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Abstract

Reactions involving nitrogen transfer are of grealtustrial interest. Utilizing nitrides in
this manner, in principle, could help industrieemome the increasing challenges which
they face to meet economic and environmental tardet example of this is the possible
application of metal nitrides in the direct syntlkesf aniline from benzene, which could
potentially remove the need for the lengthy, uneooical, and environmentally unfriendly

process which is currently employed.

In the work presented in this thesis a screenindyshas been undertaken which explores
the reactivity of lattice nitrogen within bulk ansupported transition metal nitride
catalysts. The experimental work has been conduwaiithl the aim of developing a
potential nitrogen transfer reagent in order talsgsise aniline via the direct conversion of
benzene and has focussed on three main objecthedirst being to determine the most
active transition metal nitride catalysts for ammaosynthesis, in the absence of, \h
order to determine the reactivity of “lattice” mgen. It was necessary at this point to
establish which materials were reactive and Iasbgen from the metal lattice at or below

400°C, the maximum temperature for the envisaged psoces

Secondly, those materials which demonstrated aesuigsit loss of lattice nitrogen upon
reaction with H/Ar were then screened to establish whether it passible to restore the
original nitrogen content in the materials in orélarthe nitrides to function in a Mars-van
Krevelen type capacity. Finally the reaction ohbene and hydrogen over bulk binary
nitrides was conducted in an attempt to trap readNH, species for the production of
aniline. It was found that no aniline was prodiite these reactions. However, some
interesting results were obtained over a seleadionitride materials, namely GlosN,
CwN, ZnsN2, RgN and a metallic Co-4Re compound where low quastinf, as yet

unidentified, reaction products were formed.

To the author’'s knowledge, this is the largesteaysitic study of bulk nitrides and related
materials which has been investigated on this ssadewhich has been directed towards

this specific, novel, target process.
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1. Introduction.

1.1 Catalysis with Nitrides.

The chemistry of inorganic nitrides has progressgudly over the last two decades, due
to advances in preparation methods, which has meaniy nitrides have become much
more easily accessibfe® However, the stability of the Nnolecule, when compared, for
example to oxygen or halogens, has meant thatribauption of nitrides from the direct
reaction with nitrogen is often difficult due toetlthermodynamic barriers associated with
the breaking of the N-N bond (945 kJ mpf! This also implies that nitriding conditions
are generally high temperature and often involvieogen containing species such as
ammonia, which are more reactive than moleculaogén. Many nitrides are air and
moisture sensitive forming oxides and ammonia artaxd with oxygen or moisture; this is

particularly apparent with Group | and I1 nitridé's.

Generally the transition metal nitrides are moeblgt and are characterised by their high
melting points, hardness and resistance to comositiese materials often have very
desirable physical properties under catalytic ieactonditions and it has been well-
documented that they possess catalytic advantagastioeir parent metals in activity,

selectivity and their resistance to poisonth§=°® Many have been found to be effective
catalysts for a wide range of reactions and someatticular molybdenum and tungsten,
are often reported to exhibit catalytic propertsnparable to that of traditional noble

metal catalysts as initially proposed in the woyk vy and Boudar{®**

All transition metals form nitrides with the excigpt of the second and third row Group
VIII-X metals (Ru, Os, Rh, Ir, Pd and Pt), althoughn films of these have been
prepared™*¥  Many of the catalytic studies reported in thertiture have focused mainly
on the application of the nitrides of Group IV-Vietals™?*® This is partly due to their
increased stability when compared to the nitrideSmup VII-X metals, which have been
relatively little studied and have limited applicats for catalytic reactior&®?"
Nevertheless in recent years the number of reactatalysed by nitrides has increased, as
has their application in optoelectronic devices N(TiBN, GaN and InN¥?2
semiconductors (G, GaNJ}**? and high temperature ceramics (BNgNg).282°)
Despite the expansion in nitride chemistry the lgatabehaviour of many established

nitride compounds remains unknown. This is mosile to the fact that efforts have
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predominantly focused on preparative methods rathen their properties and catalytic

ability.

Nitrides are typically classified as ionic, covaleand interstitial” although metallic
nitrides have also been describ® lonic nitrides generally possess a formula which
would be expected by the combination of a metahiith N* and are typically formed by
elements found in Groups |, and Il such as Li, k&g, Sr, and Ba. However, metals such
as Cu, Zn and Hg also form ionic or salt-like wiés. Nitrides of the Group Il metals are
also salt like but are either metallic conductorsat least semi-conductors, and therefore
represent the transition to the metallic or int@edtitrides. Interstitial nitrides are formed
by some transition metals and generally refer ts¢hwhich have structures in which the
nitrogen atoms reside in the interstitial spacelase packed metal structures. In moving
from left to right along the *irow transition series, the size of the metal atigoreases
and it becomes increasingly difficult for the ngem atom to be accommodated into the
metal lattice; hence the thermal stability of tliteice also decreases. As a consequence of
the smaller atomic radii, nitrides of Group VII {kansition metals do not form interstitial
compounds but are generally classed with the ionicalt-like nitrides (e.g. GN as
mentioned above)Non-metallic Group XlII and XIV elements, such BsSi, P and C,
form nitrides which are characterised predominabsiyheir covalent bonding. Due to the
chemical inertness and the high heat capacity efe¢hmaterials, many covalent type
nitrides, in particular BN and 4, have been investigated as catalyst supports aend a
used within the ceramic industi) However it is quite often that more than one tgpe
bond exists within the compound which can makesdiaation by this method somewhat
arbitrary. Nitrides can be further categorized adow to the number of metal atoms
present in the main structure; these are binare (oetal), ternary (two metals) and
guaternary (three metals). Table 1.1-1 provides\anview of the nitrides of Groups IV-

X which may be most relevent for heterogenous ysit™
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Group IV Group V Group VI | Group VIl | Group VIl | Group IX Group X
Ti,N V,N Cr,N Mn,N Fe,N Co,N Ni;N
TiNgo VN CrN Mn,N Fe;N Co;N
TiN Mn;N, Fe,N Co,N
ZrN Nb,N, Mo,N TeNg 75 Ru Rh Pd
Nb,N MoN
NbN
Hf;N, TagNg W,N Re;N Os Ir Pt
HfN Ta,N WN Re,N
TaN

Table 1.1-1 Table of Group IV-X metal nitrides whic h may be most relevent for heterogenous
catalysis.

