segregation.114,115 In Pechini method citric acid is 

added to the solution to chelate the metal ions, and then polybasic acid chelates can be 

obtained. Chelation is a complexation process in which a ring structure forms to reduce the 

mobility of a metal atom, thus producing homogenous precursors. It has become one of the 

most common chelating agents used because the citrate ion metal complexes tend to be 

stable. This is owing to strong coordination of the two carboxyl and one hydroxyl group of 

the citrate ion to a metal ion in solution. In addition, this chelating agent could effectively 

help to control metal agglomeration during high temperature in the calcination stage.116  

There are several factors that need to be considered in the Pechini method. These include 

solvent; rate and final temperature of calcination, precursors, pH and temperature of 

gelation.117 The presence of solvents affects the conformation of the precursors.118 The 

controlling values of pH in the citrate sol–gel method play an important role in the binding 

of citrate to metal ions, and also it can strongly affect homogeneity of metal citrate solutions 

and particle size in the final product.115 It has been reported that lower pH values resulting 

in an increase protonation of the citrate, high pH resulting in the formation of metal 

hydroxides precipitation.119,120  

Other conventional ceramic processing methods involves extensive milling and grinding. 

This has often resulted in the contaminants and inhomogeneity in particle distribution. 

Moreover, these techniques require prolonged temperatures while the Pechini route is 

characterised by typical higher reaction velocity and lower synthesis temperatures which 

turns to be improvement in many ways and allows production of homogeneous materials.  

Bion et al.40 synthesised Ni2Mo3N by utilising the Pechini method in the form of a citrate 

gel. They reported that Ni impurity phase is formed in the materials prepared from a NiMoO4 

precursors and was shown to be inactive to ammonia synthesis. On the other hand, they 

observed that the synthetic route based on the nitridation of the crystalline intermediate 

prepared by the Pechini method with the desired Ni: Mo 2:3 metal ratio produced single-

phase Ni2Mo3N.  
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This method has some advantages over other studied routes (e.g. alkoxide based sol gel) of 

being low cost, easy preparation, nontoxic, it is also easy to disperse obtained nanoparticles 

in the proper media.121 Like many techniques, the disadvantages of the Pechini method, it 

requires a large scale of the precursor, it also loses weight during the calcination stage. 

1.8  Objectives 

The aim of this research project is to develop a series of quaternary nitride based 

nanostructured compounds containing molybdenum using the sol-gel Pechini method and 

evaluate their activities as ammonia synthesis catalyst. The high surface area and small 

particle size are potentially important for the improvement of catalytic properties; therefore, 

they have been considered as the initial goal of this study. The ternary nitride Ni2Mo3N with 

a !-manganese structure is the first target compound, where doping of the nickel and 

molybdenum sites with copper or iron and tungsten, has been attempted, respectively. This 

will be extended over the course of this study. The high activity of Co3Mo3N stimulates our 

interest to develop new catalytic materials by doping this system with tungsten. Therefore, 

their catalytic performance as new materials for ammonia production against Co3Mo3N and 

Ni-W-Mo-N systems has been studied. In order to clearly understand the structural features 

of the samples, further investigation is required throughout this work. Powder X-ray 

diffraction technique provides a greater understanding of crystal structure and properties of 

the phases. Furthermore, complementary analytical tools have been applied, such as 

thermogravimetric analysis (TGA) to study the thermal stability and scanning electron 

microscopy (SEM) and transition electron microscopy (TEM) to determine nanoparticle 

shape and size distribution. Nitrogen porosimetry is used to measure surface area. The next 

chapter describes the experimental techniques utilised in this study. 
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Chapter 2 Instrumental Techniques 

This chapter describes the main techniques that have been used to characterise the 

morphology, structures and compositions of the materials prepared during this project.  

2.1  Scanning electron microscopy (SEM) 

A scanning electron microscope (SEM), images a sample by using a high –energy electron 

beam that is scanned across its surface to produce various signals. These signals produce 

images revealing the surface topography or other features.122 The low energy secondary 

electrons produced in the scanning electron microscope are most frequently used to 

characterise crystal shape, surface morphology, dispersed and agglomerated nanoparticles. 
A schematic of a typical SEM is shown in Figure 2-1. The electron gun is the main 

component in the instrument that contains the tungsten filament and electrodes. By heating 

the tungsten filament, which acts as cathode, electrons are generated and emitted. These 

generated electrons can be accelerated by a positive charge through two electrodes, one of 

which is the positive electrode (anode), producing a beam of electrons. However, all the 

electrons are repelled toward the optic axis due to the negative charge of Wehnelt Cap. They 

are then collected in space between the filament and Wehnelt Cap, called a space charge.123 

The beams of the electrons are pass sequentially through the sample and two electromagnetic 

condenser lenses. The condenser collects and focuses the electrons to small, thin, coherent 

beam. The resulting signals are then collected, magnified and transmitted to a detector by 

the use of the magnetic lens system.  

In this work, scanning electron microscopy was conducted using a Philips XL-30 ESEM 

(15 kV) with an attached Thermofisher Ultradry EDS detector and Noran System 7 

processing electronics. Characterised samples were prepared using conductive carbon pads. 

A very small amount of finely crushed powder was dispersed on a carbon pad glued onto the 

surface of a standard SEM sample stub. 
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Figure 2-1  The electron gun and schematic of SEM (top)123 and (bottom),124 respectively.  

2.2 Energy dispersive X-ray analysis (EDX) 

Energy dispersive X-ray analysis is an analytical technique that offers information about the 

elemental composition of a specimen. This technique is commonly used in combination with 

SEM which typically are based on the interaction of a source of excitation electrons and a 

sample. The X-ray spectrum produced by a solid sample provides a localized chemical 

analysis. The principle of EDX is illustrated in Figure 2-2. 
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The operating principle relies on the fundamental concept that every element has a unique 

atomic structure and hence a distinctive line spectrum. A high-energy beam of electrons is 

focused onto the material being investigated to stimulate its emission of characteristic 

X- rays. An electron in an inner shell can be excited by the incident beam and get ejected 

from its shell while creating a vacancy and this can be occupied by an electron from an outer 

(higher-energy shell). The difference in energy between the higher and the lower energy 

orbitals will then be transmitted in the form of X-ray photon. The energy of these photons 

can be detected by EDX spectrometer which are characteristic of the atomic structure of the 

emitting element to enable an accurate elemental composition. The elemental composition 

of the specimen can be examined since these emission spectra are as characteristic to each 

element as fingerprints. 

In this work, the EDX spectra were collected using a Thermofisher Ultradry detector with 

Noran System 7 (NS7) analysis platform on a Philips XL30- ESEM. The spot size was 

increased from the SEM monitor until for high magnifications of around 1000x and detector 

counts on the EDX monitor revealed a value of above 10,000. In the EDX experiments the 

live time was fixed at 100 seconds. 

2.3  Transmission electron microscopy (TEM) 

In transmission electron microscopy TEM Figure 2-3 an incident electron beam is 

transmitted through an ultra-thin specimen at high-accelerating voltage, 80–300 kV, which 

results in signals caused by the interaction between the specimen and incident electrons.125 

Electrons are emitted from the electron gun and illuminate the specimen through a two or 

three stage condenser lens system. Structures, compositions and chemical bonding of the 

specimen can be determined from these signals. The spatial resolution of TEM can be as low 

as 0.1 nm with electron probe size less than 0.5 nm, so that structural and compositional 

Figure 2-2 Principle of EDX 
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analysis at atomic scale can be carried out easily.126 TEM can be divided into two optical 

systems; the illumination and the imaging system. The illumination system contains the 

condenser lenses, which control the beam intensity and brightness. The imaging system hosts 

the objective lens and aperture, the selected area aperture, an intermediate lens and projector 

lens. The objective lens collects the transmitted electrons and disperses them into the back-

focal plane (BFP) for imaging purpose.127 The spatial distribution behind the specimen is 

imaged with a three or four stage lens system and viewed on a fluorescent screen.128 In 

general, there are two basic modes of TEM imaging, namely, the bright field imaging and 

dark- field imaging. The bright mode imaging is the most common technique for the imaging 

using TEM. It means the formation of images only with the transmitted electron beam. On 

the other hand, dark-field images mode is formed if one or more diffracted electron beams 

are chosen by the objective aperture. In this case, the transmitted electron beam should be 

blocked. The advantage of the dark-field imaging method is its high-diffraction contrast and 

its ability for observing grain size distribution.129 

 

 
Figure 2-3 Schematic diagram of TEM, illumination system (a), imaging system (b).128 

 
TEM was performed on Hitachi H7000 with accelerating voltage of 75 kV at the Biomedical 

Imaging Unit, Southampton General Hospital. Analysed samples were prepared by 
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ultrasound dispersal using propan-2-ol as the solvent and were deposited on carbon coated 

copper grids. The technique was applied to obtain images of the morphology of the 

nanopowder particles, and particle sizes. 

2.4  Nitrogen porosimetry  

During this study surface area measurements were performed on the samples. Surface area 

of catalysts is often found to be a critical factor in enhancing the catalytic activity. The 

method of evaluating the surface area was described by Brunauer, Emmett and Teller (BET) 

in 1938.130 This adopted a multi-layered adsorption system which was originally extended 

from the Langmuir theory using the following hypotheses:131 

 

(i)  gas molecules adsorb infinitely on a solid in layers  

(ii) the first and second layers of a solid are seen as different to each other and 

subsequent layers are the same as the second layer. Accordingly, the Langmuir  

theory can be applied to each layer and is given by: 

 

 
2

3#(2 − 2#)
=

1
3$	8

+
8 − 1
3$	8

9
2
2#
: Equation 2-1 

 

Where  
(i) 2	and 2# are the equilibrium and the saturation vapor pressure of adsorbates, 

respectively. 

(ii)     3# is the adsorbed gas volume 

(iii)      3$	is the volume of gas required to complete a unimolecular adsorbed layer 

(iv) 					8 the BET constant, which is expressed by: 

 

 8 = exp 9
>& − >'
?@

:    Equation 2-2  

 

The BET method is widely used for the calculation of surface areas of solids by physical 

adsorption of gas molecules. The total surface area Stotal and specific surface area !!"#	are 

found through the equations: 

 A()(*+ =
(3$	N	S)

3
            Equation 2-3  
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 D,-. =
D()(*+
E

  
Equation 2-4  

 
Where  

(i)  %	is Avogadro’s number 

(ii) 	A is the adsorption cross sectional area (16.2 Å) of N2 gas. 

(iii)  V is the molar volume of adsorbent gas (22.414 ml) 

(iv) 	E is the weight of the sample 

2.4.1  Sample preparation for BET surface area determination 

The surface areas of the samples were calculated by applying the Brunauer, Emmett and 

Teller19 (BET) method to nitrogen physisorption isotherms measured at 77 K using a 

Micromeritics Tristar II and samples previously degassed overnight at 120 °C.  

2.5  Thermogravimetric analysis (TGA) 

Thermogravimetric analysis (TGA) is used to measure the change in the weight of a sample 

over a range of temperatures in a given atmosphere (air, O2, N2, He, Ar). It is a useful tool 

to determine the changes in physical and chemical properties of materials either at a constant 

heating rate (as a function of increasing temperature), or at constant temperature and/or 

constant mass loss (as a function of time).132,133 The basic principle of TGA is to follow mass 

changes of a material as it is heated, and it can be used to define the composition, thermal 

stability or phase transitions of the material. In general, during heating a material loses 

weight owing to decomposition, reduction, or vaporisation. If it undergoes oxidation, 

adsorption or absorption it can gain weight. During the analysis, the change in weight of the 

sample is monitored via a microgram balance. Temperature is tracked using a thermocouple. 

The TGA can also track change in weight as a function of time. Data can be plotted as weight 

percent or time vs temperature (°C).134 For instance, if a tyre tread is being investigated, the 

rubber in the sample will have a lower decomposition temperature than carbon black and 

inert filler and hence will be the first to decompose. TGA instrumentation includes a sample 

holder (metallic/ceramic pans), microbalance, programmable heater (furnace), gas flow 

control, temperature control (thermostat) and temperature sensor (thermocouple). 

Thermogravimetric (TGA) was performed using a Netzch TG 209 F1 Libra instrument. Pre-

programmed heating regimes were adopted for the TGA samples heated under a flow of 

oxygen. The tested sample of approximately 16 mg was loaded in an alumina crucible (vol: 

150 μL) under dry conditions, and then placed onto the balance within the analyser. It was 
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held at 25 °C for 10 minutes before gradually heating to 750 °C with a heating rate of 10 °C 

min−1 under 40 mL min−1 of 50 % oxygen and 50 % argon as reactant and protecting gas, 

respectively. At 750 °C the sample was then held for roughly one hour and 15 minutes before 

allowing it to cool down to room temperature.  

2.6  Microanalysis 

Combustion microanalysis is an analytical technique can be used for the quantitative 
determination of carbon, hydrogen and nitrogen contents of samples. During this project 

combustion analysis was performed on catalyst powders. The sample of approximately 3 mg 

was sealed and sent to MEDAC Ltd in order to determine elemental composition (carbon, 

hydrogen and nitrogen). This technique involves burning the specimen at high temperature 

under pure oxygen gas with tungstic oxide as a combustion aid, and then measuring the 

concentration of CO2, H2O and N2 using a gas chromatograph to evaluate the original 

contents of C, H, N elements.  

2.7  Powder X-ray diffraction (PXRD) 

2.7.1  Principles of PXRD and Bragg’s law 

Powder X-ray powder diffraction (PXRD) is a versatile analytical technique mainly used for 

phase identification of a crystalline material and can provide detailed information on 

chemical composition and crystallographic structure. X-rays are produced in a cathode 

X- ray tube that contains a copper target and a tungsten filament. The high-speed electron 

beam from the filament is collided with the target by applying a high voltage. Copper metal 

is the most commonly target used due to its thermal conductivity, giving a Kα wavelength of 

1.5418 Å. The Kα X-ray wavelength is selected by using a monochromator or curved mirror. 

The material under investigation must possess a crystalline structure. Since chemical 

substances usually differ in their crystal structures, the diffraction pattern can be used as a 

fingerprint for unknown crystalline materials.135 Hence, unknown material can be identified 

by comparing their diffraction pattern against the diffraction patterns of known solid 

materials to find a match. Various crystallographic databases, such as the Cambridge 

Structural Database,136 the Powder Diffraction File137 and the Inorganic Crystal Structure 

Database,138 have been established for this purpose.  

The atoms in a crystal are in a periodic array and can scatter X-rays or other photons 

particles. Diffraction occurs when each object in a periodic array diffracts radiation 

coherently, generating constructive interference that gives high intensity and will be 
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observed at certain angles. In other directions, as the atoms are arranged differently, the 

scattered X-rays interfere destructively and this leads to loss of intensity.135 The geometrical 

conditions for diffraction in crystals were first described by Bragg, as shown in Figure 2-4. 

He found that X-ray diffraction can be represented by sets of lattice planes (in which the 

atoms are located) which act as a semi-transparent mirror, allowing X-rays to interfere 

constructively as the beam incidence.139  

For constructive interference of the scattered X-rays (the appearance of a diffraction peak) 

it is necessary that the beams, scattered on successive planes, be “in phase” (have a common 

wave front) after they leave the surface of the crystal. The beam paths labelled as 1 and 2 in 

Figure 2-4 vary by the length AB+BC, and this must be equal to an integral number of 

wavelengths (λ) of the incident radiation, accordingly:  

 

 FG + G8 = 	HI 
 

Equation 2-5 

 
 HI	 = 	2J(01+)D&HK Equation 2-6  

 
This relationship (Equation 2-7) is known as Bragg’s equation140 and it enables measurement 

of the wavelength and for determining angular position of the scattered beam in terms of λ 

and /J(01+). 

The term n =1, 2, 3, is designated as the order of reflection and J(01+)	is the inter-planar 

spacing of the lattice planes.141 

since FG = G8	EHJ	D&HK	FG/J(01+), we get the below the 

expression: 
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Figure 2-4  Bragg’s law treating the planes of atoms as reflecting planes. 

 
If we consider the figure 2-4, as representative for a “diffractometer” set-up, we have a 

collimated beam of X-rays impinging on a set of planes and at 2θ to the incident beam a 

detector which registers the intensity of radiation. For a glancing incident beam (small θ) the 

detector will register only background radiation. As θ increases to a value for which 2d sin 

θ = λ, the detector will register high intensity radiation producing a diffraction peak.142 

Hence, the XRD method is suitable to determine the crystal structures by analysing the 

positions and intensities of diffraction peaks typically observed for the well-crystallised 

material in the range of diffraction angle from 10° to 150°.143 The method is also used for 

evaluating the microstructures by analysing the width and the shape of the peak profiles. 

Since the crystal structures of pure materials are precisely periodic in their atomic 

arrangements, the pattern of the intensities and the position of XRD peaks can be uniquely 

used for the material assignment. Therefore, PXRD measurement is critical to characterise 

the main crystalline phases of materials. Crystals offer a much stronger signal due to their 

periodicity.135,143 

In this work, the PXRD patterns of the samples were collected using a Bruker D2 Phaser 

X- ray diffractometer with CuKα radiation (λ = 1.5418 Å). The collection data was selected 

in the range of 2K	= 10–80º at room temperature with a counting time of 0.10 s per step. The 

PDXL software package and PDF database was used for pattern matching.  

2.7.2  Rietveld method 

The Rietveld method was developed by H. M. Rietveld to refine the crystal structure from 

the powder diffraction as well as for the estimation of crystallite size.144 Rietveld realised 

that total intensity and peak shape of clusters of reflections can be determined by using 
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simple peak shape parameters. This circumvented the issue of the Bragg reflections being 

unable to be modelled as single entities due to them overlapping.144,130   

It involves a set of programs for the processing and analysis of both single crystal and powder 

diffraction data obtained with X-rays or neutrons. The unit cell and structural parameters 

(atomic coordinates, site occupancy, zero point, and atomic displacement parameters) are 

determined by a least square process so that the intensity data calculated reproduce the 

measured intensity data. 145 

For many compounds it is impracticable to grow single crystals of adequate quality for a 

good structure determination even though good powder diffraction patterns can be attained 

with little difficulty. It would be desirable to refine a structure model to “fit” the powder 

pattern parallel to the way structure factors are refined against isolated hkl data. Moreover, 

in a powder pattern of a many-atom, low-symmetry, unit cell there will be enormous overlap 

of the reflection peaks in the “1D” powder pattern (i.e. a map of 2θ vs. intensity). This lack 

of spatial resolution makes it much more challenging to index the reflection peaks in the first 

place. It also increases the challenge for measuring accurate intensities for the peaks, due to 

the high degree of over lapping.146 The Rietveld method is an elegant solution to this problem 

because the refinement is made against the entire peak profile. The contribution of all peaks 

to each data point is considered in turn. It is important to collect the entire powder profile 

carefully,130,144 the method relies on the simple relationship, 

Where W = relative weight fraction of phase p, n = number of phases, S = Rietveld scale 

factor, Z = number of formula units per cell, M= mass of the formula unit (in atomic mass 

units), V = unit cell volume (in Å³). 

The refined model is a least squares best fit process which aims to minimise the residual	A3: 

 

 

 

Where the sum i is the step number, L4 is the statistical weight equal to 1/y5(678),	y5(678)	and 

	y5(9:;9)	are the actual observed and the calculated intensity from the model, respectively.147 

The calculated intensity,	y5(9:;9)	, is obtained from the equation: 

 N< 	= 	 A=	(O*3)<	/	PA4(O*3)4

>

4?@

 Equation 2-7  

SA =	PL5
5

Qy5(678) − y5(9:;9)	R
" Equation 2-8  
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Where D = scale factor, ℎTU	= Miller indices	V01+ 	contains the Lorentz, polarisation and 

multiplicity factors, ∅ = reflection profile function, 201+ = preferred orientation function, A 

= absorption factor, X(01+)= structure factor for the Bragg reflection corresponding to ℎTU 

and  YB4 = background intensity at each step.148 

 

The scattering factor, fj, quantifies the efficiency of scattering from a group of electrons in 

an atom. Integrated peak intensities include the information on site occupancy %C		of Zth 

atom, atomic displacement parameters and atomic positional	[C, YC and	\C. The integrated 

intensity is proportional to the square of the absolute value of the structure factor	X01+ 

corresponding to a set of (ℎTU) planes. The structure factor is expressed as:  

 
 

The quantitative assessment of the agreement between the observed and calculated profile 

requires several indicators, including: 

 

?= =	
∑|Y4(obs) − Y4(calc)|

∑ Y4 (obs)
                     Equation 2-11  

 

 Where ?== R-profile 

?D= = e
∑ L4			[Y4	(obs) − Y4(calc)]"
>
4

∑ L44 [Y4(obs)"]
h
&/"

                    Equation 2-12 

(Equatin 13) 
Where ?D== R-weighted profile; 

 

 

 

 Y4(F*+F) = D	PLGH;
01+

|X01+|"∅(2K4 − 2K01+)201+F + YB4 Equation 2-9 

X01+ =	∑ %C	jCC k[l m2	n&Qℎ[C + TYC +	o\CRp k[l m−*Cp 

 

Equation 2-10 

?IJ= = q
(% − 2)

∑ N4			Y4	
>
4 (obs)"

r
&/"

       Equation 2-13 
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Where 

i. ?IJ== R-expected,  

ii. N = number of observations,  

iii. P = number of refined parameters 

Chi-squared s2	is another parameter which is a goodness of fit indicators in the refinement, 

defined by: 

In the present work the Rietveld refinement was carried out using the General Structure 

Analysis System (GSAS).144 It is a comprehensive system for the refinement of structural 

models to both X-ray and neutron diffraction data. It is been used for crystallographic 

analysis, quantitative phase determination, texture mapping and stress-strain measurements.  