1.2 Preparation methods.

Before Volpe and Boudart reported the synthesinitwide catalysts via the temperature
programmed reaction method, transition metal regidhad long been known as hard,
refractory materials possessing the electronic amagnetic properties of metals.
Traditionally, the synthesis of many metal nitridegolved the direct reaction of the metal
with nitrogen gas, typically operated at elevatechperatures and pressures, which often
resulted in materials with low surface areas. Hdethey were not considered as catalytic

materials and as a consequence historically thefusirides has been fairly limitedt

In the innovative work of Volpe and Boudart, it wslsown that high surface area metal
nitrides and carbides (reportedly 225gin the case of-Mo,N) could be prepared by the
treatment of a metal oxide precursor with ammomsiagicarefully controlled temperature
ramp condition§? In this method, which is generally described msnanolysis, the high
ammonia flow rates and low temperature ramp ratesofisignificant importance in the
preparation of high surface area materfils The use of high flow rates reduces the partial
pressure of the ¥ generated during transformation of the oxide ymsms and
subsequently minimises the effect of hydrothermiatesing which occurs at high
temperatures. This method generally results adgets which are pseudomorphic with
the oxide precursor and is now very common in theparation of different nitride
materials®¥! However, oxynitrides may form in the case of imgbete transformation,
which may be difficult to identify by powder X-radjffraction*® The major concern with
this method, however, is the pyrophoric nature loé tfreshly prepared materials.
Passivation procedures employing low concentratain®, are generally applied leading

to the generation of a protective oxide layer toilitate handling. This layer can
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subsequently be removed by treatment withoHH/N, mixturesi®*="1 Ammonolysis of
different precursors can yield different phasesngpies of which can be observed within

the literature related to the preparation of mogmgmn nitrided® "

For instance,
ammonolysis of Mosor MoCk generates thé-MoN phase, as opposed to thé/1o,N
phase which is formed via the oxide precursor. Amatysis has also been applied to the
preparation of various supported nitride materi&everal studies have examined how
preparation conditions can affect the phase puwityhe molybdenum nitride obtained,;
Marchand and co-workers have demonstrated theteffdeating rates on surface areas of

they-Mo,N phase prepared by ammonolysis of Mp&s shown in Table 1.25%

y-Mo,N-A  y-Mo;N-B  y-Mo N

Volpe and
Boudart
Amount of commercial MoOs 2-3 2-3 1
precursor (g) (S, = 2 nfg?)
Rate of temperature increase (K mift)
-from 293K to 633K 10 20 6
-from 633K to 723K 1 20 0.6
-from 723K to final - 20 -
temperature
Final temperature (K) 700 780 710
Step time (h) 10-12 0.5 1
Ammonia flow rate (I h™) 35 35 1
Specific surface area (rfg™) 115-120 15-20 170-220

Table 1.2-1 The influence of ammonolysis parameters on the surface area of gamma
molybdenum nitride (S 4 : mass normalised surface area). (s3]

As can be observed from Table 1.2-1, samgliéo,N-A and they-Mo,N sample, reported
by Volpe and Boudart, have both been prepared uslagively low temperature ramp
rates and it is apparent that these samples hawgch higher surface area with respect to
the y-Mo,N-B sample prepared using higher ramp rates. Thy@ fiow rates of NH
documented in the table should also be noted.

Although temperature programmed ammonolysis hasuraber of benefits, including
reduced sintering and increased surface areasrge Iscale applications problems arise
due to heatransfer issues associated with the endothermiondgasition of ammonia.

Wise and Markel proposed an alternative nitridapoocedure using mixtures ofMl, in
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order to eliminate these problefi. In addition to this, they also reported thatlo,N
phase could be prepared with reproducible surfee@sausing mixtures of #N,. There is

a degree of dispute within the literature in teroisgphases reported using this method.
Some authors have reported the formation ofytMo,N phase whilst others observe the
formation of the body centred tetragofialo,No 7s phase (which can also be prepared by
the partial decomposition gfMo,N).*?! More recent reports have focused onftido,N
phase and the influence of Mo precursors and hgatites on phase purit§?*¥ These
investigations highlight the effect that nitridipgocedures can have on morphology and
phases obtained and also illustréte importance of final nitriding temperatures, pam

rates, H/N, ratio and MoQ precursor source.

Within the literature, there have been a numbestatlies which have investigated the
thermal decomposition of nitrogen containing singtirce precursors to afford nitride
products. For example, Afanasfév® has reported that the thermal decomposition of
(HMTA) 2(NH4)4M07024 (where HMTA = hexamethalentetramine) under an m@rgo
atmosphere yields a high surface area molybdenundeniand a recent study by Wu
demonstrated a single source route to nanocrystalliN through the decomposition of
(NH.),TiFs!*”  The route employed by Afanasiev provides a unigdeantage over
conventional methods in the fact the precursor astthe reducing agent with release of
CO during the decomposition and nitridation ocdwyraitilising the nitrogen present in the
precursor This method offers a convenient alternative foe fbreparation of nitride
materials. Solid state metathesis, in which ngrogansfer occurs between a donating and
a receiving phase, is also a feasible method irthvto synthesise both binary and ternary
nitrides. Examples of this strategy can be obskmestudies by Song and co-workerson
the preparation of GaN, TiN, CrN and VR and more recently in the synthesis ofSiN,

in which LisN was shown to be an effective nitridation agenthwhoth single metal
elements and metal oxidé¥. Reactions using hydrazine as a nitriding agent heiso
been investigated by Jacob and co-work8s.It was found that hydrazine is a more
effective nitriding agent than ammonia when reactath oxide, sulfide or chloride
precursors and many nitrides that cannot be syisdetdy ammonia can be prepared by
this method (for example HfN and V). Hydrazine needs to be introduced to the
reaction using a water cooled lance to preverdatomposition to ammonia and hydrogen
prior to introduction to the reactor. Due to theks associated with this method, hydrazine
has not been employed on a large scale. Solvothamdasol-gel methods are also a useful

means of nitride synthesis wherein high surfacasaare required. These methods have
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been frequently used for the preparation of cerantraes like GaN, SN4, BN and AIN

and ZrNPY  They are generally used in the synthesis ofrginirides, although they can
be also be employed for the formation of ternargelasystems which can be more
difficult to synthesise. In a different approach¢dbsen and co-workers have demonstrated
the use of mechanochemical routes as an effectie#od to ternary nitrides wherein

metals are ball-milled with binary nitrid&3!

Despite the range of nitridation procedures, terupee controlled ammonolysis is still
currently the method of choice, notwithstanding thermal implications associated with
it. It is often the case that partial de-nitridatieccurs during ammonolysis and the
incorporation of oxygen into the structure due itthex passivation or partial nitridation
can occur. It should be noted therefore that mainthe materials investigated in the
literature should be viewed as oxynitrides, whick difficult to distinguish from the

nitride phase by powder x-ray diffraction. Howevéne use of alternative synthetic
procedures can lead to unusual phases of nitriddsira this respect such routes are

therefore of interest in themselves.

1.3 Catalytic Reactions with Nitrides.

Metal nitrides have attracted significant attentasheterogeneous catalysts over the last
decade. As discussed previously, this is mainly ttuthe development of temperature
programmed synthesis techniques consequently egataterials with high surface areas
to be synthesised. Additionally it has been reggbrthat some nitride materials have
similar catalytic properties to the platinum gromgtals which has resulted in increased
efforts to develop cheaper alternatives to theiticachl platinum type catalystdVietal
nitrides have been shown to catalyse a range dftiogs including applications in
hydrotreating, ammonia synthesis and applicationfuel cells. Table 1.3-1 summarises

the range of catalytic applications for which migs have been reported.

As can be seen in Table 1.3-1, different nitridesehattracted significant attention as
active catalysts for hydrotreating reactions witthe petroleum refining industry. This
process requires removal of heteroatoms from fesalst molecules and involves
hydrodenitrogenation (HDN), hydrodesulfurisation D®) and hydrodeoxygenation
(HDO). Studies have been conducted using modedrdejclic compounds such as
thiophene, pyridine, quinolone and benzofuran, #@#ndvas shown that nitrides are
particularly effective in HDN type reactions, whigdquires high temperature and pressure
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with commercial Co-Mo/AlO; and Ni-Mo/ALbO3; hydrotreating catalysts. When transition
metal nitrides of Groups IV-VI were compared for 8dnd HDN activity, it was shown
that the activity follows the order of Group VI >d@bip V > Group IV with M@N showing
the highest activity for both types of reactl6t. Bulk CoN and FeN showed higher
pyridine HDN removal than M, but these nitrides are difficult to prepare aftén
have low surface are§ These studies illustrate the potential that millides may have
to replace commercial hydrotreating catalysts. tAapexciting area in which nitrides may
be utilised is in both PEM (proton exchange membéyaand DM (direct methanol) fuel
cells®®® There have recently been investigations intopespect of replacing noble
metals such as Pt and Ru with less expensive abllucompounds such as CrN and TiN
as coatings for the stainless steel cathodes amdiean M@N/C has been investigated as
an alternative cathode material by Zhong and cd«arst and it was shown to have
activity for the oxygen reduction reaction in thegence of methanbf!

Application Catalyst
Ammonia Synthesis - MoaN>2 V,0,N°*° VN UN®’, ReN®™®,
Cs/CaMo3N°0°8
Ammonia Decomposition VR
Amination VN ,Mo.N, WoN, TiN, NbN*, VAION™
NO Removal CeN/y-AlL05"2,
Hydrotreating and Hydrogenation RE3 MoN, M4 NiMo,N/AI 052
VN TiN™ CaN"™, FeN", YbN"’, EuN'’
Photocatalysis Ti®(nitrogen doped anatadé}’ GaN?,
TagNs>® TaON**%°
Fuel Cell Applications TiRP, CrN*’, CN®® | Mo,N/C™

Table 1.3-1 Range of catalytic applications to whic  h nitride materials have been applied.

Although the number of applications in which nig®dare utilised has grown significantly,
these are still somewhat limited and it is appatbat much work is needed to develop
other potential uses. Interest in nitride matsrial terms of catalysis has generally been
directed on either the acid base properties ontide metal like properties; there is very
little evidence within the literature which hasualéd to the use of nitrides as potential
carriers in nitrogen transfer reactions and theissible application seems to have been
largely overlooked in this respect. The potenteadativity of lattice nitrogen was first
referred to in early ammonia synthesis studies éyaSand Sebba” It was reported that
‘extra’ nitrogen was incorporated into the surfdagers of a uranium nitride catalyst,

under a H/N, gas mixture, and which was subsequently found adigipate in the
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ammonia synthesis reaction. One of the main isssesciated with potential nitrogen
transfer materials is the ability for the matet@teversibly adsorb and desorb the reacting
species. Studies by Itoh and Machida have repoaedthe ability of rare earth
intermetallic compounds to reversibly store largmoants of nitrogef*°? These
compounds form the corresponding nitrides by hgatmeither N or NH; at elevated
temperatures, with the nitrogen being incorporated the interstitial sites within the
crystal lattice. The stored nitrogen can subsetiyée lost in the form of ammonia when
the systems are heated under hydrogen. This i@t first examples in which nitride
based materials have been shown to regenerateitootiginal phase, once depleted, by
reaction with a gas phase nitrogen source. Thisostrates the potential ability for metal
nitrides to participate in Mars-van Krevelen typ®gesses, which are more commonly
associated with oxygen transf&¥.

In the well-established Mars-van Krevelen oxidatmechanism an organic substrate is
directly oxidised by the transfer of lattice oxygeemm an oxide catalyst, thus generating a
temporary vacancy in the metal lattice, which {geaished by a gas-phase oxygen source.
This general type of mechanism has also been abdéov sulfide and carbide catalysts. In
the latter case, Green and co-workers have repdtinediirect lattice carbon transfer to
carbon monoxide produced in the partial oxidatibmethane catalysed by molybdenum
carbide® In this investigation it was shown, through igptolabelling, that surface
carbon in the molybdenum carbide takes an activieipgartial oxidation. The oxygen in
the reactants initially reacts with surface carlspecies on the molybdenum carbide to
yield CO and the partially oxidised carbide is stgently regenerated to the original
phase by methane in the feedstream, liberatinguotdd.

100
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8 50
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pulse number
Fi(lyure 1.3-1 “C exchanged carbon oxide distribution while pulsing the mixture of

(2"2CH,+0,) over Mo ,*°C at 1130 K and 1 bar. 1
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From Figure 1.3-1 it is apparent that on the figise the reaction is selective to CO over
the labelled molybdenum carbide, however, over tiathe CO produced &CO. This is
clearly a result of the oxidation of lattice carbspecies in the molybdenum carbide. On
subsequent pulses the amountafO produced deminishes relative to the loss oflletbe
lattice species. These results highlight the patkmtbility for molybdenum carbides to

participate in Mars van-Krevelen like processes.

Although there is a limited amount of literatur@estigating nitride materials for nitrogen
transfer reactions, recent studies by Gdeal have demonstrated one of the first examples
of using lattice nitrogen transfer for the directraoxidation of propane to acrylonitrile
using a vanadium aluminium oxynitride (VAION) catst in a double Mars-van Krevelen
process’! In those studies, isotopically labelled Ntas employed in order to distinguish
between adsorbed ammonia and lattice nitrogen epeltiwas reported that even in the
absence of co-fed Nfpropane ammoxidation to acroylonitrile was eviddttasurements
were conducted via temporal analysis of producAP()Texperiments. The consumption of
gaseous ammonia in the reaction was documentegl itovblved in the re-nitridation of the

catalyst surface instead of its direct participaiio the reaction with propane.

In this thesis, the reactivity of lattice nitrogena range of binary and ternary nitrides have
been investigated with the aim of directly syntbeg aniline from benzene. Aniline is
one of the most fundamentally important intermediatoducts and it is extensively used
within organic synthesis and in large scale apfibeas®>°? It is used as a feedstock for a
variety of different industries leading to a widange of industrial and commercial
applications. The majority of global aniline, betme 80-85%, is consumed in the
production of MDI (methylene di-para-phenylene igtate), for which the demand is
steadily growing at an annual rate of between 6589 MDI is subsequently polymerised
and used in the synthesis of polyurethanes, whrehvarsatile polymers used in the
manufacture of rigid and semi-rigid foams, elastmsrend coating resif®®" %9 These
materials are typically used within the construetiodustry for building insulation and the

automotive industry for car interiors.