The best fit can be obtained using the method of least squares by minimising the difference 

between experimental diffraction pattern against the calculated one acquired from the ICSD 

database.149 In the present work, Rietveld refinement was carried out using the General 

Structure Analysis System (GSAS).144,150  

Crystallite size can be evaluated by a Rietveld refinement method related to the peak shape 

in a diffraction pattern based upon the Scherrer equation. This equation can be obtained by 

rearrangement of the complex expressions that applied to model the peak shape (mostly 

instrumental broadening), in which the Lorentzian component mainly consists of mostly 

sample broadening.151, 130  

Where 

i. P is crystallite size 

ii. K is the Scherrer constant (0.9)  

iii. λ is the X-ray wavelength (0.1542 nm) 

iv. X is the Lx Lorentzian profile coefficient extracted from the GSAS software 

 
s2	 =

?Ll
?exp

 Equation 2-14  

 

2 =
18000uI

nv
 Equation 2-15  
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2.8 Catalyst preparations 

A number of catalysts were prepared, characterised and tested in this study. They are 

predominantly molybdenum and tungsten containing nanostructured catalysts. The catalysts 

of interest in these studies were quaternary nitride materials derived from Pechini sol-gel 

synthesis, followed by ammonolysis reaction.  

The ammonolysis reactor was used to prepare nitride materials by the reaction of the oxide 

precursors with dry ammonia NH3. This process was undertaken by subjecting 1.6 g of 

precursor within an alumina boat placed inside the horizontal quartz tube reactor to treatment 

with ammonia NH3 (BOC, 99.98 %). Due to the safety issues the reactor was situated in a 

ventilated fume cupboard as shown in Figure 2-5. The ammonia gas was allowed to pass 

through a column of molecular sieves to dry the ammonia before encountering the sample. 

The Elite furnace used was first flushed with dry NH3 for at least 20 min before heating to 

remove any oxygen and moisture. Under a dry NH3 the sample was heated to the target 

temperature at a heating rate of 5 °C min-1, held for 12 h. The material was then cooled in 

flowing NH3 to room temperature. To prevent runaway oxidation on exposure to air, the 

resulting material was flushed with nitrogen for 30 minutes then air was allowed to diffuse 

in. A schematic representation of the heat treatment is illustrated in Figure 2-6. 

 

 

Figure 2-5  Apparatus used to synthesise nitrides by ammonolysis of metal oxide precursors. 

 
 
 

Column of molecular sieves 
 

Furnace 

Furnace tube 
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Figure 2-6 Schematic representation of the heat treatment using the preparation of Ni2-xCuxMo3N 

as an example. 

 

2.9 Catalyst testing 

The catalytic performance measurements were carried out at the University of Southampton; 

Chemistry Department, on a tubular fixed bed reactor. 

The catalytic performance of the obtained catalysts in ammonia synthesis was evaluated by 

a method similar to that described previously.152 The catalyst (0.15 g) was loaded in the 

centre of a 4.2 mm internal diameter silica tube and held in a plug against a sinter using silica 

wool, then placed in a tube furnace. 13 mL min-1 75% hydrogen, 25% nitrogen gas mixture 

(BOC, H2 99.998 %, N2 99.995 %) was passed through the tube and it was heated to 700 °C 

for 2 h to activate the catalyst followed by lower temperature steps to test ammonia 

production. On reaching the reaction temperature, the vent gas from the reactor was bubbled 

through a dilute solution of sulfuric acid (0.001 mol dm-3, 100 ml) at ambient temperature 

and the rate of ammonia production was calculated from the conductivity decrease of the 

sulfuric acid solution with time (Orion Star A212 Portable Conductivity Meter).152 A linear 

decrease in conductivity versus time was observed during the measurement using H2/N2 as 

the reactant gas. Figure 2-7 shows the apparatus used to conduct the ammonia synthesis 

experiments  

3 hours 
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2.10  Ammonia calculation 

The ammonia produced during catalysis was bubbled through a dilute H!SO" solution, whose 

conductivity is known to vary linearly with the acid concentration.  

Moles of H!SO" = Concentration (H!SO") x Volume (H!SO") = 0.001 mol L-1 × 0.1 L = 

1 x 10-4 moles 

0.0002 moles of ammonia are required to entirely react with H!SO". 

Change in conductivity for the reaction: 

H!SO" + 2NH# → (NH")!SO"  

= 802.2 μScm-1 – 332 μScm-1 = 470 μScm-1 

The calibration value = Number of moles of ammonia required/ Total change in 

conductivity 

= 2 x 10-4 moles/ 470 μScm-1 

2.11  Calculation of the Scherrer crystallite size  

The crystallite size was estimated using equation 2-15 in section 2.7.2. The example below 

shows how to calculate crystallite size  

Associated L * error was calculated from the Rietveld refinement performed on this 

sample:  

L* = 6 (±0.2) 

The L* value was then used to estimate the crystallite size: 

+ = (18000 × 0.9 × 0.15405)/(3.14 × 6) = 133	9: 

The standard error value was then calculated using the following points: 

1: The upper C value was calculated as below: 

                           +	(;<<=>) = (18000 × 0.9 × 0.15405)/(3.14 × (6 − 0.2)	) = 137	9:  

2: The lower C value was then evaluated: 

+	(	ABC=>) = 	 (18000 × 0.9 × 0.15405)/(3.14 × (6 + 0.2)) = 109	9: 

3: The difference between the upper C value and C was then calculated to give error max: 

D>>B>	:E* = 137	9: − 133	9: = 4	9: 

4: The difference between C and the lower C value gave error min: 

D>>B>	:F9 = 133	9: − 109	9: = 24	9: 

             therefore, the crystallite size will be 133 (24) nm
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Chapter 3 Citrate-gel Preparation and Ammonia 

Synthesis Activity of Compounds in the 
Quaternary (Ni,Cu)2Mo3N System 

3.1 Overview 

The synthesis of the nanostructured (Ni,Cu)2Mo3N using a modified Pechini method is 

described in this chapter. These materials were evaluated for applications as catalysts for 

ammonia synthesis; their activities were linked to the surface area which in turn could be 

related to the temperature applied during the synthesis step.   

3.2  Introduction 

Copper has been studied as replacement for noble metals due to its attractive properties and 

relatively low cost. The ionic nitride Cu3N, which can be formed by the combination of Cu 

ion with N3- was reported to have a similar electronic structure with ionic metals. It has the 

anti-ReO3 cubic structure type.153,154 The Cu atoms occupy the middle of the cube edges 

instead of occupying the face centred cubic close packing sites (Figure 3-1). As a result, this 

arrangement leaves a large number of vacant interstitial sites that can be occupied by other 

metals.154 The occupation of these sites could result in the tailoring of the optical and 

electrical properties of Cu3N. 

 
 Figure 3-1 Unit cell of the cubic crystal structure of Cu3N (anti-ReO3 type) showing the regular 

corner-sharing NCu6 octahedra. Cu atoms are shaded yellow and N2 silver. Diagram drawn using 

Vesta and structure data from Paniconi et al.155 
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Historically, Cu3N polycrystalline powder was successfully prepared by Hahn and Juza via 

the ammonloysis of CuF2 at 280 °C.156 Since this material has attractive properties, various 

synthesis methods have been employed to produce it such as ammonolysis,155 thermal 

decomposition157and solvothermal method.158 Attempts have been also made to produce 

Cu3N by using CuO as a precursor. It has been demonstrated that with increasing temperature 

to 350 °C this material can be easily decomposed to Cu metal.159 Furthermore, this material 

has been evaluated for ammonia synthesis at relatively low temperature as low as 300 °C 

under 3:1 H2/N2 atmosphere. It was observed that the material had high activity, but this 

dropped quickly after 30 minutes on stream.160 Although binary copper based nitrides have 

been studied for ammonia synthesis, more complex ternary and quaternary copper nitride 

materials have not been reported.  

Despite the substantial efforts that have been made on binary and ternary nitride catalysts, 

the catalytic behaviour of quaternary nitrides materials still in its first stages.40 

The quaternary nickel cobalt molybdenum nitride (NiCoMo3N) has been successfully 

prepared. Cobalt substitutes readily onto the Ni sites and the (Ni,Co)2Mo3N system exhibited 

Vegard law behaviour (a linear variation in lattice parameter with composition) up to 50% 

cobalt and its activity was investigated for ammonia synthesis.40, 42 It has been found that the 

substitution of 50 % of the Ni in the phase by Co has little effect upon lattice N reactivity. 

Lattice nitrogen reactivity does not seem to be able to be switched on by composition change, 

which is also in line with a recent study comparing Co3Mo3N with Co2Mo3N.161 They 

concluded that the structure type is more important than electronic aspects. This may be 

linked to the stability of Co6Mo6N, which is formed on denitridation of Co3Mo3N with 

transfer of nitrogen to an alternative crystallographic site. 

Further optimisation of these molybdenum nitrides may improve their activity. Cobalt 

substitution did not improve the catalytic performance of Ni2Mo3N so the hypothesis was 

that copper might have the opposite effect. Herein, copper substitution has been introduced 

into Ni2Mo3N lattice structure with the aim of improving its catalytic activity for ammonia 

synthesis. 

3.3  Experimental 

3.3.1  Synthesis 

All chemicals were used as received without further purification or modification. 

Nanocrystalline samples of Ni2-xCuxMo3N were prepared by a citrate gel route followed by 

ammonolysis. Stoichiometric amounts of (NH4)6Mo7O24·4H2O (2 g, Sigma Aldrich, 
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99.9 %), Ni(NO3)2·6H2O (Sigma Aldrich, 99.9 %) and Cu(NO3)2·4H2O (Sigma Aldrich, 

99%) were dissolved in 60 cm3 aqueous HNO3 (2.6 mol dm-3, prepared from Fisher Scientific 

70% HNO3, used for ammonium molybdate solubility). Citric acid monohydrate (7.935 g, 

Sigma Aldrich, ACS reagent, ≥99%) was then added to the green solution. Actual quantities 

are given in Table 3-1. The green solution was evaporated in a sand bath at 70 °C to ~10 cm3 

of viscous green gel Figure 3-2, then heated in an ashing furnace (60 °C min-1 heating rate) 

at 500 °C for 2 h. The resulting grey foam was ground to a powder then heated in flowing 

ammonia (BOC anhydrous grade, further dried with molecular sieves) at 5 °C min-1 at 

900 °C and maintained for 12 h. Once cool, the furnace tube was flushed with N2 for 30 mins 

then air was allowed to diffuse in slowly to passivate sample surfaces before the black 

crystalline product was recovered. Samples were then handled under aerobic conditions 

during characterisation. Caution: a sand bath was used because citrate gels can occasionally 

ignite; the unpassivated metal nitrides are highly pyrophoric. 

Table 3-1 Quantities of reagents used in the synthesis of nickel copper molybdenum nitride 

(Ni,Cu)2Mo3N 

Figure 3-2 Schematic description of the citrate- gel process to produce the filled β- manganese type 

phases, with Ni2Mo3N and the (Ni,Cu)2Mo3N compounds. From left to right: starting solution (green) 

(A), gel (green) (B) after evaporating, greyish (C) and yellowish (D) foams after heat treatment at 

500 °C for 2 h in air and final fine powder (E) after heating at 900 °C in flowing NH3. 

!	in 
Ni2-xCuxMo3N 

Ni(NO3)2·6H2O Cu(NO3)2·3H2O (NH4)6Mo7O24·4H2O Citric acid 
monohydrate 

0.1 2.09 g / 7.19 mmol 0.09 g / 0.37 mmol 2 g / 1.62 mmol 7.94 g / 37.8 mmol 

0.2 1.97 g / 6.77 mmol 0.18 g / 0.75 mmol 

0.3 1.86 g / 6.40 mmol 0.27 g / 1.12 mmol 

0.4 1.76 g / 6.05 mmol 0.36 g / 1.49 mmol 

0.5 1.65 g / 5.67 mmol 0.46 g / 1.90 mmol 

0.6 1.54 g / 5.30 mmol 0.55 g / 2.28 mmol 

0.7 1.43 g / 4.92 mmol 0.64 g / 2.65 mmol 

0.75 1.37 g / 4.71 mmol 0.68 g / 2.81 mmol 

0.9 1.21 g / 4.16 mmol 0.82 g / 3.39 mmol 

1.0 1.10 g / 3.78 mmol 0.91 g / 3.77 mmol 

 900 °C   NH3      

 900 °C   

      NH3 

∆ / 500 °C 

70 °C 

Air 

A B E 
C 

D 
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3.3.2  Characterisation 

The phase, purity and the degree of crystallinity of the synthesised materials were evaluated 

via the powder XRD technique. The powder X-ray diffraction (PXRD) patterns of the 

samples were collected in the range 10-80° 2θ using a Bruker D2 Phaser X-ray 

diffractometer with Cu-Kα radiation. The Rigaku PDXL2 package and the PDF database162 

were used for pattern matching. Rietveld refinement was carried out using GSAS150,163 and 

structure models from ICSD.164 Scanning electron microscopy (SEM) was conducted using 

a Philips XL-30 ESEM (20 kV accelerating voltage) with a ThermoFisher Ultradry energy 

dispersive spectroscopy (EDS) detector and Noran System 7 data processing. Transmission 

electron microscopy (TEM) was performed on a Hitachi H7000 with accelerating voltage of 

75 kV with samples prepared by ultrasound dispersal in propan-2-ol and deposition on 

carbon-coated copper grids. Thermogravimetric analysis (TGA) used a NETSCH TG 209 

F1 Libra instrument with a heating rate of 10 °C min-1 under 40 mL min-1 of 50% oxygen 

and 50% argon. The surface areas of the samples were calculated by applying the Brunauer, 

Emmett and Teller165 (BET) method to nitrogen physisorption isotherms measured at 77 K 

using a Micromeritics Tristar II and samples previously degassed overnight at 120 °C. 

Combustion (CHN) analysis was outsourced to MEDAC Ltd. 

3.3.3  Catalytic evaluation 

The catalytic performance of the obtained catalysts in ammonia synthesis was evaluated by 

a method similar to that described previously.40 The catalyst (0.15 g) was loaded in the centre 

of a 4.2 mm internal diameter silica tube and held against the sinter, which was placed in a 
tube furnace. 13 mL min-1 75% hydrogen/ 25% nitrogen gas mixture (BOC, H2 99.998 %, 

N2 99.995 %) was passed through the tube and it was heated to 700 °C for 2 h to activate the 

catalyst followed by lower temperature steps to test ammonia production. On reaching the 

reaction temperature, the vent gas from the reactor was bubbled through a dilute solution of 

sulfuric acid (0.001 mol dm-3, 100 ml) at ambient temperature and the rate of ammonia 

production was calculated from the conductivity decrease of the sulfuric acid solution with 

time (Orion Star A212 Portable Conductivity Meter).40 A linear decrease in conductivity 

versus time was observed during the measurement using H2/N2 as the reactant gas.  

3.4  Results and discussion 

According to the literature, there are no known copper doped Ni2Mo3N systems. However, 

the parent compound Ni2Mo3N is a known phase, which only exists in the Ni: Mo = 2:3 
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composition.63, 57, 166, 58, 97, 83, 40, 42, 167 Within the literature, the bimetallic Ni-Mo-N initially 

was reported to be pure Ni3Mo3N.63, 168 Later, studies showed that impure phases were 

observed in which Ni2Mo3N was the predominant phase,166 using precursors under high 

temperature ammonolysis reaction. The interstitial quaternary molybdenum nitride with 

nominal composition Ni2-xCuxMo3N (* = 0; 0.1; 0.2; 0.3; 0.4; 0.5; 0.6; 0.7; and 0.75) was 

prepared using the modified Pechini route by the thermal ammonolysis of the metal oxide 

precursors. The advantage of citrate gel synthesis to produce solid solutions in the 

(Ni,Cu)2Mo3N system is that the nickel and copper are mixed in solution, so could be well 

distributed in the products. A range of compositions was made starting with Ni2Mo3N and 

replacing nickel with copper. Previously in the (Ni,Co)2Mo3N system we fired samples at 

700 °C and found that, in addition to the filled β-manganese type phases, they contained a 

trace of a rocksalt-type impurity that resembled γ-Mo2N.40 The filled β-manganese structure 

has been discussed in more detail in section 1.4.1. In order to find the best temperature for 

obtaining single phase materials, the metal oxide precursors were subjected to different 

ammonolysis reaction temperatures. Firing Ni2Mo3N samples at temperatures between 600 

and 1000 °C, the samples produced below 800 °C were found to contain the rocksalt-type 

phase γ-Mo2N (Figure 3-3), but at 900 or 1000 °C the phase pure filled β-manganese material 

was produced. Hence, the (Ni, Cu)2Mo3N used herein were produced at 900 °C. 

 

 
Figure 3-3 Powder XRD patterns for Ni2Mo3N powder prepared by firing the oxide precursors at 

700 °C, 800 °C, 900 °C and 1000 °C under NH3 gas. The peaks marked with asterisks (*) denote the 

γ-Mo2N rock- salt as a secondary phase. 
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In order to further confirm the structural models, Rietveld refinements were performed 

against the experimental powder X-ray diffraction data using the General Structure Analysis 

System (GSAS) based on the filled β-manganese type structure and in cubic space group 

P4132 as published by Prior and Battle.58 The structural parameters, including the atom 

coordinates, lattice parameters, zero-point, background, thermal displacement parameters 

and the coefficient components Lx = Lorentzian isotropic crystallite size and Ly = Lorentzian 

isotropic strain broadening.  

The refinement was carried out by first fitting the atomic positions, followed by the peak 

shapes (lattice parameters and zero point). Once those parameters were fitted, the 

background with function type 2 and 3 terms within GSAS was refined. Subsequently, the 

coefficient components Lx and Ly were refined successively until convergence. The isotropic 

thermal parameters, Uiso, were constrained to be equal for the nickel and copper. The 8c site 

was occupied with the nickel. The molybdenum atoms were placed on the 12d site with the 

interstitial nitrogen atoms on 4a site forming Mo6N octahedra. The refined lattice parameters 

were 6.630(1), 6.632(2), 6.6364(1) and 6.639(2)Å at 700, 800, 900, and 1000 °C, 

respectively. (Figure 3-4).  

 

 
Figure 3-4 Firing temperature dependence of the lattice parameter for Ni2Mo3N 

 
Figure 3-5 shows PXRD patterns for a series of (Ni,Cu)2Mo3N compositions produced at 

900 °C. Compositions from Ni2Mo3N to Ni1.7Cu0.3Mo3N were identified as the single phase 

filled β-manganese structure (space group P4132). However, as the copper content was 

increased further, small reflections appeared in the patterns and grew in intensity. The 
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impurity of γ-Mo2N (JCPDS Card No. 25-1366) at approximately 37.4° 2θ was clearly 

indicated along with copper metal (JCPDS Card No.01-0714608) with peaks at 2θ = 43.4 

and 50.6°. 

 
Figure 3-5 Powder XRD patterns for Ni2−xCuxMo3N (overall composition ! = 0 to 0.75) 

synthesized by firing the dry powder at 900 °C for 12 h under NH3 gas, where ! = 0.0 (a), 0.1 (b), 

0.2 (c), 0.3 (d), 0.4 (e), 0.5 (f), 0.6 (g), 0.7 (h) or 0.75 (i). Asterisks indicate the Mo2N reflections and 

black circles show reflections of Cu metals.  
 
Powder X-ray diffraction patterns of the Cu-doped Ni2Mo3N samples were successfully 

refined using the data obtained from the inorganic crystal structure database (ICSD).169 The 

Rietveld fit for (Ni,Cu)2Mo3N compositions are shown in Figure 3-5, and the key refinement 

parameters data are summarised in Table 3-2. The isotropic thermal parameters, Uiso, were 

constrained to be equal for the nickel and copper at 8c site. The molybdenum atom position 

was refined (12d) with coordinates (1/8, y, z). The nitrogen atom on 4a is a special site and 

was not refined. It can be seen that the refinement results of all compositions Figure 3-6 are 

isostructural with the parent cubic Ni2Mo3N phase.  
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Figure 3-6 Rietveld fits to the PXRD patterns of Ni2Mo3N (Rwp% = 8.23 and Rp% = 6.45, a = 

6.634(1) Å, crystallite size = 113(2) nm, Ni1.9Cu0.1Mo3N (Rwp% = 7.6 and Rp% = 6.2, a= 6.6399(6) 

Å, crystallite size= 119(3) nm, Ni1.8Cu0.2Mo3N (R% = 4.9 and Rp% = 3.9, a = 6.643(1) Å, crystallite 

size = 126(5) nm and Ni1.7Cu0.3Mo3N (Rwp% = 9.5 and Rp% = 7.6, a = 6.645(3) Å, crystallite size = 

142(11) nm. Black crosses mark the data points, the red continuous line the fit and the blue 

continuous line the difference. Pink tick marks show the position of the allowed reflections for the 

filled β-manganese structure in P4132. 
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Figure 3-7 Rietveld fit to the PXRD data of Ni1.6Cu0.4Mo3N. Black crosses mark the data points, 

the red continuous line the fit and the blue continuous line the difference. Pink tick marks show the 

positions of the allowed reflections for the filled β-manganese structure in P4132. (Rp = 6.12 %, Rwp 

= 7.77 %, weight fraction = 96(2) %, a = 6.6447(2) Å, crystallite size = 147(5) nm. Black crosses 

mark the data positions for Cu metal (Fm3"m, weight fraction = 1.3 %, a = 3.6(1)Å, (green) tick marks 

represent allowed reflection positions for γ-Mo2N (space group: Pm3"m, weight fraction = 2.6 %, a = 

4.17(3) Å). 