The remainder of the aniline manufactured is usetie production of a range of different
products specifically pharmaceuticals, aniline dyesl rubber additives. Additionally
aniline is also utilised in the agricultural indystto synthesise fungicides and

pesticided®
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Large scale aniline production occurs via the hgdmation of nitrobenzene in the

following sequence of reactions:

N, + 3H, <+—— 2NH,

NH, + 20, —— HNO; + H,0

HNO, + 2H,SO, — NO,* + H,O* + 2HSO,’
CeHs + NO,# —— CgHNO, + H*

CeHsNO, + 3H, ——— C.HNH, + 2H,0

Viewed in terms of the nitrogen conversion stegs, initial reduction followed by partial
re-oxidation and then re-reduction, the inefficigrand indirect nature of this process is
readily apparent. Given that ammonia synthesis, fitst step of the process, is very
energy intensive (reportedly being responsiblelfdr of global energy demand) and that
much of the hydrogen used in the process is intljreonverted to KO, the desirability of

alternative routes is obvious.

In this thesis, a screening study has been undertakhereby the reactivity of lattice
nitrogen in a range of binary and ternary nitridess been assessed. Initial studies
investigate the ambient pressure ammonia producaivity of the nitrides using both
H./N, and H/Ar feeds and comparisons have been made with mittirebased systems,
which are generally recognized to have the greaféisacy for this reaction. Those which
have the greatest efficacy for ammonia productimsi@ demonstrate a loss of nitrogen at
400°C or below have been investigated in a Mars-vanvélen type capacity for the
production of aniline via the direct and indirentination of benzene. The approach taken
is novel and highly speculative. No comparabledist of this nature has been

documented in the literature



Anne-Marie Alexander Chapter 2 11

2. Experimental.

2.1 Introduction.

The experimental techniques employed within thiseaech are reported in distinct

sections; preparation, characterisation and testing

2.2 Preparation.

A large number of materials have been prepared tastbd in this work. They are
primarily bulk binary nitrides, although ternarytnides, mixed metal phases and supported

ruthenium catalysts were also prepared.

2.2.1 Preparation of Precursors and Nitride Materials.

() Ammonolysis Reactor.

Most of the nitride materials were prepared usgmggerature programmed ammonolysis
similar to that first reported in the work of Volpad Boudart? The gases used were
NH3 (BOC grade N 3.8), N(BOC oxygen free, 99.998 %) and 2 %A (BOC purity).
These gases were introduced into a vertical qugidss reactor (10.5 mm internal
diameter), fitted with a sintered disc, via % irgthinless steel tubing (Swagelok). Gas
flow was controlled using a series of Brooks 583R mass flow controllers and the
effluent gas was flowed through a dilute sulfuretdasolution to neutralise any remaining
ammonia present. All experiments were carried within a well-ventilated fume
cupboard. The quartz reactor was located in thee@h a Carbolite tube furnace, and the
temperature was controlled using a Eurotherm teatper controller which was
programmed to go through various heating regimeghi® nitriding process, dependent on

the target nitride. Figure 2.2-1 shows the expental set-up for nitriding.
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Figure 2.2-1 Apparatus used for preparing nitrides by ammonolysis

(ii) Nitridation of materials.

The typical experimental conditions used for nitrgdare outlined below. Approximately
0.5 g of the material to be nitrided was placed itie vertical quartz reactor and a 94 ml
min flow of NH; was introduced. The furnace was programmed to theamaterial in
accordance with previously reported methods spetifithe nitride, as discussed in more
detail in the relevant preparation sections, and it shown in Table 2.2-1. Once the
furnace had reached the final nitriding temperatudsvell period was applied. Following
this, the nitrided material was left to cool invilmg ammonia, and upon reaching ambient
temperature, nitrogen gas was flushed throughytseem at 100 ml mihfor 30 minutes to
remove any residual ammonia from the system. Swoaterials are known to be sensitive
towards oxygen and in order to prevent pyrolysisegposure of the nitrided material to
air, these materials (VN, B¢, W2N, CosMo3zN) were passivated using a mixture of 2 %
O,/Ar flowing at 5 ml miri* and N (passed through an oxygen trap) at 95 mihsia as to
obtain a gas mixture containing < 0.1 % Orhis allowed a protective oxide skin to form
on the surface of the nitride material which cooédsubsequently removed prior to testing

by treatment with a 3:1 4N, gas mixture.
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Material Precursor Nitriding Nitriding Nitriding
Temperature °C)  Duration (hours) Gas
MgsN2 as purchased
TiN TiO; (anatase) 900 6 NH
VN V205 700 NH
CrN CrCk 700 NH
FeN Fe powder 500 6 NH
CoN C0304 700 2 NH
CoyN/Al,O3 Coz04/Al,05 700 2 NH
NisN NiCl; 480 6 NH
CwN Cuk, 300 6 NH
CwN/SIO;, CuO/SiQ 300 6 NH
Zn3N> Zn powder 600 6 N
B-Mo2No 78 MoOs 700 3 3:1 H/N;
TagNs TapOs 900 9 NH
W>N WO3 700 2 NH
ResN NHisRe(Qy 350 2 NH
CosMosN CoMoQy.nH,O 785 6 NH
TiFesNx Ti shots Fe wire 450 NH
Co-4Re Co-Re oxide 700 3 NH

Table 2.2-1 Summary of preparation conditions for n

2.2.2 Preparation of MgsNs,.

itride materials

MgsN, was purchased from Sigma Aldrich and no furtheatment was required®®

2.2.3 Preparation of TiN.

Anatase nanopowder (T}®9.97 % Sigma —Aldrich) was used as the precursoriN.

The material was heated to 98D, at a rate of 8C min* under the conditions outlined
above. The diffraction pattern of the nitrided eratl was crystalline and similar to that of

pure phase TiN reported in the literattfre.

2.2.4 Preparation of VN.

Ammonolysis of Os (Aldrich) was undertaken so as to obtain VN usihg method
described by Shi and co-workétg.

temperature to 350 °C over a period of 30 minutkwed by a rise in temperature from

The sample was linearly heated from room
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350 to 450 °C at a rate of 0.5 °C mjrand a further increase from 450 to 700 °C ate ra
of 1.25 °C mift. The temperature was then kept at 700 °C for &fbrb cooling in a flow

of NH3 and subsequently passivating as previously destrib

2.2.5 Preparation of CrN.

CrN was synthesised by the reaction of GSigma Aldrich 95%) with NKI(94ml minY)
at 700°C for 5 h as described in the literattif&!

2.2.6 Preparation of Fe,N.

Iron nitrides were prepared following the methodlioad by Goodeve and Jatf?*%?!
They reported that it was possible to obtain ddférphases of iron nitride ranging from
FeN, FgN and FgN through ammonoylsis of Fe powder at various tenaipees. In this
study FeN was prepared by heating Fe powder to 8DQsing a ramp rate of & min*
under conditions previously described. Powder Xd#fraction confirmed that the only
phase present in the sample wag\F-®©ther temperatures were also employed but exbult

in mixed phase materials.

2.2.7 Preparation of CosN and Co4N/ y-Al,Os.

Bulk cobalt nitride and the-Al,O3; supported cobalt nitrideere generated by means of
temperature programmed ammonolysis. The oxide persiwere loaded into the quartz
reactor, and a flow of NHwas introduced to the reactor. The temperature inereased
from room temperature to 30 over a period of 30 minutes, followed by a rise i
temperature from 300 to 45C at a rate of 0.7C m and a further increase to 78D at

which point it was held for 2 hout¢!

Supported C¢N was prepared by nitriding the supported oxideyrsor (CgO4/Al O3, as
confirmed by XRD). The precursor was prepared bgthmd of incipient wetness
impregnation via stirring-Al,O3, in an aqueous cobalt nitrate (Co(jS6H,O, Sigma
Aldrich 98+ %) solution so as to obtain a Co logdof 20 wt.%. The precipitate was
dried at 110C overnight and calcined at 500 for 3 hours.
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2.2.8 Preparation of NisN.

Baiker reported the synthesis of purgNithrough ammonolysis of NiO within a narrow
temperature range of 200-500, below or above which the nitride phase co-eglistith
nickel metaf?? Initially nickel oxide was employed as the prestur and ammonolysis
took place over a range of temperatures. Howeklrerresultant material was mixed phase
NizN with impurities from Ni metal as shown by XRD.iQ¥, (Koch Light Laboratories
Ltd) was therefore utilized as the precursor angdaggntly pure phase M\ formed at

480°C. A ramp rate of 18C min* and dwell time of 6 hours was used.

2.2.9 Preparation of CuszN and CuzN/SiO, .

CwN powders were synthesised at 3WD using anhydrous CuRAldrich 98 %) as a
starting material and NfHgas (BOC, 99.98 %) as a nitriding agéht>** It was found
that this material is very temperature sensitivel atarts to decompose rapidly at

temperatures above 320 forming metallic copper.

Supported CsN was prepared by nitriding the supported oxidecyrsor (CuO/SiQ as
confirmed by XRD). The precursor was prepared bgthmd of incipient wetness
impregnation via stirring Si©(200 nf), in an aqueous copper nitrate (Cu@iBH,O,
Sigma Aldrich 98+ %) solution so as to obtain al@ading of 20 wt.%. The precipitate
was dried at 118C overnight and calcined at 280 for 3 hours.

2.2.10 Preparation of ZnsNo,.

The ZnN, powders were synthesised by reacting Zn powdetigBrDrug Houses) with
NH; gas at 600C using a ramp rate of £& min*.2%>1% powder X-ray diffraction of the
resultant material confirmed that R had been obtained and trace impurities of ZnO
were also observed, which is accordance with ptesviberature.

2.2.11 Preparation of B-Mo,Ng ¢ and 1.5% Fe/ B-Mo,Ng 7g, 1.5% Cu/
B'MOZNOJS and 1.5% Bi/ B'M02N0.78-

B-Mo,Np 78 was preparedn-situ in a fixed bed microreactor. 0.5 g of Me@sigma
Aldrich 99.5 %) was charged to the reactor andtédkavith 60 ml miit of a 3:1 H/N,
(BOC, H 99.998 %, N 99.995 %) mixture at 75 for 3 hours®”!
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Iron, copper and bismuth were used as dopants aped@-Mo.Ny 7s was prepared were
prepared by impregnating M@Ousing Fe(NQ):.9H,O (Sigma Aldrich 98 %),
Cu(NGs)2.3H,O (Sigma Aldrich 99 %), and BIi(N§.5H,O (Sigma Aldrich >98 %),
respectively, so as to achieve a metal loading®it.% on the MogXi.e. using0.109 g
of Fe(NG)3.9H,0, 0.057 gpf Cu(NG;)2.3H,O and 0.026 g of Bi(N€).5H,0 respectively
per gram of catalyst prepared). The doped matenate then dried in an oven at 12D
and calcined at 500C for 5 hours. Samples were subsequently nitriddéidwing the

same conditions previously described.

2.2.12 Preparation of TasNs.

TagNs was synthesised by the reaction oba(Sigma Aldrich 99 %) with Nkl (94 ml
min) at 900°C for 9 hours as described in the literatdtd.

2.2.13 Preparation of W,N.

W,;N was prepared using the same temperature progrdnmigdation method as
described for VN (section 1.2.4f! WO; (Sigma Aldrich) was treated with NHyas in

order to produce the tungsten nitride.

2.2.14 Preparation of ResN.

Clark and co-workers have reported that rheniumdaitcan be formed by one of two
methods, either from ammonium perrhenate {Ré0;) or rhenium trichloride (ReG)
through ammonia reduction at temperatures betw86ra8d 350C, above which it starts
to decompose to the metal. ReN is relatively unstable and hence cannot be pesphy
direct reaction of the elements due to the highpnatures required, nor can it be formed
from the oxides because their reduction temperatiee above the decomposition
temperature of the nitride. Thus, the applicatibrrrenium nitride for the reactions of

interest must be studied below 31

NH4Re(Q, (Sigma-Aldrich, 99.5 %) was used as the precuisoReN. NH;ReQ, was
nitrided in accordance with the conditions, outlin®y Clark -350°C for 2 hours. Powder
X-ray diffraction (XRD) confirmed the phase of thesultant material as B¢ which is in

agreement with previous literaturé’!
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2.2.15 Preparation of Co-4Re.

Co-4Rewas prepared by reduction of a cobalt rhenium opigeursor. The precursor was
prepared by impregnating ammonium perrhenate 8@, Sigma Aldrich 99+ %) with
cobalt nitrate (Co(Ng)..6H,O Sigma Aldrich 98+ %) using incipient wetness a@nwas
then dried overnight at 11%. The resulting powder was calcined at 8G0for 3 hours
and reduced in ammonia at 780 for 2 hours. The higher temperature was requiined

order to reduce the cobalt mefil.

2.2.16 Preparation of CosMosN.

CosMosN was prepared by nitriding a cobalt molybdate hyelprecursor (CoMofnH,0O,

as confirmed by XRD). The precursor was prepaseddaling aqueous solutions of cobalt
nitrate (4.5 g Co(Ng)..6H,O, Sigma Aldrich, 98+ %) and ammonium heptamolyedat
(7.2 g (NH)sM07024.4H,O Sigma Aldrich 81-83 % as MaPthen heating the mixture to
approximately 86C for 3 hours. A purple precipitate was collecaiedr vacuum filtration
and the precipitate washed with distilled water attanol, and subsequently dried
overnight at 120C. The resulting powder was calcined at 5G0for 5 hours and then
nitrided by ammonolysis using the following tempara regime, from ambient to 35C

at a rate of 5.6C min?, then to 447C at 0.5°C min* then to 785C at 2.1°C min™. 4
The material was then cooled and passivated fotigwhe general procedure described

previously.