 

Figure 3-8 Rietveld fit to the PXRD data of Ni1.5Cu0.5Mo3N. Black crosses mark the data points, 

the red continuous line the fit and the blue continuous line the difference. Pink tick marks show the 

positions of the allowed reflections for the filled β-manganese structure in P4132. (Rp = 7.95 %, Rwp 

= 10.28 %, weight fraction = 94.3(3) %, a = 6.6445(8) Å, crystallite size = 139(5) nm. Black tick 

marks represent allowed reflection positions for Cu metal (Fm3"m, weight fraction= 2.5 %, a = 3.62(1) 
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Å). Green tick marks represent allowed reflection positions for γ-Mo2N (Pm3"m, weight fraction = 

3.2%, a = 4.17(2) Å).  

 

Figure 3-9 Rietveld fit to the XRD data of Ni1.4Cu0.6Mo3N. Black crosses mark the data points, the 

red continuous line the fit and the blue continuous line the difference. Pink tick marks show the 

positions of the allowed reflections for the filled β-manganese structure in P4132. (Rp = 13.25 %, Rwp 

= 10.2 %, weight fraction = 96(6) %, a = 6.6442(4), crystallite size = 116(2) nm. Black tick marks 

represent allowed reflection positions for Cu metal (Fm3"m, weight fraction = 1.8 %, a = 3.62(5) Å. 

Green tick marks represent allowed reflection positions for γ-Mo2N (Pm3"m, weight fraction = 2.3%, 

a = 4.167(2) Å. 

 

 

Figure 3-10 Rietveld fit to the PXRD data of Ni1.3Cu0.7Mo3N. Black crosses mark the data points, 

the red continuous line the fit and the blue continuous line the difference. Pink tick marks show the 

positions of the allowed reflections for the filled β-manganese structure in P4132 (Rp = 6.73 %, Rwp 

= 8.90 %, weight fraction = 89.2(8) %, a = 6.6441(2) Å, crystallite size = 120(13) nm. Black tick 
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marks represent allowed reflection positions for Cu metal (Fm3"m, weight fraction = 3.5 %, a = 

3.62(3) Å. Green tick marks represent allowed reflection positions for γ-Mo2N (Pm3"m, weight 

fraction = 7.3 %, a = 4.16(1) Å. 

 

 

Figure 3-11 Rietveld fit to the XRD data of Ni1.25Cu0.75Mo3N. Black crosses mark the data points, 

the red continuous line the fit and the blue continuous line the difference. Pink tick marks show the 

positions of the allowed reflections for the filled β-manganese structure in P4132 (Rp = 6.88 %, Rwp 

= 9.03 %, weight fraction = 86(1) %, a = 6.644(2) Å, crystallite size = 120(15) nm. Black tick marks 

represent allowed reflection positions for Cu metal (Fm3"m), weight fraction= 4.4(2) %, a = 3.616(3) 

Å. Green tick marks represent allowed reflection positions for γ-Mo2N (Pm3"m), weight fraction = 

9.6(3) %, a = 4.16(1) Å. 

 
Three phase Rietveld refinements were also performed for the impure phases 

Ni1.6Cu0.4Mo3N, Ni1.5Cu0.5Mo3N Ni1.4Cu0.6Mo3N, Ni1.3Cu0.7Mo3N and Ni1.25Cu0.75Mo3N. 

The Rietveld fit and the refined data are shown in Figures (3-7) to (3-11). The models 

published by Prior and Battle,58 Kawashima et al.170 and Otte et al.171 were used for the 

refinements of the single phase, the second phase γ-Mo2N and the third phase Cu metal, 

respectively. The added second phase, corresponding to the impurity γ-Mo2N crystallise in 

space group Pm3"m with a = 4.16 (1) Å, whereas, the third phase is Cu metal which adopts 

the space group Fm3"m with a = 3.6 Å. The all aforementioned parameters for the single 

phase along with two scale factors were refined in turn until the refinement become stable. 

The refined weight fractions of gamma molybdenum nitride (γ-Mo2N) in each composition 

were 2.6, 3.2, 3.2, 7.3 and 6.9 wt% for Ni1.6Cu0.4Mo3N, Ni1.5Cu0.5Mo3N Ni1.4Cu0.6Mo3N, 

Ni1.3Cu0.7Mo3N and Ni1.25Cu0.75Mo3N. Their respective weight percentages of copper metal 

(Cu) were determined to be 1.3, 2.5,1.8, 3.5 and 4.4 wt%. In addition, it is clear that the same 
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weight percentages of γ-Mo2N were seen for Ni1.5Cu0.5Mo3N and Ni1.4Cu0.6Mo3N. In 

addition, the weight fraction of Cu metal increased in an almost linear trend. 

The lattice parameter variation obtained from Rietveld refinement of the diffraction data is 

shown in Figure 3-12. The lattice parameters show a Vegard trend in the single-phase 

compositions, suggesting a good distribution of copper in the solid solutions. The values 

increase with copper content as expected from the larger metallic radius of Cu (1.28 Å) 

compared with Ni (1.24 Å).172 The lattice parameter of the filled β-manganese phase is then 

constant for overall compositions from Ni1.7Cu0.3Mo3N to Ni1.25Cu0.75Mo3N. Hence no 

further copper had been introduced into the Ni2Mo3N structure and the limit of solubility of 

Cu in Ni2Mo3N is around the Ni1.7Cu0.3Mo3N composition. The refined lattice parameters of 

6.6399(6) Å, 6.643(1) Å and 6.645(3) Å were obtained for the single phases Ni1.9Cu0.1Mo3N, 

Ni1.8Cu0.2Mo3N and Ni1.7Cu0.3Mo3N, respectively. 

 

 
Figure 3-12 The lattice parameter of the filled β-manganese phase versus the concentration of Cu in 

Ni2−xCuxMo3N, with lines added as a guide to the eye. 

3.5  Thermogravimetric analysis 

The composition was also tested by TGA Figure 3-13, with the samples heated in an oxygen-

rich gas mixture to convert them to oxides containing Ni (II), Cu (II) and Mo (VI) (mass 

gain) as shown in Equation 3-1. The mass was unchanged up to ~330 °C, above which the 

oxidation of the material was observed with a resulting mass increase. This occurred in three 

distinct steps, with an overall mass increase of 38.3 % observed by 550 °C for Ni2Mo3N 

compared to the calculated value of 38.6 %. No further mass increases were observed above 

650 °C, but mass was lost sharply above 750 °C. This can be attributed to the sublimation of 

MoO3.96 The mass gains for the Cu-doped compositions Table 3-3 were consistent with 
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expected values. The observed overall mass increase values of Ni1.9Cu0.1Mo3N, 

Ni1.8Cu0.2Mo3N and Ni1.7Cu0.3Mo3N were 38, 38.3, 38.4 % compared to the calculated values 

of 37.6, 37.55, 37.45 %.  

  #$!.#%&$.%'(&# + !!
% *% → 2#$$.'%&$.!'(*( +'(*& + !

%	 	#%         Equation 3-1  

 

 

Figure 3-13 TGA curves (50 % O2/50 % Ar environment) showing mass gain % of the Ni2Mo3N, 

Ni1.7Cu0.3Mo3N, Ni1.8Cu0.2Mo3N and Ni1.9Cu0.1Mo3N samples prepared at 900 °C with heating rate of 

5 °C min−1 under ammonia. 

 

Table 3-3 Mass % of various oxides formed from TGA of the resulting composites 

 
Figure 3-14 post-TGA PXRD patterns of Ni2Mo3N (left) and Ni1.7Cu0.3Mo3N (right). 

Analysis of the X-ray diffraction of the post-TGA Ni2Mo3N pattern revealed that a mixture 

of α-Ni(MoO4) and MoO3 were observed, with standard patterns used published by 

Ehrenberg et al.173 and  Sitepu et al.174, respectively. Similar mixtures of α-Ni(MoO4)173 and 

MoO3 175 were presented in the post- TGA Ni1.7Cu0.3Mo3N pattern.  

 

Composition Overall Mass Gain Observed/ % Expected Mass Gain/ % 
Ni2Mo3N 38.30 37.95 

Ni1.9Cu0.1Mo3N 37.60 38.10 
Ni1.8Cu0.2Mo3N 37.55 38.26 
Ni1.7Cu0.3Mo3N 37.45 38.41 
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Figure 3-14 Powder XRD patterns of the products of heating Ni2Mo3N (left) and Ni1.7Cu0.3Mo3N 

(right) in the TGA to 700 °C in 50% O2 / 50 % Ar. 

3.6  Electron microscopy 

EDX showed the Ni: Mo ratio of the Ni2Mo3N sample to be 36.4: 63.6 (expected 40: 60 for 

Ni2Mo3N). As copper was substituted in, the copper contents were measured a little below 

the nominal compositions, but with an increasing trend Table 3-4. Note there is some overlap 

between the nickel and copper EDX peaks so there is a significant uncertainty in the analysis 

of these small amounts of copper. 

Table 3-4 The atom % of the Cu-doped samples from (0-0.3) evaluated by EDX analysis 
 

Element     Ni2Mo3N Ni1.9Cu0.1Mo3N Ni1.8Cu0.2Mo3N Ni1.7Cu0.3Mo3N 
Calculated Actual Calculated Actual Calculated Actual Calculated Actual 

Ni 40 36.4 38 36.5 36 32 34 27.9 
Cu 0 0 2 1.7 4 2.8 6 4 
Mo 60 63.6 60 61.2 60 65 60 67 

 
Not only the crystalline structure and the chemical composition are important to understand 

the catalytic properties, also the morphological structure can be significant. Figure 3-15 

shows typical images of a Ni1.7Cu0.3Mo3N sample obtained from the citrate-gel derived oxide 

metal precursors thermally treated at 900 °C with ammonia gas for 12 h. An open structure 

of interconnected, rounded particles with diameters around 200 nm were found, which is in 
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a good correlation with the average crystallite dimeter of 142 nm calculated by using an 

adaptation of the Scherrer equation incorporated into the Rietveld fitting package.176  

 

 
Figure 3-15 TEM (a) and SEM (b) images of Ni1.7Cu0.3Mo3N sample obtained from the citrate-gel 

derived metal oxide precursors heated in ammonia at 900 °C for 12 h. 

  

3.7  The BET surface area 

The nitrogen adsorption–desorption isotherm measurements were carried out to evaluate the 

BET surface area of the prepared samples Figure 3-16. 

The need to produce these samples at a relatively high temperature of 900 °C has resulted in 

quite low surface areas below 5 m2 g−1. It was observed that the surface area is reduced with 

increasing copper content from 2.2 m2 g−1 for undoped sample to 1.6 m2 g−1 for 

Ni1.7Cu0.3Mo3N. This can be attributed partly to crystallite growth and partly to 

agglomeration, both occurring through sintering at this high reaction temperature, but the 

surface areas are fairly typical for this type of material.177,177 However, the surface area of 

Mo based nitride materials can be strongly influenced by synthesis factors such as flow rates 

of NH3 and temperature ramp rates, and achieving higher surface areas should be a future 

priority.  

Volpe and Boudart reported that the large surface area of Mo nitrides were achieved using 

high space velocities of NH3 and low temperature ramp rates.72 The surface area of Mo based 

nitride materials can be strongly influenced by the synthesis factors as suggested by Choi et 

al.178 The lower ammonia flow rates have been reported to produce higher concentrations of 

water formed during the oxide precursor reduction. The accumulated water in the bed reactor 

may decrease the conversion of oxide to nitride by decreasing the contact between ammonia 

and the oxide precursors, as described elsewhere.179 The presence of water may cause the 

hydrothermal sintering and aggregation of the nanoparticles.86 

(a) (b) 
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Figure 3-16 Nitrogen adsorption/desorption isotherms curves of mesoporous (Ni, Cu)2Mo3N series, 

fired at 900 ºC for h under NH3, adsorption is given in units of cm3 of adsorbate per gram adsorbent. 

 
The recorded BET surface area for Ni2Mo3N catalyst (2.2 m2 g−1) is similar to that given in 

the literature for molybdenum nitride material.177 The reported nitride material has been 

prepared at lower temperature without using any chelating agent. However, in this study the 

sample was prepared at elevated temperature by using the citric acid (CA) as chelating agent. 

3.8  Catalytic activity 

Efficacy of the series of catalysts of the formula (Ni, Cu)2Mo3N were evaluated for the 

formation of ammonia according to the method described in (section 2.9). The materials 

were simply heated under 75% H2 / 25% N2 (BOC, 99.98 %) first at 700 °C to activate the 

catalyst by removing surface oxide, then at 400 °C where ammonia synthesis is more favored 

due to a lower decomposition rate. Initially, the materials have been measured at 400 °C at 

atmospheric pressure and lower activities were recorded. Increasing the reaction temperature 

from 400 to 500 °C significantly enhanced the performance. The ammonia synthesis 

increased from 147 to 272 μmol g−1 h−1 for Ni2Mo3N and from around 95 to 179 μmol g−1  h−1 

for Ni1.7Cu0.3Mo3N as the process temperature was raised from 400 to 500 °C, (Figure 3-17). 

Hence, 500 °C was chosen for the evaluation of the ammonia production in this study. The 

conductivity versus time plots for the reaction of (Ni,Cu)2Mo3N  under 3:1 H2 in N2 at 

atmospheric pressure and 500 °C is shown in Figure 3-18.  

 

 



Chapter 3 

 56 

Figure 3-17 Ammonia synthesis reaction profiles for Ni2Mo3N (left) and Ni1.7Cu0.3Mo3N (right) 

under 75 vol % H2 in N2 (BOC,99.98 %) at 400 and 500 °C. 

 

Figure 3-18 Conductivity profiles of the Ni1.9Cu0.1Mo3N (left) Ni1.8Cu0.2Mo3N (right) acid scrubber 

placed after heated at 500 °C under 75 vol % H2 in N2 (BOC, 99.98 %). 

The results of the performance over each sample showed that the reaction conditions were 

important. For instance, BET surface areas of the catalysts along with transition metal dopant 

contents were also shown to be another important contributing factor to the catalytic 

properties. It was observed that the copper additions could reduce the surface area, and this 

might be related to formation of agglomerated particles on the surface. This in turn could 

contribute to a gradual decrease in activity in the following order: Ni2Mo3N > 

Ni1.9Cu0.1Mo3N > Ni1.8Cu0.2Mo3N > Ni1.7Cu0.3Mo3N, 272 > 252 > 231 > and 179 μmol-NH3 

g−1 h−1, respectively Table 3-5. These findings clearly indicate that the decrease in the surface 

area of the investigated catalysts was proportionate to the decrease in the catalytic 

performance. It can be clearly seen that all the synthesized catalysts exhibited high catalytic 

performance for this reaction.  
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Table 3-5 BET surface areas, elemental analysis, ammonia synthesis rate and specific activity of 

(Ni, Cu)2Mo3N 

 

Table 3-6 shows a summary of the elemental analysis for nitrogen content for pre-and post-

catalysis samples of copper doped Ni2Mo3N. The chemical analysis (CHN) was carried out 

for each composition in order to determine the nitrogen content.  

Table 3-6 Pre-and-post catalysis nitrogen content and expected nitrogen content of Ni2Mo3N and 

(Ni, Cu)2Mo3N samples. 

 

Catalyst Nitrogen content (wt.%) 
Pre-catalysis Post-catalysis Expected N content 

Ni2Mo3N 3.4 3.3 3.3 
Ni1.9Cu0.1Mo3N 3.6 3.4 3.3 
Ni1.8Cu0.2Mo3N 3.6 3.4 3.3 
Ni1.7Cu0.3Mo3N 3.6 3.4 3.4 

 

Data presented in Table 3-6 confirmed the presence of nitrogen in the synthesised materials. 

The actual nitrogen content in Ni2Mo3N measured from combustion analysis was 3.4 wt. %; 

(expected wt.%N is 3.3%). The actual nitrogen contents in Ni1.9Cu0.1Mo3N, Ni1.8Cu0.2Mo3N 

and Ni1.7Cu0.3Mo3N were almost the same of 3.6 wt. % which correspond to the calculated 

percentage of nitrogen contents of 3.3 wt. % for  Ni1.9Cu0.1Mo3N and Ni1.8Cu0.2Mo3N, and 

3.4 for Ni1.7Cu0.3Mo3N. Therefore, the calculated stoichiometries are Ni1.9Cu0.1Mo3N1.07, 

Ni1.8Cu0.2Mo3N1.07 and Ni1.7Cu0.3Mo3N1.05. Results show that the nitrogen content of each 

composition are in good agreement with the expected values. The post-reaction nitrogen 

contents of Ni2Mo3N and Cu-doped samples are similar to that of pre-reaction materials.  

Results from PXRD, EDX, CHN analysis alongside the TGA observation confirmed the 

formation of single-phase materials.  

The ammonia synthesis rates of the studied catalysts here are rather different from the 

previous and recent reported catalysts. For example molybdenum nitrides were found to be 

Catalyst Surface area 
(m2 g−1) 

Crystallite 
diameter 

(nm) 

Ammonia synthesis 
rate at 500 °C 
(µmol h−1 g−1) 

Specific activity 
at 500 °C 

(µmol h−1 m−2) 

Ni2Mo3N 2.2 113(2) 272(5) 124(2) 

Ni1.9Cu0.1Mo3N 2.1 119(3) 252(2) 120(1) 

Ni1.8Cu0.2Mo3N 1.8 126(5) 231(2) 128(1) 

Ni1.7Cu0.3Mo3N 1.6 142(11) 179(6) 112(4) 
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active catalysts for ammonia synthesis at 400 °C,180, 33 and their catalytic performance was 

significantly improved by the addition of a second transition metal such as Ni, Co or Fe. 

Comparisons between various ternary metal nitride phases for the ammonia 

synthesis reaction were made by Kojima and Aika. It was found that among the investigated 

samples bimetallic cobalt molybdenum nitride synthesise ammonia at an efficiency two 

times greater than that of the commercial based catalyst, particularly when a material is 

promoted with Cs+, their reported activities 652 μmol g−1 h−1 and 986 μmol g−1 h−1, 

respectively.38, 37, 181, 78, 182, 82 Since their discovery, Co3Mo3N catalyst has been widely 

investigated.41 The high activity of the Co3Mo3N has been linked to the fact that CoMo alloy 

has an average N2 adsorption energy close to the optimal nitrogen binding energy for 

catalytic performance.76,183 Kojima el al. investigated the doping effect of some transition 

metals Ni, Co, Cr, Fe and Cu on rhenium catalyst. Results from this investigation revealed 

that the copper rhenium had less activity (60 μmol g−1 h−1) when compared to other 

investigated materials.  

Although doping metal nitrides such as binary nitrides with transition metals has been 

previously reported as an effective way to improve the efficiency of ammonia synthesis, this 

is not consistent with the current study.82 That is, the activity was found to be reduced by 

copper addition.  

 

Figure 3-19 Catalytic activity of Cu-doped Ni2Mo3N catalysts, for NH3 synthesis at atmospheric 

pressure. Reaction conditions: catalyst, 0.15 g; reactant gas, H2/N2= 3:1; flow rate = 13 mL/min; 

reaction temperature, 500 °C. (Green the catalytic activity per mass; Pink the catalytic activity per 

surface area). 
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The catalytic activity of the copper doped Ni2Mo3N catalysts was normalised per surface 

area. Combining the result in Figure 3-19 and the catalytic activity data tabulated 

in Table 3- 5, it is apparent that the specific activities of Ni2Mo3N, Ni1.9Cu0.1Mo3N, 

Ni1.8Cu0.2Mo3N and Ni1.7Cu0.3Mo3N samples in the same conditions were 124 µmol h−1 m−2, 

120 µmol h−1 m−2, 128 µmol h−1 m−2 and 112 µmol h−1 m−2, respectively. The observed 

trends suggested that the specific activities in the current work may have been influenced by 

the surface area of all materials.  

On comparing the specific activities of the catalysts in this study to those of metal nitrides 

reported in the literature, it was found that the data obtained from current study show better 

specific activities compared to that previously reported. It was demonstrated by Kojima 

et  al. that the specific activity of Mo2N was 1.1 µmol h−1 m−2, and the addition of transition 

metals such as Ni, Fe and Co resulted in a substantial increase of the specific activities in the 

order Co3Mo3N > Fe3Mo3N > Ni2Mo3N with 14 µmol h−1 m−2, 20 µmol h−1 m−2 and 20 µmol 

h−1 m−2, respectively. These results were reported to be comparable with the results observed 

by Mittasch.38 In previous work from the literature, ammonia synthesis reactions were 

performed using 0.4 g of catalyst at 350°C under N2/H2 (1:3) using a flow rate of 60 cm3 

min-1 at ambient pressure. The literature available on quaternary metal nitrides for ammonia 

synthesis is extremely scarce with only a few studies having been reported on nanocrystalline 

nickel cobalt molybdenum nitride with a production rate of 160 μmol g−1 h−1.  

From studying the as-prepared and post-reaction X-ray diffraction patterns, shown in Figure 

3-20, it is clear that the formation of ammonia shows no appreciable change on the structure 

throughout the series of samples. Hence, all the tested samples are stable under the reaction 

conditions used.  
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Figure 3-20 XRD patterns collected for (a) pre-reaction and (b) post-reaction of Ni2Mo3N, 

Ni1.9Cu0.1Mo3N and Ni1.8Cu0.2Mo3N. 

3.9  Conclusion 

Filled β-Mn type materials with composition Ni2Mo3N and Ni2-xCuxMo3N up to $ = 0.3 were 

synthesised via a modified Pechini route, followed by ammonolysis of the metal oxide 

precursors. There was a limit to the amount of the Cu that could be substituted under these 

conditions. That seemed to be due to a solubility limit of copper in the host phase. 