2.2.17 Preparation of TiFe,N, Laves Phase.

TiFe;:Ny materials were prepared by heating 0.5 g Fe v@oo(fellow, 99.95 %) and 0.5 g
Ti metal shots (Goodfellow, 99.96 %) to 1180 under argon and dwelling at this
temperature for 48 hours. After cooling in theafing gas, the material was then crushed
into a fine powder and heated to 1P80for a further 48 hours in Ar, and crushed intefi
particles®®Y The material was then nitrided by temperaturg@mmed ammonolysis in
which it was heated to 45T at 5.6°C min* and held at this temperature for 3 hours,

before being allowed to cool to room temperaturanmmonia gas.

2.2.18 Preparation of Ru/AlMg,04and Ba/Ru/ AIMg,0,.

Supported ruthenium catalysts have been prepard¢ldegisare known to be an excellent

catalyst for ammonia synthesis. Some Ru-based ys&dalhave been shown to be
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significantly more active than conventional, muitimoted iron systeft?**¥ and these

are being used for comparative purposes withinkdbdy of work.

The support material (AIM®,) was prepared by drop-wise addition of 100 ml 6@G6M
solution of aqueous ammonium carbonate, {NEIO;, Sigma Aldrich > 99.99 %) to a
100ml aqueous mixture of Mg(NR.6H,O (0.05M, Sigma Aldrich > 98 %) and
Al(NO3)3.9H,0 (0.02 M, Sigma Aldrich 98 %). A white precipitaléas obtained after
vacuum filtration and the precipitate was washeiddwvith distilled water and dried in an
oven overnight at 126C. The Mg-Al complex oxide was prepared by caldirgtthe
compound at 808C for 6 hours in air.

Triruthenium dodecacarbonyl (RCO),, Sigma Aldrich 99 %) was added by

impregnation to the AIMgO support after the caltiom step, so as to obtain a 5 wt.%

metal loading, and dried at ?C. The resulting orange-grey powder was crushet an
sieved to < 250 microns and subsequently heat8dLikL/N, (60 ml min') at 400°C for 2

hours in order to reduce the Ru precursor and aes ¢ooled under #No.

Barium nitrate, was introduced to the RU/AlMlg system by incipient wetness
impregnation from aqueous solution, followed by idgythe samples in air at 7AC
overnight and reduced as described attve!®

2.3 Characterisation.

The following techniques were used to charactedsscribe and verify the properties of

pre- and post-reaction samples and to evaluateethits of various reactions carried out.

2.3.1 Powder X-ray Diffraction (PXRD).

Powder X-ray diffraction was carried out on all gesised materials to identify the
crystalline phases of the pre- and post-reactionptes. XRD patterns were obtained
using a Siemens D5000 X-ray diffractometer (40 4% mA) operating with a CukX-ray
source {-1.5418 A). The scanning range used was 5 °-\@#h’a step size of 0.02 ° and a
scan rate of 1 second per step.
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2.3.2 Surface Area Determination.

The surface area of the catalysts was determineapplying the Brunauer, Emmett and
Teller (BET) method to nitrogen physisorption isatins which were determined at liquid
nitrogen temperatures. Isotherms were measured asMicromeritics Flow Prep 060 and
Gemini BET machine. Prior to analysis, the samfek g) were degassed in bt 116C

overnight to remove any adsorbed moisture.

2.3.3 Elemental Analysis.

CHN analysis was performed to determine changdisepre- and post- reaction materials
with the kind assistance of Mrs Kim Wilson at theikérsity of Glasgow using an Exeter
Analytical CE-440 elemental analyser.

2.3.4 Scanning Electron Microscope (SEM).

SEM micrographs of pre and post reaction samples wequired using a Philips XL30E-
scanning electron microscope (25 kV, Spot Size b6rRiMg Distance 10 mm). Samples
were dispersed onto carbon stubs before beingteétsarmto an inert atmosphere.

2.3.5 Nuclear Magnetic Resonance (*H NMR).

'H NMR spectroscopy was conducted on liquid samfiléssolved in a CDGland THF-
dg) using a Bruker Advance Ill 400 MHz spectrometeSamples were run under
automation using the standard default programntengstin the ‘Brooker data library’ as
supplied with the spectrometer.

2.3.6 Fourier Transform Infrared Spectroscopy (FTIR).

Fourier Transform Infrared Spectroscopy was perémnon a Shimadzu FTIR-8400S
spectrometer. Liquid samples were scanned 20 titnagesolution of 2 cihin the region
600-4000 crit

2.3.7 Gas Chromatography / Mass Spectroscopy (GCMS).

GC analysis was conducted on liquid samples (dissioin 1:10 v:v ratio with methanol)
using a Thermo Finnigan Focus GC fitted with an 8@2autosampler. The column that

was used in the instrument was a CP- Sil8CB 50 m@t@2 ID, 5 um film thickness run at
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a constant pressure of 14.5 p.s.i. The injectar amated to 208C and the split ratio used

was 30:1. The initial oven temperature was®60and this was held for 1 minute and
subsequently increased to 28D using the following ramp profile, T min* to 110°C,

9 °C min® to 135°C and finally 30°C min* to 260°C where it was held for 2 minutes.
The total acquisition time was 11.6 minutes. Samphere also sent to the EPSRC

National Mass Spectrometry Service Centre, Swarigeaharacterisation.

2.4 Testing.

Figure 2.4-1 illustrates the reactor set up whicaswised to conduct the ammonia
production and lattice nitrogen studies. This wded bed, continuous flow reactor and
a quartz glass reactor tube (10.5 mm internal di@arhevas used to contain the sample.
The powdered sample was held centrally betweerasitool plugs within the reactor tube
which itself was held in a Carbolite furnace. Theed gas mixtures were introduced
through ¥ inch stainless steel tubing (Swagelok}l a total flow rate of 60 ml mih
which was controlled via Brooks 5850 TR mass flomnteollers, was used for both
reactions. The vent gas from the reactor was pabsedgh a sulfuric acid bubbler (200 ml
0.0018 mol [*) and the decrease in conductivity, correspondinthé consumption of H
by NHs;, was measured by a conductivity meter. Condugtigalibration data can be

found in the following section. All gases were \ahinto a fume hood.

Sample

Silica wool plugs

To Vent

other gases —%.—-BQ——

Key

. Mass Flow Controller

M Switch off Valve

H,S0, Sol

[] Drying Tube

Figure 2.4-1 Apparatus used to conduct ammonia synt hesis and lattice nitrogen
experiments.
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2.4.1 Ammonia Synthesis Calculations and Conductivity
Calibration Data.

During ammonia production and lattice nitrogen ssdthe formation of ammonia was
monitored through a decrease in the conductivita @filute sulphuric acid solution (200
ml 0.0018 mol [Y). As previously mentioned this decrease corredpoto the

consumption of Hions by NH, forming NH," ions. It is the difference in the relative size

of these ions Hand NH," which results in the conductivity change of thiugon.

To establish upper and lower conductiviy values riean conductivity of six different
0.0018 mol [* solutions of HSO, and (NH),SO, was determined. Table 2.4-1 below
shows the conductivities which were observed.

Conductivity of SO, solution(uS cm’)  Conductivity of (NH),SO, solution{uS crit)

959 313

953 301

943 302

949 307

934 308

951 304
Mean ~ 948 Mean ~ 305

Table 2.4-1 Conductivity values which were observed for 0.0018 mol L * solutions of H 2SOy,
and (NH,),S0,.

The calculation shown below illustrates how the amia production rates were calculated

with respect to the conductivity versus time ptmtévery ammonia synthesis experiments.
Moles of HSO, = Concentration (b5O;) X Volume (BSOy)
=0.00108 mol'tx 0.2 L
= 2.16 x"1Moles

Due to stoichiometric considerations 4.32 XIfoles of ammonia are required to

completely react with }50,

Change in conductivity for reaction, 50, + 2NH; — (NH),SO,
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= 948 uScnt — 305 pScrit
= 643 pScnt
Number of moles of ammonia required / Total changmnductivity
= 4.32 x10' moles / 643 pScih
= 6.72x10" mol juS cm*

The gradient of the conductivity (1 S&jnversus time plots are determined. By
multiplying the resultant value by the calibraticalue (6.72x13 mol/uS cni') and
dividing by the mass of the material investigatgengrally 0.3 g) the mass normalised

ammonia production rate is determined.

Under reaction conditions using a 3:4/Kb gas mixture and operated at 400and 1 atm

pressure, Nklhas a limiting yield of 0.4 mol%.

From the above information a theoretical equilibridlH; synthesis rate can be calculated

as shown below:
0.4 mol % x 60 ml mid = 0.24 ml mift

0.24 ml mint = 1.07 x1& moles mift
22400 ml (motgas volume)

1.07 x10° moles miftx 60 min = 6.4285 x IHmoles hout

6.4285 x 19 moles hout =2.142 x 1§ mol g* h*
0.3g (weight oftexgal) = 2142 umol §h*

It is worth noting that during ammonia productiomdaattice nitrogen reactivity studies
that a change in the conductivity value may notrbly representative of the rate of BIH
formation. It is assumed within this thesis th&t;Ns the only nitrogen containing species
produced under reaction conditions so as to cadser@ase in the conductivity of the acid
solution. Other nitrogen containing species, sashNH4, N2H», N3H, may also form
during the reaction and would have a similar effeictowering the conductivity of the

solution. Furthermore it is also assumed that ldhlg species formed during reaction



Anne-Marie Alexander Chapter 2 23

subsequently reacts with"Hons to form NH*. It may be possible that only a limited
amount of NH species reacts in solution (i.e. are trapped) taedremainder is vented,
thus any decrease which is observed in the condgltycteadings would not be illustrative

of the total NH produced during reaction.

2.4.2 Ammonia Production.

0.3 g of material was placed into the quartz raattbe and so that it was held centrally
within the heated zone of the furnace. Generdléy nitrides wergre-treated at 708C
with the reactant gas (HN, (BOC, H 99.998 %, N 99.99 %) in a ratio of 3:1
respectively) at 60 ml mihfor 2 hoursjn order to remove the passivation layer, with the
exception of the less stable nitrides;s8pNi3N, CwsN, RgN and ZnN,, which were not
pre-treated. The samples were then cooled toiogaemperature, 408 (250°C for the
less stable nitrides), in flowing gas and heldhad temperature for 6 hours. On reaching
reaction temperature, the vent gas from the reagss bubbled through a sulfuric acid
solution (200 ml 0.0018 mol1) at ambient temperature. The conductivity ofgbkition
was measured every 30 minutes and the productiomnminonia was measured by
monitoring the change in conductivity of a sulfuaicid solution with respect to time and
compared with the theoretical equilibrium BBlynthesis rate which was calculated to be
2142 pmol @ h! for the above reaction conditions with a limitipigld of 0.4 mol. % as

discussed previous??

2.4.3 Lattice Nitrogen Reactivity.

The reactivity of the lattice nitrogen, within thalk nitrides, was assessed with/Af as a
function of temperature in order to evaluate thaperature range at which nitrogen was

lost from the metal lattice.

0.3 g of nitride was placed into the silica readtdre and held between quartz wool plugs
centrally in the heated zone of the furnace. Ascdbed for ammonia synthesis studies,
most of the nitrided materials were pre-treated@ °C for 2 hours with 3:1 kN, to
remove any residual oxide present and then coaetD0°C (or lower for the unstable
nitrides). At this point the feed gas was switcliemm H,/N, to 3:1 H/Ar (BOC, H,
99.998 %, Ar min 99.99 %) and conductivity measwreta were taken at 40C for 4
hours. The temperature of the reaction was thereased and held in the following
increments, 500C (1 hour dwell), 600C (1.5 hour dwell) and finally 708C (1 hour
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dwell). Nitrides of Groups IX-XII had a marginaltifferent temperature regime (starting
at 200 °C) due to their thermal instability. From conduitii calibration data, the

percentage of nitrogen species, lost from theddtresulting in the formation of ammonia
could be determined and compared with the totaluerhof nitrogen lost from the nitride
as determined by combustion analysis.

2.4.4 Benzene Flow Test Reactor.

Experiments investigating the potential synthedisamiline from benzene, phenol and
chlorobenzene were carried out using the experiahesgt-up as shown in Figure 2.4-2
with some slight modifications. 0.3 g of reagemtsvplaced into a silica reactor tube and
held centrally in the heated zone of the furnadénose nitrides which were passivated
following the procedure described in section 2\®gre pre-treated at 70 under 3:1

Ho/N, gas (60 ml mift) for 2 hours and allowed to cool to room tempertuefore the

solvent was charged to the reactor. The systemthas flushed with KN, at room

temperature to ensure traces of oxygen were remaffedexposure to air. A bubbler held
at ambient temperature was used to introduce a @bwenzene/chlorobenzene/phenol
over the materials. Assuming equilibrium, it isccdhted that the proportion of benzene

and chlorobenzene in the gas stream corresporilarid 1% respectively.

The reagents were tested at different temperatprasarily 300°C and 400°C, (unless
otherwise stated) and a temperature ramp rate 8f°COmin* was used to attain the
reaction temperature. The temperature was thehfboell-4 hours. An ice bath was used
at the exit of the reactor to condense productshviiere subsequently analysed by
NMR spectroscopy, mass spectroscopy and FTIR gsectpy. Below is a schematic of

the set-up for benzene experiments on the plug rféagtor.
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Sample

Silica wool plugs

N containing :_BQ_)I—M—

gases
Ar containing .:.-94—>l—{><]—4><]— —> To Vent
gases !
other gases ‘:"BQ_).—&Q— ‘ I
Bubbler Ice Trap
Key

B Mass Flow Controller
D4 Switch off Valve

[ Drying Tube

Figure 2.4-2 Apparatus used to for benzene /nitroge  n experiments.
2.4.5 Benzene - Ammonia Pulse Reactor.

Benzene and ammonia pulse reactions have beentakeerwith the ultimate aim of
overcoming the limitation posed by direct reactioihammonia and benzene. Direct
amination of benzene is an equilibrium limited détogenation*'”! By pulsing ammonia
and benzene alternatively, the dehydrogenatiorestag be separated from the amination
stage. NH residues are adsorbed onto the surface of theméagd may react with the
following pulse of benzene. In doing so, this mdlythe equilibrium limitation by the
sequential removal of hydrogen from the reaction qotentially enables increased

benzene conversion to aniline.