Furthermore, the BET surface area of the catalysts decreases with increasing copper 

concentration. For ammonia synthesis reaction, the ammonia synthesis rate improves with 

increasing of the reaction temperature. Moreover, the parent compound Ni2Mo3N 

demonstrated the best ammonia production rate among other investigated compositions, 

which indicates that the addition of copper into Ni2Mo3N structure lower the catalytic 

performance. 
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Chapter 4 Synthesis and Ammonia Synthesis 

Activity of Nickel Iron Molybdenum Nitride  

4.1 Overview  

A series of nickel iron molybdenum nitrides were produced and evaluated for ammonia 

synthesis; their activities were correlated with the surface area of the catalysts.  

4.2  Introduction 

Iron-based materials are the most successful and prominent catalysts for ammonia 

production by the Haber-Bosch process due to their ability to interact with dinitrogen and 

enhance N–N bond weakening.184 Nitride catalysts can produce ammonia at lower reaction 

pressure and therefore are regarded as potential alternative catalysts for ammonia 

production. Due to the desirable features of nanostructured metal nitride materials in diverse 

applications, there have been expanded efforts to find ways to improve the catalytic 

ammonia performance. In this chapter, attempts to develop nanostructured quaternary nitride 

materials with iron substitution were made. 

Iron based nitride compounds have been widely studied due to the natural abundance of iron. 

It is known that moderate temperature synthetic routes are preferable for the successful 

design and optimization of ternary nitrides with desirable properties. The nitridation or 

ammonolysis of oxide precursors is the most commonly used method. The nitrides obtained 

through these methods were found to be catalytically active for ammonia synthesis. For 

example, Fe-Mo-N showed good catalytic performance. The synthesis of Fe3Mo3N with the 

η-carbide structure was first reported in 1993 via nitridation of oxide precursors in ammonia 

atmosphere. Fe3Mo3N was found to be isostructural with η-Fe3W3C.64 Since then, different 

approaches have been developed to synthesize this material. Weil and Kumta demonstrated 

the synthesis of Fe3Mo3N via hydrolysed alkanolamine complexed precursors. In this 

method the precursors were prepared by the addition of ethanolamine, as a complexing 

agent, to stoichiometric mixture of iron chloride tetrahydrate dissolved in acetonitrile. 

Evaporation of the solvent and subsequent thermal treatment in NH3 at 950 °C for 4 h yielded 

the final product Fe3Mo3N. The nano-sized Fe3Mo3N particles were prepared by thermal 

annealing of Fe-Mo particles under either flowing N2 or NH3 at various temperatures 

between 400 - 980 °C.92, 185, 93 An alternative synthesis method has been reported by heating 

ternary oxide precursors with urea. For example, Fe3Mo3N was synthesized by reacting 
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FeMoO4 with urea.97 Ternary nitrides containing iron such as Ca6FeN5186 and Li3FeN2187 

have been prepared by reacting a transition metal with an alkali or alkaline earth 

nitride/amide. FeWN2 has been synthesized by ammonolysis of FeWO4 under NH3 at 700 °C 

for 15 h.188 FeWN2 was produced by treating the solid-state precursor FeWO4 with ammonia 

at 625 and 800 °C.100 The quaternary nitrides, Fe2-xMxMo3N (M = Ni, Pd, Pt),189 

Fe2−xRhxMo3N190 and Fe3-xCoxMo3N106 have been synthesised by the reduction of the 

corresponding oxides under dilute hydrogen nitrogen.  

The reported synthetic methods to ternary and quaternary iron nitride materials are tabulated 

in Table 4-1.  

Although iron based binary and ternary nitride materials have been well studied towards 

ammonia synthesis, quaternary nitride systems are rather young and still at the beginning.40  

  

Table 4-1 The reported synthesis methods for iron-based nitride materials 

Product and 
Synthesis method  

Starting materials Sintering conditions 
(°C, time, gas) 

Ref 

Fe3Mo3N FeCl2+ 
Na2MoO4·2H2O + 

Dry overnight 150 
°C in air  
 900 °C, 0.5 h.  

64 

Fe3Mo3N Fe(NO3)3·9H2O+ 
NH4Mo7O24·4H2O 

975 °C for 36 h, (10 
%) H2 /N2 

167 

Fe3Mo3N FeCl2·2H2O + 
MoCl5+ HPLC grade 
ace-tonitrile + 
C2H7NO+ 

Dry overnight under 
vacuum at 80 °C, 
120°C at 10 °C min-1, 
120 °C for 1 h, 120 
°C to 950 °C at 3 °C 
min -1, 950 °C for 4 
h, NH3.  

92 

Solid-state 
reduction 
Fe3Mo3N 

FeCl2 +  
Na2MoO4·2H2O 

Dry at 150 °C, 24 h 
in air. 700 °C, 6 h, 
N2. 800 °C, 5 
°C/min. NH3  

63 

Co-precipitation 
Fe3Mo3N 

FeCl2 
+NH4Mo7O24·4H2O+ 
Urea    

Dry at 150 °C, 24 h, 
900 °C, 3 h, 750 °C 

97 

Nitridation of the 
oxide precursor 
Fe3Mo3N 
 

Fe(NO3)3·9H2O+ 
NH4Mo7O24·4H2O 
 
 

Dry overnight at 423 
K. 973 K, 5 °K/min-1, 
6 h, NH3

 

 

82 

Fe3Mo3N Fe(NO3)3·9H2O+ 
NH4Mo7O24·4H2O 

400 °C, 2 h. 600 °C 
0.1 °C min-1, 4.5% 
NH3 in 3:1 H2–N2 

37 

Fe3Mo3N Fe(NO3)3·9H2O+ 
NH4Mo7O24·4H2O 

357 ºC, 5.6 ºC min-1 , 
357 to 447 ºC at 0.5 
ºC min-1 , 785 ºC at 
2.1 ºC min-1 5 h.   
 

78 
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One-step solid-state  
Fe3Mo3N 

Fe2O3+ Mo + NaN3 
 
 

750 °C,10 h, 10 °C 
min−1.  Dry in 
vacuum at 60 °C for 
10 h.   

191 

Fe3Mo3N 
31 nm 
8.8 m2 g-1 

Fe(NO3)3·9H2O+ 
NH4Mo7O24·4H2O 
 

80 °C, 24 h. 350 °C 
,15 h, calcined at 600 
°C, 5 h in air. 30 to 
350 °C (5 °C min−1), 
700 °C (1 °C min−1), 
3 h. 

177 

Nitridation of the 
oxide precursor. 
Fe3Mo3N 
 

(NH4)2MoO4+ 
(NH4)2Fe(SO4)2 
 

Dry overnight at 150 
°C, air. 923-973 K, 4 
- 15 h. Pellets 973 K 
for 12 h 

192 

FeMoN2 Fe3Mo3N 300°C, 6 h, NH3  193 
Single-step reaction 
by the 
ammonolysis 
(Fe0.8Mo0.2)MoN2 

 
FeCl3·6H2O+ 
Na2MoO4·2H2O 

700 °C, 69 h, NH3 194 

Co precipitation 
Fe-Mn-N 

Fe-Mn-O 800 °C for 8 h 195 

Ammonolysis 
Fe3Mo3N 

Cs/Fe3Mo3N 

FeMoO4·.H2O 600 °C, 0.1 °C min-1 
in 4.5% NH3 in 3:1 
H2/N2 

37 

 

Standard ceramic 

Fe2−xMxMo3N (M = 
Ni, Pd, Pt) 
 

Fe2O3+NiO+ MoO3 
Fe2O3+ PdO + MoO3 
Fe2O3+ PtO2+ MoO3 

10% H2/N2 ,48 h at 
700 °C, 24 h at 750 
and 875 °C, twice at 
975 °C 
 

189 

Standard ceramic 

 Fe2−xRhxMo3N 

Fe2O3+ MoO3 
Rh2O3 
 

10 % H2/N2 for 48 h 
at 700 °C, 24 h at 
750 °C, 875 °C, 
twice at 975 °C 

190 

Nitridation  

Co3−xFexMo3N 

Fe2O3+ Co3O4 + 
MoO3 

10 % H2/N2 ,700 °C 
(48 h), 750 °C (24 h), 
875 °C (24 h), 975 
°C (2 × 24 h) 

106 

4.3  Experimental 

Substituting iron into Ni2Mo3N, the synthesis proceeded in the same way as for the copper 

(chapter 3) except that a brown colour developed as the sol was concentrated.  

A range of compositions following the formula Ni2-xFexMo3N ($ = 0, 0.1, 0.2, 0.3, 0.4, 0.5, 

0.6, 0.7, 0.8, 0.9, 1, 1.1, 1.2, 1.3, 1.4 and 1.6) were prepared by the modified Pechini method. 

Stoichiometric mixtures of (NH4)6Mo7O24·4H2O (Sigma Aldrich, > 99.0 %), 

Ni (NO3)2·6H2O (Sigma Aldrich, 99.9 %) and Fe (NO3)3·9H2O (Sigma Aldrich, 98.0 %) 

were dissolved in aqueous solutions of HNO3 (60 ml, 10 %) (Fisher Scientific, 70 %) at 

room temperature to yield green solutions. 7.94 g citric acid monohydrate (Sigma Aldrich, 
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> 99.0) was added to the solution. The quantities and the ratios of reagents for the different 

compositions are listed in Table 4-2. The materials were subsequently calcined and 

ammonolysed following the same experiment conditions described in chapter 3. After 12 hr 

of the reaction, the colour of the sol changed from light green to dark brown, which could 

be ascribed to the oxidation of Fe2+ to Fe3+ see Figure 4-1.  

 

Table 4-2 Quantities of reagent used in the synthesis of Ni2-xFexMo3N. 

0 in 
Ni2-xFexMo3N 

Ni(NO3)2·6H2O Fe(NO3)2·6H2O (NH4)6Mo7O24·4H2O Citric acid 
monohydrate 

0.1 2.09 g / 7.19 mmol 0.15 g / 0.37 mmol 2 g / 1.62 mmol 7.94 g / 37.8 
mmol 0.2 1.97 g / 6.77 mmol 0.31 g / 0.77 mmol 

0.3 1.86 g / 6.40 mmol 0.46 g / 1.14 mmol 

0.4 1.76 g / 6.05 mmol 0.61 g / 1.51 mmol 

0.5 1.65 g / 5.67 mmol 0.76 g / 1.89 mmol 

0.6 1.54 g / 5.30 mmol 0.92 g / 2.28 mmol 

0.7 1.43 g / 4.92 mmol 1.07 g / 2.65 mmol 

0.8 1.37 g / 4.71 mmol 1.22 g / 3.02 mmol 

0.9 1.21 g / 4.16 mmol 1.37 g / 3.39 mmol 

1.0 1.10 g / 3.78 mmol 1.53 g / 3.79 mmol 

1.1 0.99 g / 3.40 mmol 1.68 g / 4.16 mmol 

 

 

Figure 4-1 Schematic description of the citrate- gel process to produce the filled β- manganese type 

phases, with Ni2Mo3N and the (Ni,Fe)2Mo3N compounds. From left to right: starting solution (green) 

(A), gel (brown) after evaporating (B), goldish foams(C) and product (D). 

4.4  Results and discussion 

4.4.1  Structural characterisation of Ni2-xFexMo3N 

Figure 4-2 shows that all the X-ray diffraction peaks of the samples with iron contents up to 

NiFeMo3N could be indexed to the characteristic pattern of the filled β- manganese structure 

of Ni2Mo3N (PDF card no. 01-089-4564) having space group P4132. These observations 
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imply that the resulting materials were phase pure, which was also confirmed further by 

Rietveld refinement. Upon further increase of Fe loading beyond NiFeMo3N, some impurity 

reflection peaks were observed, which can be assigned to both molybdenum metal (JCPDS 

X-ray index card No 42-1120) and binary iron nitride (JCPDS X-ray index card No 12-

1206). Although some impurities have been presented beyond $ = 1, we did not observe any 

indication of the solubility limit upon the substitution of iron onto nickel sites. Magnified 

diffraction peaks show a slight shift of the peaks positions to lower 2q values, as d-spacing 

increased with doped iron content. This might be attributed to the expansion of the lattice 

parameters as shown in Figure 4-3.  

 

 
Figure 4-2 PXRD patterns of Ni2-xFexMo3N samples heated under NH3 at 900 °C for 12 h. 

 



Chapter 4 

 66 

 
Figure 4-3 The magnified PXRD patterns of Ni2-xFexMo3N samples heated under NH3 at 900 °C for 

12 h in the vicinity of 2θ = 31°. (*) symbol indicates the Mo metal reflections and (•) shows 

reflections of the Fe2N phase. 

 
Structural analysis of the single phase patterns was undertaken using Rietveld refinement, 

using standard patterns published by Prior and Battle58 as the initial model obtained from 

inorganic crystal structure database (ICSD).169 The refined parameters were: atomic 

positions, the space group, the lattice parameter (a), zero point, the background, phase 

fraction and profile parameters Lx	and Ly. The best fits to the data were obtained using 

models with disordered Ni and Fe occupying the equivalent 8c position which is constrained 

to give a total occupancy of one. The isotropic thermal parameters, Uiso, were constrained to 

be equal for the nickel and iron. Mo was placed at the 12d site forming Mo6N octahedra with 

the interstitial nitrogen atom on 4a site. The background was modelled using by a type 2 

function and 3 terms. The refinement parameters are summarised in Table 4-3 and the 

representative fit of refinement profile is shown in Figure 4-4 and 4-5. An increasing linear 

trend in lattice parameter with iron content (Figure 4-6) indicates the formation of well 

distributed solid solutions and is consistent with the larger metallic radius of Fe (1.26 Å) 

compared with Ni (1.24 Å).172  

Increasing the iron content further, molybdenum metal and Fe2N impurities were observed, 

although in contrast with the (Ni,Cu)2Mo3N solid solutions ( chapter 3) the lattice parameter 

of the (Ni, Fe)2Mo3N continued to increase, suggesting that there is no strong barrier to 

forming solid solutions in this more iron-rich region of the phase space. Crystallite diameters 

were calculated using an adaptation of the Scherrer equation (Equation 2-8) incorporated 

into the Rietveld fitting package.176 Based on the PXRD data the crystallite diameter of 
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(Ni,Fe)2Mo3N materials decreases with Fe content. Compositions were initially annealed at 

700 °C under flowing ammonia (data not shown). An additional peak associated with 

impurity phases that was detected at approximately ca.37.5° suggests the presence of traces 

of the γ-Mo2N cubic phase (JCPDS X-ray index card 25-1366).  

 

 

Figure 4-4 Rietveld fit to the PXRD data of Ni1.9Fe0.1Mo3N, Ni1.8Fe0.2Mo3N, Ni1.7Fe0.3Mo3N and 

Ni1.6Fe0.4Mo3N. Black crosses mark the data points, the red continuous line the fit and the blue 

continuous line the difference. Pink tick marks show the positions of the allowed reflections for the 

filled β-manganese structure in space group P4132. 
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Figure 4-5 Rietveld fit to the PXRD data of Ni1.5Fe0.5Mo3N, Ni1.4Fe0.6Mo3N, Ni1.3Fe0.7Mo3N. Black 

crosses mark the data points, the red continuous line the fit and the blue continuous line the 

difference. Pink tick marks show the positions of the allowed reflections for the filled β-manganese 

structure in P4132. 
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Figure 4-6 Lattice parameters obtained by Rietveld refinement versus the concentration of Fe in the 

Ni2-xFexMo3N system. 

4.5  Thermogravimetric analysis 

The thermal behaviour of the Fe doped Ni2Mo3N (! = 0, 0.1, 0.2 and 0.3) was measured 

using thermogravimetric analysis (TGA) during the oxidation process. Figure 4-7 illustrates 

two step mass gains upon heating the materials under 50 cm3 min-1 of flowing oxygen/argon 

at ramp rate of 10 ºC/ min from room temperature to 700 °C. TGA curves showed that all 

the doped samples were thermally stable up to around ca. 400 °C. Further increasing 

temperature leads to gradual mass increase up to ca. 500 °C followed by a sharp increase. 

On heating further, there is a sharp mass loss up to around 750 °C not shown in Figure 4-7, 

which could correspond to the MoO3 evaporation. The mass gains for the iron-doped 

compositions were consistent with expected values. The TGA data during oxidation showed 

the expected mass gains Table 4-4, with thermal stability decreasing with concentration of 

the second metal, similarly to the (Ni, Cu)2Mo3N system. PXRD diffraction was carried out 

on the Ni1.6Fe0.4Mo3N sample after TGA Figure 4-8. 

 

Ni!.#Fe$.%Mo&N + !!
' O' → 2Ni$.(Fe$.'MoO% +MoO& + !

'	 	N'       Equation 4-1  
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Figure 4-7 Thermogravimetric analysis curves under oxygen atmosphere for the different Fe contents 

Ni2-xFexMo3N (, = 0, 0.1, 0.2 and 0.5) samples with the heating rate of 10 °C /min from room 

temperature to 700 °C. The initial weight of every sample before measurement is 0.015 g. 

 

Table 4-4 Mass % of various oxides formed from TGA of the resulting composites. 

 

Composition Overall Mass Gain Observed/% Expected Mass Gain/ % 

Ni2Mo3N 38.43 38.63 

Ni1.9Fe0.1Mo3N 37.45 38.61 

Ni1.8Fe0.2Mo3N 37.59 38.68 

Ni1.7Fe0.3Mo3N 37.13 38.71 

Ni1.6Fe0.4Mo3N 38.14 38.74 
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Figure 4-8 Powder XRD patterns of the products of heating Ni1.6Fe0.4Mo3N in the TGA to 700 °C in 

50% O2 / 50 % Ar. 

4.6  SEM and EDX analysis  

Scanning electron microscopy (SEM) combined with energy dispersive X-ray spectroscopy 

(EDX) was used to analyse morphology and chemical composition for the Ni2-xFexMo3N. 

Figure 4-9 (a), (b) and (c) illustrates representative SEM micrographs for the Ni1.9Fe0.1Mo3N, 

Ni1.5Fe0.5 Mo3N and Ni1.2Fe0.8 Mo3N, respectively. It can be seen that the morphology of the 

selected materials is similar to that of Ni2Mo3N in section 3.6. Furthermore, the material 

comprises of agglomerated particles. 

EDX analysis was performed on the Ni1.9Fe0.1Mo3N, Ni1.7Fe0.3Mo3N, Ni1.5Fe0.5Mo3N and 

Ni1.2Fe0.8Mo3N and the data are listed in Table 4-5. The atomic percentage data of Ni, Fe 

and Mo was found to be close to the theoretical values. By combining the results of EDX 

along with PXRD and microanalysis data, it can be concluded that all metals have been 

successfully incorporated into the filled β-Mn lattice structure in compositions in the range 

NiFeMo3N. 
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Table 4-5 The atom % of the Fe-doped Ni2Mo3N 900 °C samples evaluated by EDX analysis. 

Element Ni1.9Fe0.1Mo3N Ni1.7Fe0.3Mo3N Ni1.5Fe0.5Mo3N Ni1.2Fe0.8Mo3N 

Calculated Actual Calculated Actual Calculated Actual Calculated Actual 

Ni 38 36 34 31.6 30 27.5 24 20 

Fe 2 0.8 6 5 10 8.6 16 14 

Mo 60 63 60 64 60 63 60 61 

 
The TEM image of a prepared nanocrystal Ni1.7Fe0.3Mo3N sample is shown in Figure 4-9(d). 

From TEM results, it can be seen that the samples are in the diameters ranging from 178-288 

nm. TEM measurements suggest the formation of much larger particles than calculated by 

the use of the Scherrer equation, this could be due to larger particles consisting of many 

smaller crystalline particles. Agglomerates of aggregated particles are observable in the 

TEM images.  

 

 

Figure 4-9 SEM images (a), (b) and (c) of Ni1.9Fe0.1Mo3N, Ni1.5Fe0.5Mo3N and Ni1.2Fe0.8Mo3N, 

respectively. TEM images of the fresh Ni1.7Fe0.3Mo3N catalyst is shown in (d). 

 

(a) (b) 

(c) 
(d) 
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4.7  Catalytic performance  

The materials were investigated under the same reaction conditions used for copper doped 

samples (chapter 3). The ammonia synthesis production rates for the prepared samples 

versus time/min are shown in Figure 4-10. 

The results of the performance over each sample in (Ni,Fe)2Mo3N showed that the reaction 

conditions were important. Even after activation at 700 °C, the samples have low NH3 

synthesis activity at 400 °C, even upon several h on steam. However, further heating to 

500 °C resulted in significant improvement of ammonia production rates. From the reaction 

profiles Figure 4-10, it is apparent that no deactivation was observed. Ammonia production 

rates for Ni1.8Fe0.2Mo3N were calculated from the reaction conductivity profiles as 116 and 

311 μmol g-1 h-1 at 400 and 500 °C, respectively Figure 4-11. 

 

 

 

Figure 4-10 Conductivity of the (Ni, Fe)2Mo3N acid scrubber placed after heated at 400 and 500 °C 

under 75 vol % H2 in N2 (BOC, 99.98 %). 
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Figure 4-11 Conductivity of the Ni1.8Fe0.2Mo3N acid scrubber placed after heated at 400 and 500 °C 

under 75 vol % H2 in N2 (BOC, 99.98 %). 

 

Table 4-6 BET surface areas and ammonia synthesis rate and specific activity of Ni2-xFexMo3N. 

composition Surface area 
(m2  g-1) 

Ammonia synthesis rate 
at 500 °C (µmol h-1 g-1) 

Specific activity at 500 °C 
(µmol h-1 m-2) 

Ni2Mo3N 2.2 272(5) 124(2) 

Ni1.8Fe0.2Mo3N 2.4 311(2) 130(1) 

Ni1.5Fe0.5Mo3N 2.5 322(2) 129(1) 

Ni1.2Fe0.8Mo3N 2.7 337(4) 125(1) 

Ni1.1Fe0.9Mo3N 2.8 354(4) 126(2) 

 
Table 4-6 shows a summary of the BET surface area and ammonia production rates.  

Efficacy of a series of catalysts of Ni2-xFexMo3N ( ! = 0, 0.2, 0.5, 0.8 and 0.9) was examined 

for the formation of ammonia. All of the synthesized catalysts exhibited high catalytic 

performance for this reaction. Therefore, 500 °C is considered as an optimal catalytic 

ammonia synthesis temperature in the present work. This is in contrast to 400 °C, which has 

been usually used previously.83, 37, 182  

The BET surface areas of the Fe-doped samples were acquired by N2 adsorption. The 

addition of iron as a dopant into Ni2Mo3N lattice increased surface areas of the samples 

gradually even with such low iron loadings as low as ! = 0.1, while Ni2Mo3N as a single 

nitride has a low surface area. It could be related to the decreased crystallite and particle 

size due to distribution of iron dopant in Ni2Mo3N. Generally, the obtained iron doped 

samples had low surface areas values below 5 nm. This could be attributed to the thermal 

effect during ammonolysis process as the materials were heated at higher annealing 

temperatures.  
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BET surface areas of the catalysts along with transition metal dopant contents were also 

shown to be another important contributing factor to the catalytic properties. For iron doped 

samples as mentioned above the addition of iron leads to a linear increase of the surface area 

with increasing iron content. Table 4-6 shows the corresponding values of the investigated 

catalysts. It is noteworthy that the catalytic activity rates of these materials are substantially 

improved which is likely due to increasing both the surface area and iron content of the 

catalysts, suggesting a positive influence of the iron incorporation. Among the tested 

catalysts, the maximum surface area value was shown by Ni1.1Fe0.9Mo3N and the same 

catalyst gave the highest activity of around 354(4) μmol g-1 h-1. These results clearly indicate 

that the surface area of the investigated catalysts is the key parameter for the catalytic activity 

behaviour. Activities for Ni2Mo3N and doped analogues are typically lower despite the 

structural and electronic similarities between these two systems, and that may be linked at 

least partly to the lack of lattice nitrogen mobility exhibited by this compound.42 Activities 

observed here are significantly higher than those observed in many other studies of this 

material and were seen to increase with iron doping, although our activities were measured 

at 500 °C due to a relatively low activity observed at 400 °C (Figure 4-10).  

In addition, it has been reported the lattice N in η-carbide Fe3Mo3N structure is less reactive 

than that of its cobalt counterpart.78 Co3-xFexMo3N quaternary systems have been 

investigated for ammonia synthesis. The results showed that the catalytic activity of these 

materials were between that of Co3Mo3N and Fe3Mo3N.196  

The pre and post catalysis nitrogen contents were measured from CHN combustion analysis, 

theoretical atomic percentages for the content of nitrogen in Ni2-xFexMo3N were calculated 

and compared with the experimental ones and the main results are summarized in Table 4- 7. 

As shown in Table 4-7 the nitrogen contents in the samples are approximately consistent 

with the calculated values. The nitrogen content in Ni2Mo3N sample is 3.4 wt % and this is 

consistent with the previously published literature.40 For the Ni1.5Fe0.5Mo3N the nitrogen 

content is about 3.35 wt % which is consistent with the reported value.189 The results in each 

case indicate the full occupancy of the 4a interstitial site by nitrogen. In addition, the overall 

agreement between theoretical and experimental data, together with PXRD data, confirm the 

generation of (Ni2-xFexMo3N) series. The nitrogen contents of the post-catalysis samples also 

remain consistent with the stoichiometric compositions.  



Chapter 4 

 78 

Table 4-7 Chemical analysis data for Ni2-xFexMo3N 

 
 
 
 
 
 
 
 
 
 

% C and % H < 0.10 throughout 

 

Figure 4-12 presents the PXRD powder diffraction patterns on the as-prepared materials and 

post-reaction materials. As shown above, the as-prepared materials had a phase pure match 

to the filled β-manganese structure with space group P4123. Post reaction XRD analysis 

showed that the filled β-manganese structure was maintained upon reaction in all the 

investigated materials. In addition to the linear conductivity changes observed in the 

catalysis, this suggests that the catalysts are stable under the reaction conditions used. The 

reaction rates, obtained in this study, is higher than other reported iron-based nitride 

materials. Substituting iron into the Ni2Mo3N lattice can improve the catalytic activity. 

Catalyst Nitrogen content (wt.%) 

Calculated Pre-catalysis Post-catalysis 

Ni2Mo3N 3.3 3.4 3.3 

Ni1.8Fe0.2Mo3N 3.4 3.5 3.4 

Ni1.5Fe0.5Mo3N 3.4 3.5 3.4 

Ni1.2Fe0.8Mo3N 3.4 3.6 3.4 

Ni1.1Fe0.9Mo3N 3.4 3.6 3.2 
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Figure 4-12 PXRD diffraction patterns of (a) pre-reaction and (b) post-reaction of Ni2Mo3N, 

Ni1.5Fe0.5Mo3N, Ni1.2Fe0.8Mo3N and Ni1.1Fe0.9Mo3N. 

4.8  Conclusion 

Pechini method along with high temperature ammonolysis reaction have shown to be 

promising routes for developing catalytically active materials. In this study results from 

PXRD patterns and CHN microanalysis confirmed that Ni2-xFexMo3N were successfully 

prepared. In addition, all samples matched the cubic structure with space group P4132. The 

refined lattice parameters were found to increase linearly as further iron is doped into the 

structure. Further to this, the same trend was observed for the surface area of the catalysts. 

The Ni2-xFexMo3N with ! = 0.2, 0.5, 0.8 and 0.9 showed good activity towards ammonia 

synthesis. 
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Chapter 5 Synthesis, Structural Characterisation 

and Ammonia Synthesis Activity of W-
substituted Ni2Mo3N and Co3Mo3N 

Overview  
 
A series of nickel tungsten molybdenum nitride and cobalt tungsten molybdenum nitride 

materials were developed and investigated for ammonia synthesis; their structures and 

activity were compared. 

5.1  Introduction 

Tungsten mono carbide was first explored as a potential catalyst by Levy and Boudart, which 

subsequently led to the development of many binary nitride catalysts based on molybdenum 

and tungsten.197 Tungsten nitride based materials have been attracting much attention as their 

properties show a close resemblance to those of platinum metal catalysts. Factors influencing 

the properties of tungsten materials include the nature of dopant and the synthesis routes 

used, as those factors have a strong impact on the material's microstructure and impurity 

levels. Binary tungsten nitrides have shown promising performance for CO hydrogenation 

and NO reduction with H2.198 However, it has been found that the synthesis of interstitial 

tungsten nitride materials was a challenge, as the inclusion of nitrogen into the tungsten 

lattice structure under ambient pressure is thermodynamically unfavourable.199 A wide 

variety of techniques were adopted for producing tungsten nitride materials with the desired 

properties. One of the commonly used routes is ammonolysis, which has been widely 

employed for the preparation of tungsten nitride-based materials. A comparative chart of 

synthesis methods to tungsten nitrides carried out by various authors has been tabulated 

Table 5-1. 

Panda et al. synthesised W2N bulk nitride with high surface area through nitridation of oxide 

precursors WO3 prepared via the precipitation method. In this study the oxide precursors 

were obtained by three different methods including commercial WO3, acid route and the 

citrate sol gel method.200 In the acid route, the solution of Na2WO4∙2H2O was mixed with 

dilute HNO3 in H2O, which was then heated while stirring. The precipitate was filtered and 

dried under air. This dried powder was used in the nitridation reaction. Similar results have 
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been reported by Kim et al who prepared β-W2N from high surface area sol-gel derived WO3 

via temperature programmed reduction-nitridation.201 In another study, β-W2N was 

synthesised by the temperature programmed reduction-nitridation of the oxide precursor 

WO3.200 Choi et al. reported the synthesis of WN from tungsten hexachloride (WCl6) as a 

precursor and CHCl3 as a solvent via low temperature process.202 The formation of ternary 

NiWN and CoWN via NH3 treatment of nickel and cobalt tungsten molybdate precursors has 

been reported by Rico et al.79 In this study the oxide precursors were prepared using thermal 

reaction. Commercial tungsten oxides containing Mn, Ni, and Co were applied as the 

precursors and then converted into their nitride counterparts by ammonolysis at low 

temperature.79 The ternary nitride, FeWN2, has been prepared by Bem et al. via ammonolysis 

of FeWO4 which was prepared by co-precipitation and solid state reaction.100 Weil and 

Kumta prepared Co3W3N via the ammonolysis of the oxide precursors.93 The precursor was 

prepared by the addition of triethylamine to cobalt chloride. Fe3W3N was subsequently 

prepared by the same group using a similar method to rapidly precipitate a homogenous 

mixture of iron from solution.203 Previous studies have focused on the preparation and 

investigations of binary and ternary tungsten nitrides. The (Fe0.8W0.2)WN2 material obtained 

from the oxide precursor Fe2(WO4)3 was prepared via a facile aqueous precipitation 

technique.204 High surface area Co–W–N has been prepared by nitriding the oxide precursor 

CoWO4 derived from a precipitation method.200 In this work quaternary cobalt and nickel 

tungsten molybdenum nitride catalysts were obtained by the ammonolysis of metal oxide 

precursors using a citrate sol-gel method.  
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5.2  Experimental section 

5.2.1  Synthesis of Ni2WxMo3-xN and Co3WxMo3-xN compositions 

The raw materials were commercial chemicals used without further purification. A series of 

molybdenum-based metal oxide precursors containing transition metals (W, Ni, Co) were 

prepared as starting materials for the formation of the quaternary nitrides Ni-W-Mo-N with 

the filled β-Mn structure and Co–W–Mo–N with the η carbide structure. A broad range of 

W/Mo ratios were prepared following the methodology described in the previous chapters 

expect that (NH4)6H2W12O40∙4H2O (Sigma Aldrich, 99 %) and Co (NO3)2∙6H2O (Sigma 

Aldrich, ≥	98 %) were used as dopant sources for tungsten and cobalt, respectively. 

Moreover, the nanostructured Ni2WxMo3-xN based precursors were subjected to 

ammonolysis at 800 °C under NH3 for 12 h. In order to study the effect of the inclusion of 

tungsten into the η-carbide structured Co3Mo3N on ammonia synthesis performance a series 

of nanostructured Co3WxMo3-xN ($ = 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8 and 0.9) solid 

solutions were synthesised using a similar procedure to that described above. In this 

experiment the nickel source Ni (NO3)2∙6H2O (Sigma Aldrich, 99.9 %) was replaced by 

cobalt nitrate Co (NO3)2∙6H2O (Sigma Aldrich, ≥	98 %) as a source for cobalt. Unlike the 

filled β-Mn structured Ni2WxMo3-xN, the η-carbide structured Co3WxMo3-xN system was 

found to be highly impure at 800 °C. Therefore, the Co3WxMo3-xN derived oxide precursors 

were ammonolysed at 900 °C instead of 800 °C. The quantities and the ratios of reagents for 

the different compositions are given in Table 5-2. A Schematic representation of the 

optimised citrate sol-gel route pathway is given in Figure 5-1.  
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Table 5-2 Quantities of reagents used in the synthesis of Ni2WxMo3-xN and Co3WxMo3-xN 

! in Ni2WxMo3-xN (NH4)6Mo7O24·4H2O (NH4)6H2W12O40·4H2O Ni (NO3)2·6H2O Citric acid 
monohydrate 

0.1 2.9 g / 2.35 mmol 0.142 g / 0.047mmol 3.294 g/ 11.33 

mmol 

7.94 g / 37.8 

mmol 
0.2 2.8 g /2.23 mmol 0.29 g / 0.049 mmol 

0.3 2.7 g / 2.17 mmol 0.43 g / 0.14 mmol 

0.4 2.6 g / 0.93 mmol 0.57 g / 0.19 mmol 

0.5 2.5 g / 2.013 mmol 0.71 g / 0.23 mmol 

0.6 2.4 g /1.932 mmol 0.85 g / 0.28 mmol 

! in Co3WxMo3-xN (NH4)6Mo7O24·4H2O (NH4)6H2W12O40·4H2O Co (NO3)2·6H2O Citric acid 
monohydrate 

0.1 1.93 g / 1.56 mmol 0.095 g / 0.03 mmol 3.297 g / 11.27 

mmol 

7.94 g / 37.8 

mmol 
0.2 1.86 g / 1.51 mmol 0.19 g / 0.06 mmol 

0.3 1.79 g / 1.45 mmol 0.29 g / 0.09 mmol 

0.4 1.73 g / 1.39 mmol 0.38 g / 0.13 mmol 

0.5 1.66 g / 1.35 mmol 0.48 g / 0.16 mmol 

0.6 1.59 g / 1.29 mmol 0.57 g / 0.19 mmol 

0.7 1.53 g / 1.24 mmol 0.67 g / 0.22 mmol 

0.8 1.46 g / 1.18 mmol 0.76 g / 0.25 mmol 

0.9 1.4 g / 1.13 mmol 0.86 g / 0.28 mmol 

1.0 1.33 g / 0.97 mmol 0.95 g / 0.31 mmol 

1.1 1.2 g / 0.54 mmol 1.14 g / 0.38 mmol 

 

 

 

 

 

 

Figure 5-1 Schematic description of the citrate-gel process to produce the filled β-manganese 

(Ni2WxMo3-xN) represented in the top scheme. From left to right: starting solution (green), gel (green) 

after evaporating, yellowish foams after heat treatment in air at 500 °C, and final fine powder after 

heating at 800 °C in flowing NH3. The η carbide (Co3WxMo3-xN) represented in the bottom scheme. 

From left to right: starting solution (pink), gel (red) after evaporating, grey foams upon heat treatment 

at 500 ºC for 2 h in air, and final fine black powder (Co3WxMo3-xN) after heating at 900 ºC for 12 h. 
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5.3 Results and discussion 

5.3.1 Solubility  

Sodium tungstate dihydrate Na2WO4∙2H2O is a common starting material in the synthesis of 

tungsten compounds; however, this precursor was not used it in this study because by using 

the sol-gel modified Pechini route the sodium metal would be retained in the products. In 

addition, these materials are sensitive to air and moisture making their handling and storage 

difficult. Ammonium paratungstate (NH4)10 H2W12O42∙4H2O, (Sigma Aldrich, 99 %) which 

has been reported as the main compound used in the formation of tungsten metal powders,205 

and tungstic acid, H2WO4,were both initially used as the dopant sources for tungsten via the 

sol-gel modified Pechini method. However, this formed a yellow precipitate of tungstic acid. 

Further attempts were made to obtain a homogenous aqueous solution by using ammonium 

metatungstate salt (NH4)6H2W12O40∙4H2O which is highly soluble, and no precipitation 

occurred. Therefore, this compound was selected to be used as a raw material in the present 

study.  

5.4  Crystal structure and composition 

5.4.1  Quaternary nitrides – nickel tungsten molybdenum nitride 

The X-ray diffraction patterns of the nanostructured doped Ni2WxMo3-xN ($ = 0, 0.1, 0.2, 

0.3, 0.4, 0.5 and 0.7) samples which underwent ammonolysis at 800 °C are presented in 

Figure 5-2. The PXRD patterns of the obtained samples confirmed that the main material 

formed was a filled β-manganese phase having space group P4132. However, an additional 

weak peak appeared at 2θ = 37.5°, indicating traces of rock salt type Mo2N analogues present 

in the parent compound,168 and its analogue Ni2WxMo3-xN. As the W content increased 

beyond $	= 0.3 into the systems some further small peaks were additionally presented and 

could not be reliably identified. When the temperature was increased up to 900 °C, pure 

phase structures were obtained up to $	= 0.5 and metallic Mo peaks were observed beyond 

this point. Heating at the higher temperature of 900 °C produced single phase materials, but 

it was also reduced the surface area. The compositions with low W content are shown in 

Figure 5-3. The Rietveld refinement of structural models against the XRD data was applied 

for each sample in the Ni2WxMo3-xN series using GSAS,150,163 Figure 5-4. The position of 

atoms ($, y, z) in unit cell, the space group, and peak positions (lattice parameters and zero 

point) were refined. The Uiso thermal displacement parameters were refined after the 
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molybdenum 12d Wyckoff lattice site occupancy was split between two cations, tungsten 

and molybdenum. Then, the background was modelled by a type 2 function and 3 terms 

within GSAS. In the final refinement cycle the profile broadening coefficients, Lx and LY 

were refined until the unit cell values become stable. Rietveld refinement fit and the key 

refined parameters data are given in Figure 5-4 and Table 5-3, respectively. The R-factors 

obtained from these refinements Table 5-3 confirm that the chosen models gave a good fit 

to the PXRD data, and hence the conclusion that the structure of the developed compositions 

can be fitted adequately with the parent P4132 space group. Crystallite size, Table 5-3, was 

estimated from the Lorentzian broadening component using an adaptation of the Scherrer 

formula shown in section 2.7.2. It was observed that there was a slight decrease of crystallite 

size as the tungsten content increases from ($	= 0.0) up to ($	= 0.3) Figure 5-3. The reduction 

of the crystallite size is likely to be because of the addition of tungsten increases the melting 

point and hence makes sintering slower. The refined lattice parameters “a” of the samples 

are presented in Table 5-3, where it can be seen that the lattice parameter displayed a linear 

increase up to $	= 0.3 at 800 °C (Figure 5-6). Above this tungsten concentration, however, 

the lattice parameter tended to level off and tungsten could reach its solubility limit. The 

evolution of the lattice parameters as would be expected due to the substitution of 

molybdenum ion by the relatively larger tungsten ions in the octahedral site.  

 

 
Figure 5-2 Powder XRD patterns for Ni2WxMo3-xN samples synthesised by firing the dry powder 

at 800 °C for 12 h under NH3 gas. (*) symbol indicates the Mo2N reflections. 
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Figure 5-3 Powder XRD patterns for Ni2WxMo3-xN samples synthesized by firing the dry powder 

at 900 °C for 12 h under NH3 gas.  

 
Figure 5-4 Rietveld fits to the XRD patterns of Ni2Mo3N (Rwp % = 4.9 and Rp % = 3.9), 

Ni2W0.1Mo2.9N (Rwp % = 4.9 and Rp % = 3.9), Ni2W0.2Mo2.8N (Rwp % = 4.9 and Rp % = 3 .9) and 
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Ni2W0.3Mo2.7N (Rwp % = 4.9 and Rp % = 3.9). Black crosses mark the data points, the red continuous 

line the fit and the blue continuous line the difference. Pink tick marks show the positions of the 

allowed reflections positions for Ni2WxMo3-xN series with space group P4132. 

 

 
Figure 5-5 Crystallite size as a function of the composition of tungsten doped Ni2Mo3N samples, 

thermally treated at 800 °C for 12 h under NH3 gas. 

 
 

 
Figure 5-6 The lattice parameter (Å) versus the concentration of W in Ni2WxMo3-xN system, 

thermally treated at 800 °C for 12 h under NH3 gas. 
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5.4.2  Ternary nitride- nickel tungsten nitride (Ni2W3N) 

Ni2W3N has been reported previously.188 It was found that the formation of this phase by 

precipitation method followed by ammonolysis of NiWO4 at 600 °C have resulted in a 

material containing nickel metal as impurity. Only three years later, the same approach was 

applied by the same group using various temperatures ranging from 750 to 800 °C.103 They 

found that Ni2W3N with a small amount of nickel was obtained at 750 °C. On heating the 

precursor further in ammonia gas at 800 °C for 12 h a mixture of nickel metal, Ni2W3N and 

NiW3N was observed. In this study, attempts were made to achieve a single-phase of 

Ni2W3N using a Pechini-type sol−gel ammonolysis method. 

Figure 5-7 demonstrates the X-ray diffraction patterns of the resulting materials fired in 

ammonia at various temperatures. On heating the precursor at 750 °C for 12 h a mixture of 

Ni2W3N and cubic phase W (PDF no. 04-0806) with a small amount of cubic phase Ni metal 

(PDF no. 65-0380) peaks was detected. Furthermore, small shoulder peaks were presented 

at about 2θ = 69º and 74º. Heating at 800 °C for 12 h increased the amount of surface 

impurity phases. Heat treatment up to 900 °C for 12 h led to excluding of W impurity peaks, 

as well as additional peaks which can be ascribed/ can therefore be ascribed to NiW3N were 

detectable, Ni metal was still seen as shown in Figure 5-7. This indicates that the sample is 

unstable and decomposes at elevated temperature. Similar observations were made for 

tungsten mononitride WN.103 
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Figure 5-7 Powder X-ray diffraction of Ni2W3N obtained by heating Ni2W3Ox in ammonia at 

different temperatures using the modified Pechini route, (*) symbol indicates the W metal reflections 

and (•) shows reflections of metallic Ni phase. 

5.4.3  Quaternary nitrides – cobalt and tungsten molybdenum nitride 

Figure 5-8 shows the PXRD patterns of Co3WxMo3-xN with different tungsten doping 

concentrations were mainly consistent with the standard cubic structure of Co3Mo3N (space 

group Fd3"m).64 As shown in Figure 5-8, PXRD patterns of the materials with compositions 

# = 0.0, 0.1, 0.2, 0.4, 0.7 and 0.8 show pure phase cubic structure of Co3Mo3N, while small 

peaks corresponding to a minority Co3Mo hexagonal phase with space group P63/mmc were 

identified in the samples where # = 0.3, 0.5 and 0.6 Figure 5-9. The crystal structures of nine 

compositions of the Co3WxMo3-xN series (#	= 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6,7.0 and 0.8) 

were refined against PXRD data using a published structural model of Co3Mo3N.64 

Representative refined patterns are shown in Figures 5-10 and 5-11, and key parameters are 

summarised in Tables 5-4 and 5-5. The relatively low percentages values of Rwp and Rp 

indicate good fits with reliable structural parameters. The lattice parameters of the Co3Mo3N 

sample (11.024 Å) agree well with those previously reported for Co3Mo3N (11.0245 Å).41 

With increasing tungsten doping content, the particle diameter first increased going through 

a maximum value of 199 nm for Co3W0.3Mo2.7N and eventually decreased again to diameter 

of about 114 nm for Co3W0.6Mo2.4N, Co3W0.7Mo2.3N and Co3W0.8Mo2.2N. 

 Furthermore, the refined lattice constants are summarised in Table 5-4. Figure 5-13 shows 

the linear variation of lattice parameters with tungsten-concentration following Vegard’s 

law. Contrary to the filled β-Mn Ni2WxMo3-xN series, the refined cell parameters in the η-
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carbide structure Co3WxMo3-xN decrease linearly with increasing tungsten- ions doping 

content. The decreasing trend in the lattice parameters is unexpected since tungsten in 

octahedral coordination has a larger ionic radius than that of the host molybdenum in 

octahedral coordination. However, this result is reducible. If tungsten substitutes into a 

molybdenum site then the lattice should expand as the size of molybdenum is smaller than 

that of tungsten but in our case, there is shrinkage in unit cell. Therefore, the observed 

variation of the lattice constants cannot be explained on the basis of difference of ionic or 

metallic radii of the host and dopant. However, the formal oxidation state of Mo or W is 1+, 

and no ionic radii for this ion were found. These results clearly indicate that tungsten-doping 

into the lattice of Co3Mo3N induced noticeable structural changes from the parent phase. It 

can be observed the refined lattice parameters of the η-carbide structure Co3WxMo3-xN 

behave differently from the filled β-Mn tungsten doped Ni2Mo3N system Figure 5-13.  

 

 
Figure 5-8 PXRD patterns of Co3WxMo3-xN (! = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8 and 

0.9),thermally treated at 900 °C for 12 h under NH3 gas. 
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Figure 5-9 The magnified PXRD patterns in the vicinity of 2θ = 30° of Co3WxMo3-xN (! = 0.0, 0.1, 

0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8 and 0.9) samples heated under NH3 at 900 °C for 12 h (*) symbol 

indicates the Co3Mo phase reflections. 
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Figure 5-10 Rietveld fits to the PXRD patterns of Co3WxMo3-xN series, where ! = 0; (Rwp % = 3.9 

and Rp% = 3.13), 0.1; (Rwp % = 4.9 and Rp % = 3.9) and 0.2; (Rwp % = 4.9 and Rp % = 3.9). Black 

crosses mark the data points, the red continuous line the fit and the blue continuous line the 

difference. Pink tick marks show the positions of the allowed reflections for the η-carbide structure 

Co3WxMo3-xN series in space group Fd3#m. 
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Figure 5-11 Rietveld fits to the PXRD patterns of Co3WxMo3-xN series, where ! = 0.3; (Rwp % = 4.9 and Rp 

% = 3.9), and 0.4; (Rwp % = 4.73 and Rp % = 3.9) and 0.5; (Rwp% = 4.9 and Rp % = 3.9). Black crosses mark 

the data points, the red continuous line the fit and the blue continuous line the difference. Pink tick marks 

show the positions of the allowed reflections for the η-carbide structure Co3WxMo3-xN series in space group 

Fd3#m. 
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Figure 5-12 Rietveld fits to the PXRD patterns of Co3WxMo3-xN series, where	! = 0.6; (Rwp % =5.03 

and Rp % = 4), 0.7; (Rwp % = 5.3 and Rp % = 4.18) and 0.8; (Rwp % = 5.2 and Rp % = 4.08). Black 

crosses mark the data points, the red continuous line the fit and the blue continuous line the 

difference. Pink tick marks show the positions of the allowed reflections for the η-carbide structure 

Co3WxMo3-xN series in space group Fd3#m. 
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Table 5-5 Crystallographic information obtained from Rietveld refinement of Co3WxMo3-xN 

series. 

! in Co3WxMo3-xN a/Å Rwp, Rp/ % Crystallite size/ nm 

0   11.024(4) 3.9, 3.13 94(5) 
0.1 11.02337(5) 4.89, 3.86 97(7) 
0.2 11.02322(5) 4.86, 3.88 133(12) 
0.3 11.02218(5) 4.87, 3.88 199(33) 
0.4 11.02104(5) 4.73, 3.78 159(14) 
0.5 11.02006(5) 4.86, 3.85 133(11) 
0.6 11.01935(5) 5.03, 4.01 114(8) 
0.7 11.01872(4) 5.27, 4.18 114(8) 
0.8 11.01741(4) 5.18, 4.08 114(8) 

 

 
 

Figure 5-13 Lattice parameters variation with tungsten content for Co3WxMo3-xN samples. 

5.5 5.5 Textural characterisation 

The surface area was determined by nitrogen adsorption using the BET-model for data 

interpretation. Nitrogen (N2) adsorption isotherms studies were conducted on the single-

phase samples in order to determine the specific surface area (SSA). BET curves were used 

to evaluate this value. The obtained isotherms of the synthesised quaternary nitride samples 

in this study typifies that of materials with a predominantly mesoporous structure.  

Figure 5-14 illustrates the nitrogen adsorption/desorption isotherm curves of the filled β-Mn 

structure samples in Ni2WxMo3-xN series. The incorporation of tungsten ions into the 

! value in Co3WxMo3-xN  
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Ni2Mo3N lattice leads to an increase of the surface area as seen in Figure 5-14. The BET 

specific surface area of Ni2Mo3N, Ni2W0.1Mo2.9N, Ni2W0.2Mo2.8N and Ni2W0.3Mo2.7N 

samples were at a range of 2.8 - 4.8 m2 g−1 (Figure 5-14). The obtained results revealed that 

the samples exhibited low surface area which is below 5 m2 g−1, this could be probably 

related to the high ammonolysis temperature employed in their preparation. In addition, the 

BET surface area decreased and thus most likely caused by an increase of catalyst pores 

plugging with increasing tungsten content. The resultant isotherm curves display type II, 

which can be attributed to relatively weak adsorbent–adsorbate interactions.  

 

 
Figure 5-14 Nitrogen adsorption/desorption isotherms curves of mesoporous Ni2WxMo3-xN series, 

adsorption is given in units of cm3 of adsorbate per gram adsorbent. 

 
Figure 5-15 gives the adsorption/ desorption N2 isotherm for the η carbide structure samples 

in Co3WxMo3-xN which also indicating a type III isotherm and shows no hysteresis. The BET 

surface area of Co3Mo3N, Co3W0.1Mo2.9N, Co3W0.2Mo2.8N and Co3W0.4Mo2.6N were 3.4, 

2.8, 2.6 and 2.4, respectively. The obtained surface areas were lower than that observed for 

Ni2WxMo3-xN samples.  
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Figure 5-15 Nitrogen adsorption/desorption isotherms curves of mesoporous Co3WxMo3-xN series, 

adsorption is given in units of cm3 of adsorbate per gram adsorbent. 

5.6  TGA study of cobalt molybdenum nitride and cobalt 

tungsten molybdenum nitride  

Thermogravimetric analysis TGA, described in section 2.5 was carried out in order to study 

the thermal stability of the materials. Figure 5-16 shows the TGA plot for Co3Mo3N and 

Co3W0.4Mo2.6N heated in oxygen- rich gas mixture at ramp rate of 10 °C/ min from room 

temperature to 800 °C. The TGA result showed that the observed total mass gain for 

Co3Mo3N and Co3W0.4Mo2.6N was (36.40 %) and (34 %). This is close to the expected values 

(37.19 %) and (34.6%), respectively. Figure 5-16 also shows that both samples underwent 

decomposition and the final products are given in the equations below.   

"#!$#!% + 6(" → 3"#$#(# + $
"%"                                                   Equation 5-1     

"#!	+&.#$#".(	% + 6(" → 3"#( + 0.4+(! + 2.6$#(! + $
"%"        Equation 5-2 
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Figure 5-16 Thermogravimetric analysis curves under oxygen atmosphere for the nanostructured 

Co3Mo3N and Co3W0.4Mo2.6N samples with the heating rate of 10 °C /min from room temperature 

to 800 °C. The initial weight of every sample before measurement is 0.015 g. 

 

Table 5-6 Mass % obtained from TGA for Co3Mo3N and Co3W0.4Mo2.6N 

Sample Overall Mass Gain 
Observed/ % 

 

Theoretical Mass Gain/ % 
 

Difference/ % 

Co3Mo3N 
 

36.40 37.19 0.79 
Co3W0.4Mo2.6N 33.8 34.6 0.8 

5.7  Catalytic activity 

The effect of the addition of W into the η–carbide structure Co3Mo3N and the filled β-Mn 

structure Ni2Mo3N toward ammonia synthesis was compared. Initially, the reactions were 

conducted at 400 °C then followed by increased temperature up to 500 °C using 0.15 g of 

the catalyst under atmospheric pressure (0.1 MPa) of flowing 1: 3 N2/H2 gas. With regards 

to the catalytic activity of Ni2WxMo3-xN system, Figure 5-17 showed that at 400 °C the 

ammonia production rate of the Ni2W0.3Mo2.7N catalyst was very limited 292 μmol g−1 h−1. 

However, when the temperature is increased to 500 °C, a high ammonia production rate of 

395 μmol g−1 h−1 was observed. Hence all samples were tested at 500 °C (Figure 5-17). The 

reaction was a steady state process with the formation of ammonia being constant throughout 

the reaction. This is shown in the reaction profile (Figure 5-18). 
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Figure 5-17 Comparison of the reaction profiles for the nanostructured Ni2W0.1Mo2.9N at 400 and 

500 °C. 

 
 

 
Figure 5-18 Conductivity profile for the Ni2WxMo3-xN (x = 0, 0.1, 0.2 and 0.3) sample under 3:1 H2 

in N2 at 500 °C. 

The ammonia synthesis activities of the materials developed upon the inclusion of W into 

the filled β-Mn structure Ni2Mo3N are shown in Figure 5-18 and listed in Table 5-7. The 

BET surface areas of the doped samples follow the order of Ni2W0.3Mo2.7N> 

Ni2W0.2Mo2.8N > Ni2W0.1Mo2.9N. The ammonia production rate was generally observed to 

increase from approximately 364(20), 395(8) to 439(15) μmol g−1 h−1 for Ni2W0.1Mo2.9N, 

Ni2W0.2Mo2.8N and Ni2W0.3Mo2.7N with surface areas of 2.6, 2.4 and 4.8 m2 g−1, 

respectively. Such improved performance could be attributed to the increased surface area. 
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The performance of Ni2Mo3N (400 μmol g−1 h−1) for ammonia synthesis was close to that 

for Ni2W0.2Mo2.8N (395 μmol g−1 h−1) although the surface area of Ni2Mo3N higher than that 

of Ni2W0.2Mo2.8N. 

 The corresponding specific activities were calculated as 140, 94 and 91 µmol m−2 h−1. These 

specific activities dramatically decrease as the surface area increases or with increasing W 

content. The Ni2W0.1Mo2.9N catalyst ammonolysed at 800 and 900 °C showed that the 

activity dropped from 364 to 260 μmol g−1 h−1 with surface areas of 2.6 and 2 m2 g−1, 

respectively. This example could further support the positive correlation between the 

ammonia synthesis activity and the surface area.  

 

Table 5-7 Surface area, ammonia synthesis and specific activities for Ni2WxMo3-xN (0 = 0, 0.1, 

0.2 and 0.3) catalysts fired in NH3 at 800 °C for 12 h. 

Catalyst BET surface area 
m2 g−1 

Ammonia synthesis rate 
(µmol h−1 g−1) 

Specific activity 
(µmol h−1 m−2) 

500 °C 500 °C 
Ni2Mo3N 2.8 400(41) 143 

Ni2W0.1Mo2.9N 2.6 364(20) 140 
Ni2W0.2Mo2.8N 4.2 395(8) 94 
Ni2W0.3Mo2.7N 4.8 439(15) 91 

 
Having discussed the catalytic activity of Ni2WxMo3-xN system, we are now considering the 

catalytic performance of Co3WxMo3-xN Figure 5-19 and 5-20. In the case of tungsten doped 

Co3Mo3N samples, the catalytic performance was evaluated under the same conditions of 

that employed for tungsten doped Ni2Mo3N samples. Since the presence of impurities has 

been noted to lower catalytic activity,182 the ammonia synthesis reactions were carried out 

on the purer phases.  
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Figure 5-19 Comparison between the reaction profiles for the nanostructured Co3Mo3N at 400 and 

500 °C. 

 
 

 
Figure 5-20 Conductivity profile for the Co3WxMo3-xN (0 = 0, 0.1, 0.2, 0.6) samples under 3:1 H2 in 

N2 at 500 °C. 

 
The catalytic performance of the developed materials is summarised in Table 5-8. The NH3 

production rates for Co3Mo3N, Co3W0.1Mo2.9N, Co3W0.2Mo2.8N and Co3W0.4Mo2.6N 

samples were found to be ca. 383(15), 288(19), 267(25) and 239(12) μmol g−1 h−1, 

respectively. The differences between the surface areas of these catalysts are not that 

significant and they follow the order of Co3Mo3N > Co3W0.1Mo2.9N> Co3W0.2Mo2.8N > 
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Co3W0.4Mo2.6N. It can be noted that the performance of these catalysts gradually dropped 

with decreasing surface area, the activity is consistent with their surface area order.  

This means that the addition of W did not show any obvious improvement with respect to 

the undoped sample. Apparently, Co3Mo3N catalyst reveals the highest surface area and 

demonstrated the highest NH3 formation rate compared with that of its analogue tungsten 

doped samples. These observations may indicate that the surface area could be the direct 

reason behind the decline in the ammonia production rate, it does seem to be the key variable. 

The literature also shows that the catalytic behaviour could be associated specifically with 

the surface area. Hence, further optimisation is required to improve the accessibility of the 

active site surface in order to achieve higher performance. One possible potential strategy is 

the addition of alkali promoter such as Cs+. Bulk Co3Mo3N catalyst, to date, is one of the 

most active reported nitride-based catalysts for ammonia synthesis at ambient 

pressure.82’37,41 This material showed an outstanding ammonia synthesis rate of 986 µmol 

g−1 h−1 particularly when promoted with small content of Cs+ ion and ca._652 µmol g−1 h−1 

for non-promoted ones.82 The mass activity was normalised to the BET surface area.  

From Table 5-8, it is noticeable that the Co3Mo3N exhibits the highest specific activity 

with/of around 113 µmol m−2 h−1 as well as the highest performance compared to the doped 

samples. In addition, Co3W0.1Mo2.9N and Co3W0.2Mo2.8N showed similar specific activity 

103 µmol m-2 h−1. The Co3W0.4Mo2.6N catalyst has the lowest surface area (2.44 m2 g−1) and 

the lowest specific activity (98 m−2 h−1) among the five samples. These results are 

significantly higher than those reported in the literature. Kojima et al. compared the specific 

activity of bimetallic molybdenum nitride catalysts Co3Mo3N, Ni2Mo3N and Fe3Mo3N. They 

found that Co3Mo3N had the highest specific activity followed by Fe3Mo3N with rates of 31 

and 20 µmol m−2 h−1, respectively, whereas that of Ni2Mo3N was 14 µmol m−2 h−1 which 

exhibited the lowest specific activity.82 No structural changes observed in the  post reaction 

patterns PXRD (Figure 5-21). 

 
Table 5-8 Surface area, ammonia synthesis and specific activities for Co3WxMo3-xN (0 = 0, 0.1, 

0.2 and 0.4) catalysts fired in NH3 at 900 °C for 12 h. 

Catalyst 
BET surface area 

m2 g-1 

Ammonia synthesis 
rate (µmol h−1 g−1) 

Specific activity 
(µmol h−1 m−2) 

500 °C 500 °C 

Co3Mo3N 3.4 383(15) 113 
Co3W0.1Mo2.9N 2.8 288(19) 103 
Co3W0.2Mo2.8N 2.6 267(25) 103 
Co3W0.4Mo2.6N 2.44 239(12) 98 
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Combining the activity data presented in Table 5-7 and 5-8, it is clearly seen that substituted 

molybdenum with tungsten into Ni2Mo3N catalyst show promising activity compared to 

tungsten doped Co3Mo3N catalysts. This is likely due to the former having larger surface 

area values resulting from the applied lower ammonolysis temperature of 800 °C compared 

to 900 °C for the latter. The performance of Co3Mo3N phase is close to that of 484 μmol 

g−1 h−1 which tested at 500 °C and higher than that evaluated at 400 °C.41,83 The post-catalysis 

reaction PXRD powder diffraction patterns of the tungsten doped Ni2Mo3N samples after 

the ammonia synthesis are shown in Figure 5-21. The data revealed that no changes occurred 

within the crystalline structures of the post-reaction patterns. 

 
Figure 5-21 PXRD diffraction patterns of pre (b) and post-reaction (a). The compositions were 

Ni2Mo3N (top left), Ni2W0.1Mo2.9N (top right), Ni2W0.2Mo2.8N (bottom left), Ni2W0.3Mo2.7N (bottom 

right). 

 
On comparing the PXRD patterns of pre-and post-catalysis reactions of W doped Co3Mo3N 

Figure 5- 22, it can be seen that no structural changes observed. 
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Figure 5-22 PXRD diffraction patterns of pre (b) and post-reaction (a). The compositions were 

Co3Mo3N (top left), Co3W0.1Mo2.9N (top right), Ni2W0.2Mo2.8N (bottom left), Ni2W0.6Mo2.4N (bottom 

right). 

 

5.8  Combustion (CHN) analysis of pre-and post-catalysis 

samples 

Combustion (C, H, N) analysis was performed on pre and post catalysis samples and data 

are listed in Table 5-9. The obtained nitrogen contents of the Ni2Mo3N, Ni2W0.1Mo2.9N, 

Ni2W0.2Mo2.8N and Ni2W0.3Mo2.7N; match with the theoretical stoichiometric values. From 

studying the pre- and post-catalysis reaction of nitrogen content, it can be seen that no change 

is observed in the nitrogen contents of all the investigated catalysts. The results obtained by 

PXRD, TGA, SEM and elemental analysis (CHN) indicate the phase purity of Ni2Mo3N, 

Ni2W0.1Mo2.9N, Ni2W0.2Mo2.8N and Ni2W0.3Mo2.7N.  
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Table 5-9 Pre and post catalysis nitrogen contents, and expected nitrogen content of Ni2Mo3N and 

Ni2(W, Mo)3N samples produced at 800 °C in NH3. 

Catalyst     Nitrogen content (wt.%) 

Pre-catalysis Post-catalysis Expected N content  

Ni2Mo3N 3.4 3.3 3.3 
Ni2W0.1Mo2.9N 3.3 3.4 3.3 
Ni2W0.2Mo2.8N 3.4 3.0 3.3 
Ni2W0.3Mo2.7N 3.0 3.2 3.2 

 
The nitrogen content was found to be 3.2 wt. % for Co3Mo3N, 3.3 wt. % Co3W0.1Mo2.9N, 

3.33 wt. % Co3W0.2Mo2.8N and 2.66 wt. % for Co3W0.4Mo2.6N, which is close to the expected 

stoichiometric values of Co3Mo3N (2.9 wt. %), Co3W0.1Mo2.9N (2.9 wt. %), Co3W0.2Mo2.8N 

(2.8 wt. %) and Co3W0.4Mo2.6N (2.72 wt. %). As can be shown in Table 5-10, there is no 

change in the nitrogen contents between the pre-and-post catalysis reaction data. The 

obtained nitrogen content of Co3Mo3N is comparable to that reported by Alshibane et al. 

(3.1 wt. %).41  

 
Table 5-10 Pre and post catalysis nitrogen contents, and expected nitrogen content of Co3Mo3N 

and Co3(W, Mo)3N samples after heating at 900 °C in NH3. 

Catalyst 
Nitrogen content (wt.%) 

Pre-catalysis Post-catalysis Expected N content 

Co3Mo3N 3.2 3.3 2.9 

Co3W0.1Mo2.9N 3.3 3.2 2.9 

Co3W0.2Mo2.8N 3.3 3.1 2.8 
Co3W0.4Mo2.6N 2.7 3.0 2.7 

 

5.9  SEM images of Ni2W0.3Mo2.7N samples pre-and post-

catalysis  

In order to investigate the structural morphology of the pre-and post-catalysis reaction of the 

Ni2W0.3Mo2.7N material, SEM was used. Figure 5-23 presents typical SEM micrographs of 

(a; scale bar 20 !m) pre-reaction and (b; scale bar 5 !m) post-reaction of the Ni2W0.3Mo2.7N. 

The SEM analysis was taken at a magnification of 5000x to 1000x. From SEM image Figure 

5-23 (a) of as-synthesised Ni2W0.3Mo2.7N, it can be clearly observed that nanosheets are, 

present, which could increase the surface area and subsequently enhance the catalytic 
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performance. The post catalysis reaction Ni2W0.3Mo2.7N sample still retained the same type 

of morphology as observed by SEM (Figure 5-23 (b)). This suggests that the production of 

ammonia does not affect the morphology. White areas in some parts of the samples could 

indicate the agglomerated nanoparticles. These agglomerated particles could be induced by 

the higher temperature (800 °C) ammonolysis reaction.  

 
Figure 5-23 SEM micrographs images (a; scale bar 20 μm) Pre-reaction(a) and (b; scale bar 5 μm) 

Post-reaction Ni2W0.3Mo2.7N produced at 800 °C for 12 h under NH3(b). 

 

5.10  SEM and EDX analysis of Co3Mo3N and Co3W0.4Mo2.6N 

The morphologies of pre- and post- catalysis samples of Co3Mo3N and Co3W0.4Mo2.6N 

catalysts were investigated by applying high magnifications in scanning electron microscopy 

(SEM). Figure 5-24 a and b, has shown that the structure of Co3Mo3N and Co3W0.4Mo2.6N 

catalysts consist of irregular particles with different sizes, as reported in the literature.177,191, 

206, 207 In addition, there are needles and plate shapes alongside the quasi-spherical 

nanoparticles (highlighted region) with some degree of porosity observed in Co3W0.4Mo2.6N 

as shown in (Figure 5-24, c). The aggregated needles structure was reported for Co3Mo3N 

in earlier research.208,41 It is obvious from SEM images of post-catalysis reaction samples 

(Figure 5-24 c, e and d) that the ammonia synthesis reaction had no remarkable influence on 

the morphologies.  

(a) 
 

(b) 
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Figure 5-24 Representative SEM micrographs images at 2000x and 5000x magnification of (a; scale 
bar 10 μm) and (b; scale bar 5 μm)  pre-catalysis reaction and (c; scale bar 5 μm) post-catalysis 
reaction of the Co3Mo3N nanoparticles, (d and e; scale bar 5 μm) pre- and post-reaction of 
Co3W0.4Mo2.6N nanoparticles, respectively.   
 
EDX was used to verify the composition and phase purity of the obtained materials. EDX 

spectra of Co3Mo3N and Co3W0.4Mo2.6N are depicted in Figures 5-25 and 5-26. The EDX 

spectrum of Co3Mo3N showed that the sample was composed of elemental cobalt, 

(a) 

(b) (C) 

(d) (e) 
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Figure 5-25 EDX analysis for nanostructured Co3Mo3N (900 °C) using a 15 KeV accelerating 

voltage and the atom % of the Co3Mo3N sample evaluated by EDX analysis. 

Figure 5-26 EDX analysis for nanostructured Co3W0.4Mo2.6N (900 °C) using a 15 KeV accelerating voltage 

and the atom % of the Co3W0.4Mo2.6N sample evaluated by EDX analysis. 

molybdenum and nitrogen with 40 atomic % of Co and 48 atomic % of Mo. The results can 

be found in Figure 5-25. These values are close to the expected stoichiometric value of 

42.9 % of Co and Mo in Co3Mo3N which suggests that this material is almost pure Co3Mo3N. 

EDX analysis of Co3W0.4Mo2.6N Figure 5-26 indicates the presence of cobalt, tungsten and 

molybdenum within the structure.  

 
 

 

 

 

  

 

 

 

 

 

 

 
 
 

 

 

 

 

 

 

 

 

 

 
 

 

5.11  Conclusions 

In this chapter, the filled β-manganese Ni2WxMo3-xN and the η-carbide Co3WxMo3-xN 

structured materials were prepared by a gel citrate route and thermally treated at 800 °C and 

900 °C, respectively. The compositions were structurally studied using X-ray powder 

Element Co3Mo3N 
Expected Actual 

Co 42.9 40 
W 0 0 
Mo 42.9 48 

Element Co3W0.4Mo2.6N 
Expected Actual 

Co 42.9 40.6 
W 5.7 3 
Mo 37 54 
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diffraction along with Rietveld refinements. The refined cubic lattice constants in both 

structures obey Vegard’s law but exhibit a different structural behaviour. That is, substituting 

molybdenum with tungsten into Ni2Mo3N resulted in the expansion of the lattice parameters. 

However, in contrast to the Ni2WxMo3-xN data, the shrinkage of the lattice constants was 

observed with increasing tungsten substitution in the η-carbide Co3WxMo3-xN, despite the 

larger metallic radius of tungsten. Also, the influence of tungsten substitution into the 

Ni2WxMo3-xN and Co3WxMo3-xN series was investigated for ambient pressure ammonia 

synthesis. The results have shown that the materials were highly active for ammonia 

synthesis under 500 °C compared with 400 °C. Among all the catalysts studied in this 

chapter, the tungsten doped Ni2Mo3N samples demonstrated the higher catalytic activity for 

ammonia synthesis. In particular, the best result of 439(15) μmol g−1 h−1 was obtained using 

the Ni2W0.3Mo2.7N catalyst. The difference in the activity between these structures may be 

connected to the surface area which could result from the applied different ammonolysis 

temperatures. As the reaction temperature increased, the surface area decreased due to 

particle aggregation. 



Chapter 6 

117 

 

Chapter 6 Activity of Transition Metal Nitride 

Quaternary Compounds Synthesised in Situ 

6.1  Introduction  

Various transition metal oxides (TMOs) are considered to be promising catalysts for a wide 

range of catalytic reactions due to their structural and electronic properties.209 The variation 

in activity can be attributed to the combination of two or more metals in the oxygen lattice.210  

Among these oxides, the materials based on molybdate and tungstate have been intensively 

studied.211 In ammonia synthesis, for example, the metal molybdates are complemented with 

transition molybdenum-based nitride materials. The nickel molybdate was found to exhibit 

a higher electrochemical performance which was ascribed to the Ni ion.212 According to the 

previous literature, the preparation of these materials with higher surface area can be difficult 

due to the complex nature of molybdates.213 It has been reported that the catalytic activities 

of the metal molybdates is determined by the structure of the material, which is mainly 

controlled by the method of preparation.214  

Various approaches have been documented for producing transition metal oxides. Solid state 

reactions are one of the most commonly used methods. These require high temperatures 

above 900 ºC, which could result in a relatively large particle size, impure materials, and 

irregular morphology. This could cause a negative effect on their application. Efforts have 

been made and alternative synthesis routes such as co-precipitation 209 and 

hydrothermal215, 216 methods are being employed to overcome these drawbacks. Although 

these routes show advantages including low synthesis temperature, good productpurity and 

particle size, it has been reported that after precipitation high calcination temperatures are 

required to complete the chemical reaction. The formation of transition metal oxides has 

been shown to be possible via molten salt synthesis, mechanochemical activation and 

microwave sintering techniques as described in Table 6-1. 

The solid solutions of Ni and Co molybdate and Ni1-xCoxMoO4 composite have shown high 

catalytic performance for the oxidative dehydrogenation reaction of propane. Yoon et al. 

prepared a series of metal molybdate catalysts MMoO4 (M = Mg, Ca, Zn, Co, Ni, Mn, Cu) 

and M2Mo3O12 (M = Fe, Bi, Ce, La, Sm, Al, Cr) via a co-precipitation method and 

investigated them for propane oxidation in the temperature range 430-500 ºC. It was found 

that the catalytic performance is transition metal type dependent. Among all the investigated 
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catalysts, CoMoO4 was active and selective for this reaction. Other compositions such as 

NiMoO4, CuMoO4, Cr2Mo3O12, Al2Mo3O12, and Fe2Mo3O12 catalysts showed high 

performance but were non-selective. In contrast, MnMoO4 demonstrated a very poor 

activity.217 Mani et al. synthesized NiMoO4 nanocrystal via a hydrothermal process, and 

reported a high performance for non-enzymatic glucose sensors. 215 Baoyi et al. studied the 

impact of the synthesis method on catalytic activity of a-NiMoO4 and β-NiMoO4 for 

propane oxidation reaction. It was found that β-NiMoO4 prepared by the sol gel method gave 

excellent low temperature catalytic activity compared to a-NiMoO4 prepared by the 

hydrothermal route.218 These phases were also tested for hydrodesulfurisation reactions by 

Brito et al. It has been found that β-NiMoO4 showed a better catalytic activity than a-

NiMoO4.219 Chen et al. prepared the NiMoO4 and iron doped Ni0.9Fe0.1MoO4 samples using 

a facile hydrothermal method. In comparison to the NiMoO4 sample, the iron-doped sample 

exhibited significant catalytic activity for alkaline oxygen evolution reaction.220 Liao et al. 

prepared Co0.8Cu0.2MoO4 through the hydrothermal method and investigated its catalytic 

activity for the hydrolysis of Ammonia Borane.221 Different compositions of Cu1-xCoxWO4 

(" = 0; 0.5; 1) were synthesized using the co-precipitation method and examined for their 

activity for hydrodeoxygenation reaction (HDO).222 Alshehri et al. prepared a CoWO4 using 

a molten salt method, and reported its efficiency towards the water redox reactions for 

oxygen evolution and oxygen reduction reactions.223 He also employed the same method for 

preparing NiMoO4 samples.224 Bi et al. prepared nanostructured NiMoO4 sample via a 

hydrothermal process and investigated its catalytic performance for the hydrodesulfurisation 

reactions. It was found that the NiMoO4 sample showed a significant activity, higher than 

that of commercial NiW/Al2O3.216 The simple co-precipitation method has been employed 

by Niu et al. to prepare amorphous NiMoO4 nanostructured samples.225 García-pérez et al. 

used the co-preciptation method to prepare a series of MWO4 (M= Ni2+, Cu2+and Co2+). The 

CuWO4 sample exhibited the best photocatalytic activity.209 Quintana-Melgoza et al. 

examined the effect of the reaction temperature on particle size and the surface area of 

NiWO4 that was synthesised by reacting ammonium metatungstate and nickel nitrate as a 

function of temperature.226 Mancheva et al. prepared nanostructured NiWO4 through a 

mechanochemical activation route.227 Tian et al. synthesized NiWO4 nanoparticles by using 

an ethylene glycol-assisted solvothermal method.228 A simple, eco-friendly, and cost-

effective hydrothermal method has been reported by Rajagopal et al. to optimize the 

nanostructured FeWO4 and CoWO4 and investigate their chemical properties.229 The 

hydrothermal route has been employed by Li et al. using urea as a starting material for the 

preparation of the nanostructured CoWO4. This material was also prepared by Pan et al. via 
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the hydrothermal method.230 Rico et al. synthesised NiWO4 and CoWO4 through co-

precipitation method.79 Li et al. prepared the Co0.5Ni0.5MoO4 by a scale up spray-drying 

method.231 A series of NixCo1-xMoO4 (0 ≤ " ≤ 1) prepared via the hydrothermal technique. 
232Naik et al. prepared Co1-xCuxWO4 (" = 0; 0.3; 0.5; 0.7 and 1.0) through the co-

precipitation method.233 De Moura et al. synthesised a, β-NiMoO4 via a microwave sintering 

technique.234 Rodriguez et al. reported the transformation between a series of cobalt and 

nickel molybdate phases. For example β-NiMoO4 was obtained upon heating the 

NiMoO4·nH2O hydrate to 500 ºC, then quenching from 300 ºC, wherease slow cooling to 

room temperature led to a-NiMoO4. a-CoMoO4 was also obtained upon grinding the β-

CoMoO4. Table 6-1 presents a summary of the reported different routes to synthesising 

transition metal oxides. 
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6.2  Metal oxide precursors to ternary nitrides 

Metal tungstates (AWO4; A is a bivalent ion with relatively small radius such as Ni, Co, Fe 

and Mg) have been found to adopt the monoclinic wolframite-type structure. These are 

common precursors to metal nitrides such as Co3W3N. The crystal structure of a wolframite 

was first reported by Broch in 1929 using diffraction methods, but was not completely 

determined by Keeling until 1957.237 Examples of this type of structure are shown in 

Figure 6-1. 

The wolframite structure can simply be described as slightly distorted hexagonal close 

packing of oxygen atoms. The distorted WO6 octahedra are joined by edge sharing oxygen 

atoms forming zig-zag chains orientated along the c axis. The bivalent cations occupy 

octahedral sites and have corner sharing oxygen atoms, forming zig zag chains of WO6 units.  

 
 

Figure 6-1 Schematic representation of the monoclinic wolframite-type structure, CoWO4 and 

NiWO4. Co atoms are shaded dark blue; Ni grey; W yellow; O2 red. Diagrams drawn using Vesta 

and structure data from Weitzel.238 

 

Three polymorphic forms of CoMoO4 ( Figure 6-2) have been reported; the low temperature 

α-phase with (space group C2/m, the high pressure (hp-) phase with (space group P2/c ), and 

the hydrate a violet phase with (space group P1").239, 240, 241, 41  

CoWO4 NiWO4 
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Figure 6-2 Schematic representation of the crystalline structure of different CoMoO4  polymorphous 

α-, (hp-), and hydrated CoMoO4 unit cell’s. Diagram drawn using Vesta and structure data for α-, 

(hp-), and hydrated CoMoO4 from Smith 242, Livage et al 243 and Eda et al 244.  

 

Nickel molybdates, NiMoO4, are part of group of minerals that are subdivided into two 

isostructural categories: the wolframite or scheelite. NiMoO4 typically adopts the scheelite 

structure, where A has a coordination number of eight, while the Mo cation is tetrahedrally 

coordinated to oxygen. The wolframite type structure consisting of close-packed oxygen 

ions with A and Mo cations occupying some of the octahedral sites. Under ambient pressure, 

three different phases of nickel molybdate (shown in Figure 6-3) can exist: the low 

temperature α-NiMoO4 (space group C2/m), the high temperature β-NiMoO4 (space group 

P2/c) and the hydrate NiMoO4·nH2O (space group P1").245, 246  

 

 

Figure 6-3 Scheme of the crystal structures of the polymorphous α-, β-, and hydrated NiMoO4 unit 

cell’s. Diagram drawn using Vesta and structure data for α-, β-, and hydrated-NiMoO4 from 

Ehrenberg et al 173 , Wiesmann et al 247, Eda et al 248 

 

 α-CoMoO4  

hp-CoMoO4 

Hydrated-CoMoO4 

α-NiMoO4 
β-NiMoO4 
 

Hydrated-NiMoO4 
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Several synthetic routes have been developed to synthesise nickel molybdate. Maione et al 

synthesised the nickel molybdate via sol the gel method.249 Nanocrystalline NiMoO4 was 

prepared via a citrate complex technique by Ryu et al.250 Wang et al. successfully developed 

NiMoO4 through a facile hydrothermal process.251 Co-precipitation route is one of the most 

prevailing methods for producing nickel molybdate as catalyst.252 Similar method from 

aqueous solutions of soluble salt was also employed by Kang et al for the production of 

NiMoO4·nH2O.253 The nickel molybdate nanoparticles were developed by Alborzi et al. via 

a sonochemical route using ammonium molybdate and nickel nitrate hexahydrate in water 

without surfactant.254 A novel approach was applied by Moreno et al. to prepare β-NiMoO4 

based on combustion synthesis.255 In another study the same method was used to prepare α-

NiMoO4 by Baskar et al.256 Among the different methods for the synthesis of nanoparticles, 

thermal decomposition has been reported as a novel technique to produce stable 

monodispersed particles which is a rapidly developing research area.257 Compared to other 

processes, it is much faster, cleaner and economical. However, an improvement in the 

thermal decomposition process should be made to allow better control of shape and size of 

the particles. In this study, the nickel molybdate nanoparticles were prepared using citrate 

sol gel method. This process led to a mixture of α-NiMoO4 and MoO3, which is consistent 

with the previously published observations of Alconchel et al.96 

Metal oxide materials have excellent catalytic properties. However, no literature was found 

on the application of these nanostructured molybdenum oxide-based materials as catalysts 

for ammonia synthesis. Therefore, in this chapter, a range of nanostructured metal oxide 

materials with different chemical compositions namely (Co-Mo-O) Co3Mo3Ox, (Co-W-Mo-

O) Co3W0.8Mo2.2Ox, (Ni-Mo-O) Ni2Mo3Ox,(Ni-Cu-Mo-O) Ni1.8Cu0.2Mo3Ox, (Ni-Fe-Mo-O) 

Ni1.2Fe0.8Mo3Ox and (Ni-Fe-Mo-O) Ni2W0.3Mo2.7Ox, have been developed and evaluated for 

the ammonia synthesis reaction. During these reactions they convert to the metal nitrides.   

6.3  Results and discussion  

The transition metal molybdates were the starting materials for the synthesis of the 

quaternary metal nitrides in previous chapters. The molybdates were formed via the citrate 

sol gel method as described in chapters 3, 4, and 5. The nitride materials were prepared 

in- situ in a fixed bed microreactor. 0.15 g of the metal oxides were activated at 700 °C for 

2 h with 3:1 H2/N2 mixture (BOC, 99.998 % at a total gas feed of 12 ml min−1, before 

reducing the temperature and testing catalytic activity.  
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6.3.1  Catalytic activity 

The oxide materials were activated under the same conditions used for the metal nitrides 

described in chapters 3, 4 and 5). The performance of transition metal molybdate based 

materials for ammonia synthesis reaction was measured at ambient pressure using 75 vol. % 

H2 in N2 (BOC, 99.98 %) at 500 °C after activation of the catalysts at 700 °C for 2 h. The 

reaction run was repeated to confirm reproducibility. Low ammonia production rate was 

observed at lower temperatures 400 °C, whereas increasing the temperature to 500 °C 

resulted in increased ammonia formation. Figure 6-4 shows the ammonia production rate at 

500 °C as a function of time. The reaction profile in Figure 6-4 shows that the materials 

exhibited a steady state rate of synthesis. The ammonia synthesis rate can be calculated from 

the gradient in this profile. From the data listed in Table 6-2, it is apparent that the pre-treated 

materials with 3/1 H2/N2 ammonia synthesis stream at 700 °C were found to be highly active 

for ammonia synthesis compared to their pre-nitrided counterparts (chapters 3, 4 and 5) 

which could possibly be related to the surface area. 

 

 
Figure 6-4  Conductivity profile for the transition metal molybdate reacted with 75 vol. % H2 in 

N2 at 700 °C materials reacted with 75 vol. % H2 in N2 then used to synthesis ammonia at 500 °C. 

 

For comparison, the (Co-Mo-O) Co3Mo3Ox sample exhibited the highest ammonia 

formation rate of 484(9) μmol-NH3 g−1 h−1  which is similar to a previously reported 

Co3Mo3N catalyst with rate of 489(17) μmol-NH3 g−1 h−1,41 and almost three times greater 

than that evaluated at 400 °C (165 μmol-NH3 g−1 h−1 ).258 Upon the inclusion of the tungsten 
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metal into the system the activity of the obtained Co3W0.8Mo2.2Ox catalyst was observed to 

decline from 484(9) μmol-NH3 g−1 h−1 to 407(12) μmol-NH3 g−1 h−1. Similar observation was 

observed in the case of Co3W0.8Mo2.2N (chapter 5) under the same reaction conditions, the 

ammonia formed from Ni2Mo3Ox displayed a rate of 466(16) μmol-NH3 g−1 h−1, which is 

very high when compared against the activity of the reported Ni2Mo3N system evaluated at 

400 °C. This reaction rate is higher than previously reported Ni2Mo3N systems, with rates 

of 383(22) μmol-NH3 g−1 h−1 and 395(6) μmol-NH3 g−1 h−1 generated by ammonolysis and 

reduced under H2/N2 gas mixture, respectively.40 Interestingly these materials exhibited 

significantly higher mass-normalised ammonia synthesis rates Table 6-2 than in the pre-

formed nitrides which appears to be due to higher surface areas Table 6-2. The activity has 

not scaled linearly with surface area, as these catalysts have lower area-normalised activities 

than the pre-formed nitrides Tables 6-2, but nonetheless the increase supports the idea that 

increasing surface area could lead to higher overall activity levels in these materials. 

The nitrogen contents of the post reaction oxide samples were identified using CHN 

microanalysis and the values are shown in Table 6-2. The nitrogen content of Ni2Mo3N was 

3.08 which similar to the reported one 3.13 wt. %.40 The Ni2Mo3N catalysts prepared by 

treating the metal oxide precursors with H2/N2 gas mixture was found to have higher 

performance than the reported one, their activities were around 448(13) and 395 μmol-NH3 

g−1 h−1, respectively.40  

Table 6-2 Nitrogen content, ammonia synthesis rates and specific activity of metal nitride catalysts 

formed in situ and used in ammonia synthesis. 

Catalyst Nitrogen content 
(wt.% post-

catalysis) 

Ammonia synthesis rate at 
500 °C (µmol g−1 h−1) 

Specific activity at 500 
°Ca (µmol h−1 m− 2) 

Ni2Mo3N 3.1 466(18) 78(3) 

Ni1.7Cu0.3Mo3N 3.3 368(9) 74(2) 

Ni1.2Fe0.8Mo3N 3.2 426(4) 82(1) 

Ni2W0.3Mo2.7N 3.0 454 (13) 99 

Co3Mo3N 2.8 484(9) 69 

Co3W0.8Mo2.2N 2.2 407(12) 97 
a Calculation based on the surface area of the nitride phase post-catalysis. 

6.3.2  Pre- and post-catalysis reaction characterisation of the catalysts 

formed from !-CoMoO4 

Figure 6-5 (a) shows the powder X-ray diffraction pattern for the anhydrous β-CoMoO4 

produced from a citrate gel as described in section 5.2.1 and calcined at 500 °C. It can be 
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seen that the pure β-CoMoO4 phase had identical peaks that corresponding with the 

monoclinic β-CoMoO4 (JCPDS21-0868) 259 having space group C2/m (space group number 

12) with unit cell a = 10.22 b = 9.28, c = 7.11 Å, β = 106.5, γ = α = 90°. The crystallites size 

determined using the Scherer equation was 14(12) nm. The evaluated surface area was 18 

m2 g−1, which is larger than the reported previously in literature of 7 m2 g−1.41 The post 

catalysis reaction sample Figure 6-5 (b) was almost not crystalline structure. 

 

 

 

The morphological changes of the pre-and post-catalysis β-CoMoO4 sample were studied 

using scanning electron microscopy (SEM). The calcination process of the precursor gels in 

air atmosphere resulted in the formation of powder containing finer particles as shown in 

Figure 6-6 (a). From figure 6-6 (b), it is clear that the two types of the aggregated particles 

were observed in the post-reaction sample.  

(a) (b) 

Figure 6-5 Powder X-ray diffraction pattern of the β-CoMoO4 calcined at 500 °C for 2 h in air (a) and the 

Co3Mo3N product after catalysis (b). 
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Figure 6-6 SEM images showing the microstructure of as-prepared β-CoMoO4 (a; 10 μm) and 

post-reaction CoMoO4 (b; 10 μm). Magnification: 2000x. 

 

6.3.3  Pre-and post-catalysis reaction of the catalyst formed from α-

NiMoO4 

The phase purity and structure of the as-prepared and post-catalysis materials was 

characterised by powder X-ray diffraction. The calcination of the amorphous precursor at 

500 ºC for 2 h under air resulted in a yellowish green solid, the powder X-ray diffraction 

peaks shown in Figure 6.7(a) were mainly indexed to a crystalline monoclinic phase of α-

NiMoO4 with the space group of I2/m and the typical strongest peak at 2θ = 28.7° (JCPDS 

Card No. 33-0948).96 The rest of the diffraction peaks can be assigned to MoO3 (JCPDS 

Card No. 35-0609),96 indicating that the NiMoO4 nanostructure phase is a mixture of α-

NiMoO4 along with the simple oxide of MoO3.96 The lattice parameters were a = 9.55 (5) Å, 

b = 8.7(4) Å, c = 7.6 (3) Å, and β = 114°, γ = α = 90°. The crystallite size and surface area 

were 15 nm and 10 m2 g−1, respectively. The PXRD pattern of the post-catalysis reaction 

(in- situ) (Figure 6-7 (b)) revealed pure phase material. The structure of the Ni2Mo3N was 

refined and the data obtained are summarised in Table 6-3. 

(a) 
 

(b) 
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Figure 6-7 Powder X-ray diffraction pattern of the as-prepared (α-NiMoO4 and MoO3 (a)) and the 

Ni2Mo3N product after catalysis reaction(b). 

 

In order to gain insight into the morphology transformation before and after ammonia 

synthesis reaction, the morphological structures of two crystalline forms of the NiMoO4 

catalysts were examined using scanning electron microscopy (SEM). (Figure 6-8(a)) reveals 

that the morphology of as-synthesised nickel molybdate has significantly changed. It can be 

seen that the precursor shows different sizes of polyhedral faceted particles of MoO3, with 

the surface was covered with ball-like particles of α-NiMoO4. The rounded particles are 

either agglomerated or isolated with porous structures were observed after ammonolysis 

(Figure 6-8(b)). The SEM image observation of the precursor is line with that made by 

Alconchel et al.96  

(a) 

(b) 
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Figure 6-8 SEM images showing the microstructure of as synthesized (α-NiMoO4, MoO3) (a ;5 

μm) obtained at 500°C under air and post-reaction Ni2Mo3N produced at 700 °C with H2/N2 gas 

mixture (b; 100 nm). Magnification: 5000x (a), 30000x (b). 

6.3.4  Pre- and post-catalysis characterisation of the catalysis formed 

from Ni1.7Cu0.3Mo3Ox  

The crystal structure of the Ni1.7Cu0.3Mo3Ox precursor was studied using PXRD analysis, as 

shown in (Figure 6-9 (a)). The observed diffraction peaks are well matched with α-NiMoO4 

(JCPDS Card No. 33-0948) and MoO3(JCPDS Card No. 35-0609). The lattice parameters a 

= 9.58 Å, b = 8.7 Å, c = 7.65 Å, and β = 114º are in good agreement with the α-NiMoO4. 

The Rwp = 10.8 % and Rp = 8.6 %. The crystallite size of about 10(10) nm was calculated by 

Scherrer formula using the highest intensity diffraction peak. Post catalysis PXRD data 

(Figure 6-9(b)) shows extra phase which correspond to that of γ-Mo2N. 

 

 

 

 

 

 

 

 

 

 

 

(a)  (b) 
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Figure 6-9 Powder X-ray diffraction pattern of the as-prepared Ni1.7Cu0.3Mo3Ox (a) and the 

Ni1.7Cu0.3Mo3N product after catalysis (b). 

 
Figure 6-10 shows the SEM images of the Ni1.7Cu0.3Mo3Ox synthesised at calcining 

temperature of 500 ºC and heating rate of 60 ºC min-1 (a) and post reaction sample (b). Figure 

6-10 (b) shows a set of agglomerated round nanoparticles identical to that of pre-nitride 

catalysts, presented in section 3-6. 

 

 

Figure 6-10 SEM images showing the microstructure of as synthesised Ni1.7Cu0.3Mo3Ox (a ;10 μm 

scale bar) obtained at 500°C under air and post-reaction Ni1.7Cu0.3Mo3N produced at 700 °C with 

H2/N2 gas mixture (b; 2 μm scale bar). Magnification: 2.500x (a), 10000x (b). 

(a) (b) 

(b) 

(a) 
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6.3.5 Pre- and post-catalysis reaction of the catalysis formed from 

Ni1.2Fe0.8Mo3Ox 

The powder X-ray diffraction peaks Figure 6-11 (a) of the resulting the Ni1.2Fe0.8Mo3Oxwere 

mainly consistent with the monoclinic α-NiMoO4 structure (JCPDS Card No. 33-0948), 

space group (C2/m). In addition, some peaks were also detected in this precursor that 

corresponded to MoO3 (JCPDS Card No. 35-0609). The refined unit cells: a =11.04(29) Å, 

b = 9.19(11) Å and c = 7 Å with β = 105°(10). Analysis of the adsorption data with the BET 

method gives surface of 6.2 m2 g−1. The calculated crystallite size was 7 nm. PXRD data of 

the post catalysis sample Figure 6-11(b) revealed that γ-Mo2N phase was presented in the 

structure.  

 

 
Figure 6-11 Powder X-ray diffraction pattern of the as-prepared and post Ni1.2Fe0.8Mo3Ox (a) and 

the Ni1.2Fe0.8Mo3N product after catalysis (b). 

6.3.6  Pre-and post- catalysis reaction of the catalyst formed from 

Ni2W0.3Mo2.7Ox 

The powder X-ray diffraction peaks Figure 6-12(a) of the resulting the Ni2W0.3Mo2.7Ox were 

mainly consistent with the monoclinic α-NiMoO4 structure (JCPDS Card No. 33-0948), 

space group (C2/m). In addition, some peaks were also detected in this precursor that 

corresponded to MoO3 (JCPDS Card No. 35-0609). The refined unit cells: a = 9.6(17) Å, b 

(a) 

(b) 
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= 8.8(11) Å and c = 7.6 Å with β = 113°(4). Analysis of the adsorption data with the BET 

method gives surface of 14 m2 g−1. The calculated crystallite size was 13 nm. Post‐reaction 

PXRD pattern contains traces of γ-Mo2N impurities.  

 

 
 
Figure 6-12 Powder X-ray diffraction pattern of the as-prepared and post Ni2W0.3Mo2.7Ox (a) and the 

Ni2W0.3Mo2.7N product after catalysis reaction (b). 

 
The morphology of nickel tungsten molybdate Ni2W0.3Mo2.7Ox was studied using scanning 

electron microscopy (SEM). In this characterisation, the image was taken on uncoated pre-

and post-catalysis samples at scale bar 1 (Figure 6-13, a) and 5 #m (Figure 6-13, b) with 

magnifications of 11000x (a), 5000x (b). From (Figure 6-13, a) the pre-catalyst 

Ni2W0.3Mo2.7Ox morphology appears to consist of irregular aggregate particles. After the 

precursor was treated at 700 °C under H2/N2 mixed gas, the morphology was completely 

changed. From Figure 6-13 (a) and (b), it appears that the aggregated particles generating 

fuzzy nanostructures in post-catalyst. This structure was observed on the pre-catalyst 

Ni2W0.3Mo2.7N.  
 

(b) 

(a) 
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Figure 6-13 SEM images showing the microstructure of as synthesised Ni2W0.3Mo2.7Ox (a;1 μm scale 

bar) obtained at 500°C under air and post-reaction Ni2W0.3Mo2.7N produced at 700 °C with H2/N2 

ammonia synthesis gas mixture (b; 5 μm scale bar). Magnification: 11000x (a), 5000x (b). 

6.3.7  Pre- and post- catalysis characterisation of the catalyst formed from 

Co3W0.3Mo2.7Ox 

The powder X-ray diffraction peaks (Figure 6-14) of the resulting the Co3W0.3Mo2.7Ox were 

mainly consistent with the monoclinic CoMoO4-II structure (space group (P2/c). In addition, 

some peaks were also detected in this precursor that corresponded to MoO3. The refined unit 

cells: a = 9.7(6) Å, b = 8.9(6) Å and c = 7.7 Å with β = 113°(10). Analysis of the nitrogen 

adsorption data with the BET method gives surface of 17 m2 g−1. The calculated crystallite 

size was 7 nm.  

 

(a) (b) 
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 Figure 6-14 Powder X-ray diffraction pattern of the as-prepared Co3W0.8Mo2.2Ox and the standard 

file of CoMoO4-II (b). 

The morphological structures of the pre-and post-catalysts Co3W0.8Mo2.2Ox were examined 

using scanning electron microscopy (SEM). Figure 6-15 (a) and (b) show typical SEM 

images recorded at the same scale bar and magnifications of 5#m and 5000x, respectively. 

It can be seen that the precursor is composed of aggregated nanoparticles and the same 

morphology was retained in the post-catalyst sample. The brightness crystals in the post-

catalyst sample Figure 6-15 (b) could be related to the charging. This indicates that the 

material is non-conductive. 

 

(a) 

 (b) 
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Figure 6-15 SEM images showing the microstructure of as-synthesised Co3W0.8Mo2.2Ox obtained at 

500 °C under air (a; 5 μm scale bar) and post-reaction Co3W0.8Mo2.2N produced at 700 °C with H2/N2 

ammonia synthesis gas mixture (b; 5 μm scale bar). Magnification: 5000x. 

 

6.4  Surface area analysis 

Figure 6-16 provides the nitrogen adsorption/desorption isotherms curves of different 

compositions of as prepared transition metal molybdate catalyst (Figure 6-16, left) as well 

as the used catalysts (Figure 6-16, right). The obtained values are listed in Table 6-3.  The 

evaluated surface areas of as prepared samples Ni2Mo3Ox, Ni1.7Cu0.3Mo3Ox, 

Ni1.2Fe0.8Mo3Ox, Ni2W0.3Mo2.7Ox, Co3Mo3Ox and Co3W0.8Mo2.2Ox, were 10, 6.6, 6.2, 6.8, 19 

and 17 m2 g−1, respectively. However, the surface areas of these materials decreased after 

ammonia reaction. The obtained surface areas of the used catalysts Ni2Mo3Ox, 

Ni1.7Cu0.3Mo3Ox, Ni1.2Fe0.8Mo3Ox, Ni2W0.3Mo2.7Ox, Co3Mo3Oxand Co3W0.8Mo2.2Ox, were 6, 

5, 5.2, 4.6,7 and 4.2 m2 g−1, respectively. Based on the IUPAC classification,209 type III 

isotherms was displayed by the as prepared samples (Figure 6-16), which is characteristic of 

non-porous or macroporous materials.  
 

(a) (b) 
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Table 6-3 Surface areas of the pre -and post-catalysis transition of metal oxide materials 

Pre-catalyst 
Surface area pre-

catalysis 
(m2 g−1) 

Post-catalyst 
Surface area post-

catalysis 
(m2 g−1) 

Ni2Mo3Ox 10 Ni2Mo3N 6 
Ni1.7Cu0.3Mo3Ox 24 Ni1.7Cu0.3Mo3N 5 
Ni1.2Fe0.8Mo3Ox 6.2 Ni1.2Fe0.8Mo3N 5.2 
Ni2W0.3Mo2.7Ox 6.8 Ni2W0.3Mo2.7N 4.6 
$-CoMoO4 19 Co3Mo3N 7 

Co3W0.8Mo2.2Ox 17 Co3W0.8Mo2.2N 4.2 

6.4.1  Summary of post- reaction PXRD analysis for the in-situ transition 

metal nitrides   

All the investigated materials collected after ammonia reaction underwent structural 

changes. The post-reaction PXRD patterns of Ni2Mo3N, Ni1.7Cu0.3Mo3N, Ni1.2Fe0.8Mo3N 

and Ni2W0.3Mo2.7N were very similar to those of the pre-formed nitrides. In contrast, poorly 

crystalline structures were observed over the Co3Mo3N and Co3W0.8Mo2.2N materials. It has 

previously been noted that Ni2Mo3N can be synthesised from oxides using hydrogen-

nitrogen mix, usually a key advantage compared with Co3Mo3N as it means the ammonia 

synthesis catalyst can be produced in situ, not requiring an ammonia firing step before use.40 

Figure 6-16 Nitrogen adsorption/desorption isotherms curves of as prepared transition metal molybdates 

obtained at 500 °C under air (left) and post-reaction materials generated at 700 °C with H2/N2 ammonia 

synthesis gas mixture (right). 
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We infer from this that the transformation to the filled β-manganese type nitride phases 

proceeds smoothly under the catalyst activation conditions (700 °C under 75 % H2 /25 % N2) 

yielding  higher surface areas that are advantageous in the catalytic process. Use of ammonia 

in the synthesis at this temperature yields a rocksalt-type phase and some metal 

impurities.40,42 The iron and tungsten nitride materials prepared by ammonia resulted in poor 

crystalline materials. However, heating these samples under 75% H2/N2 showed a minor 

amount of cubic, rock salt type. The crystal structures of the prepared filled β-manganese 

compounds could be accurately determined. 

The crystal structure of each composition regenerated at 700 °C for 2 h with 3:1 H2/N2 were 

investigated using Rietveld refinements against PXRD data, the refined data are presented 

in Table 6-4. The refinement was done in a similar way to that employed for 900 °C 

ammonolysis reaction. The refinement fit resulted in the residuals values of Rwp =11.92 % 

Rp=9.2 % for Ni2Mo3N, Rwp =11.6 % Rp = 9.6 % for Ni1.7Cu0.3Mo3N, Rwp =11.22 % Rp = 

8.53 % for Ni1.2Fe0.8Mo3N, Rwp =14.6 % Rp = 11.2 % for Ni2W0.3Mo2.7N.  
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As reported in the literature, the bimetallic η-6 Co3Mo3N could be synthesised using various 

procedures with different treatment conditions.260,83 In this study, Co3Mo3N was prepared 

by controlled ammonolysis of the oxide precursors at 700 and 900 °C or by the direct reaction 

of !-CoMoO4 with 3:1 H2/ N2 for 2 h at 700 °C. In contrast to the method employed 

previously, the oxide precursor was prepared by the citrate gel method followed by higher 

temperature (900 °C) ammonolysis reaction. The PXD patterns of the resultant materials are 

presented in Figure 6-17. PXRD pattern of 700 °C ammonolysis reaction shows Co3Mo3N 

along with impurity peaks which could indexed to Co3Mo were detected in the product. 

Heating at 900 °C, eliminates the surface impurities and single phase was observed as shown 

in Figure 6-17. The XRD pattern of the material treated at 700 °C under H2/N2 ammonia 

synthesis gas mixture showed noisy background and broad amorphous features. The latter 

form displayed the highest catalytic activity among the all materials investigated in this 

study, of 484(9) μmol-NH3 g−1 h−1. 

 

 
Figure 6-17 PXRD patterns of Co3Mo3N and post-reaction one, thermally treated at 700 and 900 ºC 

for 12 h under NH3 and at 700°C under 3:1 H2/N2 for 2 h. The asterisk (*) indicates the second phase 

Co3Mo being observed in the Co3Mo3N heated at 700 C for 12 h under NH3. 

6.5  Conclusions 

A citrate sol-gel method has been used to synthesise various transition metal molybdates 

containing Ni, Cu, Co, W and Fe. All of these molybdates produced ammonia under a flow 

of a 3:1 H2:N2 at 500 °C after pre-treated at 700 °C for 2 h under the same gas mixture. This 

work has shown that, in contrast to their nitride counterparts, these materials were found to 

have higher ammonia synthesis activity. For example, the activity values 454 μmol-NH3 
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g−1 h-1 for the pre-treated Ni2W0.3Mo2.7N was higher than 439 μmol NH3 g−1 h−1 of that 

produced by ammonolysis. These results may be connected to the surface areas. In addition, 

ammonolysis reaction are not needed to prepare the nitride materials.  
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Chapter 7 Conclusions and Further Work 

Transition metal nitrides and oxides are promising materials for catalytic applications. 

However, several fundamental properties of these materials must be understood before its 

commercial potential can be realised. In this thesis, the effect of some transition metal 

dopants such as copper, iron and tungsten into the Ni2Mo3N and Co3Mo3N compounds 

towards ammonia synthesis were screened. The key findings of this work and possible future 

research are presented in this chapter. 

7.1  Conclusions 

The underlying motivation of this study is to synthesise quaternary nitride-based materials 

and investigate their catalytic behaviour for ammonia synthesis. Although investigations of 

non-noble metal catalysts are growing, research interests are focused on developing binary 

and ternary transition metal nitrides and there are limited studies on quaternary nitrides. 

Often in catalysis metal contents are varied to the catalytic properties. The limited 

availability of multi-metal nitride materials could be related to the synthetic method, so this 

study developed new synthesis chemistry.  

A series of different compositions adopting the filled β-manganese structure (Ni2-xMxMo3N 

where M = Cu or Fe) or (Ni2WxMo3-xN) in addition to the η-6 carbide structured 

Co3WxMo3- xN were prepared via a citrate sol gel method followed by the ammonolysis 

reaction at various temperatures. The crystal structures and textural properties (morphology, 

surface area and crystallite size) of the pre-reaction samples have been studied. The obtained 

surface area was considerably affected by the sintering temperature. Low temperature 

ammonolysis led to higher surface area, whereas lower surface areas were observed with 

increasing ammonolysis temperatures. All the materials were screened for ammonia 

synthesis reaction under the same experimental conditions of temperature (500 °C), ambient 

pressure and reactant composition of 75 vol. % H2/N2 (BOC, 99.98%). The temperature was 

found to be of critical importance for the ammonia synthesis activity. At 500 °C the materials 

exhibited a steady state of reaction and were highly active towards ammonia synthesis in 

contrast to 400 °C. It was for this reason that a reaction temperature of 500 °C was employed 

in ammonia synthesis reaction in this study. The characterisation of post-reaction samples 

by PXRD, N2-physisorption (BET) and CHN elemental analysis was undertaken. 

Filled β-manganese type materials with composition Ni2Mo3N and with some Ni sites 

replaced by Cu or Fe were prepared by the ammonolysis reaction at 900 °C for 12 h. In both 
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cases there was a limit to the amount of the second metal that could be substituted under 

these conditions, in the copper case that seemed to be due to a solubility limit of copper in 

the host phase. Iron doping increased the activity of the phase as a catalyst for ammonia 

synthesis at 500 °C and copper decreased that activity, but in both cases surface area changes 

rather than any electronic differences appear to be the main contributor to the observed 

change. 

Tungsten incorporation into Ni2Mo3N lattice also seems to be another potential catalyst for 

ammonia synthesis in this study. In chapter 5, the introduction of tungsten into nickel 

molybdenum nitride materials has proven to offer higher catalytic activity. These new 

materials were thermally treated at 800 °C under NH3. With respect to the ammonia 

synthesis, it was found that undoped sample showed higher activity of 400(41) μmol-NH3 

g−1 h−1 compared to 364(20) and 395(8) μmol-NH3 g−1 h−1 for " = 0.1 and 0.2, respectively. 

However, increasing the tungsten content beyond these points up to " = 0.3 the performance 

increases accordingly and yields notably higher activity value compared to undoped sample. 

The η-6 carbide structure Co3Mo3N is a promising catalyst for ammonia synthesis and other 

catalysis applications. This catalyst has been synthesised successfully in a similar manner to 

that of the filled b-Mn structure Ni2Mo3N. For ammonia synthesis study, Co3Mo3N catalyst 

exhibits steady state ammonia synthesis activity. The obtained value of 383 μmol-NH3 

g−1 h−1 was the highest among the tested nitride-based materials prepared at 900 °C under 

NH3. Doping this material with tungsten produced some pure novel compositions in the 

series.  

Besides transition metal nitrides, transition metal molybdates have also studied. In chapter 

6, molybdate materials could be converted to the nitride phases during the catalyst activation 

step at 700 °C for 2 h under (3:1) H2/N2, avoiding the need to fire in ammonia as well 

simplifying preparation process and saving the cost for preparation of the nitride catalysts. 

The in-situ transformation of the oxides led to higher catalyst surface areas and hence to 

higher activity compared to their nitride counterparts. The highest activity rate of 484 μmol-

NH3 g−1 h−1 was observed for cobalt molybdenum nitride, Co3Mo3N, produced in situ from 

an oxide precursor. 

7.2  Future work 

Since the quaternary based metal oxides and their nitride counterparts have demonstrated a 

significant catalytic performance for ammonia synthesis reaction, the applications of 
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complementary techniques such as neutron diffraction would be beneficial in order to better 

understand the chemical structures and the catalytic properties of these materials. Further 

developments are also required to achieve optimal materials for ammonia synthesis. Firstly, 

since the higher surface area could be one of the main factors linked to the observed catalytic 

performance in this work, further modifications on the particle size and surface area are 

required although the complex nature of molybdate structures. Secondly, the use of 

promoters like alkalis and the incorporation of Zn and Cr into the filled b-Mn and the η- 6 

carbide type structures could be an efficient way to develop potential catalysts for ammonia 

synthesis.  

Furthermore, it is viable to investigate the substituting effect of iron and tungsten metals by 

evaluation the activity of the starting materials for ammonia synthesis in order to elucidate 

whether the performance was due to one particular metal or all components are required. In 

this study, the horizontal tube furnace was used in the ammonolysis process. From 

engineering point of view a vertical ammonia flow direction is more preferable to allow a 

complete reaction between the gas and the precursor, and thereby lead to more homogenous 

materials. Therefore, using the vertical tube furnace could be a possible option in the future.  
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