Pulse reactions were conducted under three diffeemd gas regimes, (a) 5 %/N;
(BOC), (b) 5 % H/Ar (BOC) and (c) Ar (BOC) only. The samples wendially exposed

to the 5 % H/N; gas mix and also the 5 % Mr and Ar only gas feeds if there was
evidence of coking on the lower packing granulgsrafeaction with the 5 % #N, gas
mix as discussed later. Figure 2.4-3 is a schenoétihe experimental set-up for the pulse
reactions. Both NEland GHgs were injected into a carrier gas through an impecport
fitted into the Swagelok steel tubing. The cargas was delivered to the steel reactor tube
through %2 Swagelok steel tubing and the flow se6® ml min' using a rotameter. The
effluent gas was passed to an online mass spedgpon(éarian Quadrupole Mass

Spectrometer) via a needle valve, whilst excessegasto a vent flow line.
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The reactor volume used was 3.69°@nd catalyst bed length was 0.13°cnin order for
the sample to be located centrally in the heardactor is packed with 1.78 timoiling

chips both above and below the nitrided sample.

Before bringing the catalyst to reaction tempeggttiie reactor and gas lines were purged
for 1 hour at ambient temperature using théNg carrier gas in order to remove any air
from the reaction system prior to passing into treline mass spectrometer. The
materials were then heated to reaction tempera4@@°C and held at this temperature for
3 hours. Upon reaching reaction temperature ated afperiod of 20 minutes to allow for
catalyst stabilisation, 2 pl (2.3x¥noles) of benzene was injected into the reacteryev
15 minutes followed by 5ml (2.2xT0moles) NH gas. These injections were also

performed in reverse, i.e. NHbllowed by benzene, in a series of different expents.

5% Hy/N, —<—

5% H./Ar B4 ® D

or Ar only

Sample

Packing
granules

Key
Furnace
Rotameter

Switch off Valve

Pressure Gauge To Vent

TXX =

Injection Port

To Mass Spec

Figure 2.4-3 Apparatus used for conducting pulse ex  periments



Anne-Marie Alexander Chapter 3 27

3. The Reactivity of “Lattice” Nitrogen in Nitrides
as Probed by H ,/N, and H,/Ar Reactions.

3.1 Introduction.

Interest in nitrides, as previously discussed,deaterally focussed on their catalytic ability
for reactions such as hydrotreating, photocatalgsid ammonia synthesis. However
within this project metal nitrides are investigatesipotential nitrogen transfer reagents, in
which the nitrides could be viewed as reservoins ‘&ative’ molecular nitrogen. This
approach is akin to the Mars-van Krevelen mechamsgrich often occurs for catalytic
oxidation reactions catalysed by metal oxides.his tmechanism an organic reactant is
oxidized by the transfer of lattice oxygen from tiagalyst generating the vacancies which
are subsequently replenished by a gas-phase osmend®! Figure 3.1-1 illustrates this

general type of process.

S + %0, > SO

Mn*Q2-

%0, SO
M(n-Z) +0

Figure 3.1-1 Schematic of Mars-van Krevelen oxidati  on mechanism (S = a substrate)

As well as being a mechanism, Mars-van Krevelere tggidation can be viewed in
process terms. In doing so, the substrate oxidlana catalyst re-oxidation phases can be
performed in separate isolated stages. This aesldlt in significant thermodynamic and /
or kinetic advantages - for example in partial axioh reactions where the desired
products are more susceptible to oxidation tharrdhetants, it is possible to enhance their
yields by performing the reaction in the absencgas-phase oxygen. In the initial stage,
the desired product is formed by direct reactiothwie “catalyst” resulting in a reduced

phase which can be re-oxidised in a separate stHgs.type of approach has been applied
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on the industrial scale by Du Pont for maleic amlual production from butane oxidation

using a vanadium phosphate based cat&f{gt"

In mechanistic terms, Mars-van Krevelen oxidatisrfaund to occur in a wide range of
systems. One example is the partial oxidation rpyplene to acrolein over bismuth
molybdate, which has been shown to occur in twpsstéhe activation of the propylene
molecule, followed by the insertion of O atoms irttee hydrocarboH?! Isotopic
labelling studies have demonstrated that the $iested on the bismuth atoms, activate
and dissociate £©Oxygen atoms subsequently fill vacancies whiatuo@ the lattice as a
consequence of acrolein desorption. This genena¢ tgf mechanism has also been
observed for sulfide and carbide transfer reactidnsthe latter case, Gracia and co-
workers have proposed a mechanism, demonstratedgtinrcomputational methods, for
the direct lattice carbon transfer from carbon dlexhydrogenation to methane on an iron
carbide surfacE?? Similarly Green and co-workers have reported tmectlilattice carbon
transfer to carbon monoxide produced in the pamigdation of methane which is

catalysed by molybdenum carbidé.

There is little evidence within the literature tlsaiggests nitrogen participates in analogues
of the Mars-van Krevelen type mechanism. Metaides have been largely over-looked
in this respect, despite early reports by Segal@eataba which alluded to the possibility of
lattice nitrogen being active in synthesis of amiaccatalysed by uranium nitridf83"!
Examples can also be found in the Russian litezatwhere Panov and co-workers have
investigated isotopic nitrogen exchange and ammsymhesis with uranium and barium
nitride system&2® More recently studies by Grange and co-workerge demonstrated
one of the first examples of using lattice nitrogeansfer for the direct ammoxidation of
propane to acrylonitrile using a vanadium aluminiorynitride (VAION) catalyst in a
double Mars-van Krevelen process, which is illustian Figure 3.1-%*
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NO. Nad, N CHaCHEHO
G0, COg
[NHy]  [acrolein] .
% {acrolein) CHaCHaCHy
L
[CHg.] '.1[%
NHg \ﬂHzCHnw .
CHzCHCM

Figure 3.1-2 Reaction mechanism for propane ammoxid  ation over VAION catalysts. Solid
lines indicate reaction paths involving lattice oxy gen, and dashed lines donate pathways
with adsorbed oxygen. Square brackets are used to symbolize surface intermediates. 71

One of the fundamental issues for this type ofeysts the ability for the material to
reversibly uptake and release the reacting specless well known that intermetallic
compounds, such as LaMNand TiFe, can reversibly take-up and lose large usmtsoof

hydrogen under mild conditions and it has been shimathe work of Itoh and Machida,

that interstitial type metal nitrides behave iririr manner, as shown beldi{:*?
3125 H,
5 NH,4 \
Ru / AlL,O4/ a-TiFe,N, 5 8/2N,
Figure 3.1-3 Schematic of the nitrogen uptake / rem  oval system described by Itoh et al. 0]

Further to this, recent studies ons®@sN have shown that there is a reversible loss of
50% of nitrogen from the structure under g/ atmosphere, with the residual nitrogen
moving to a different crystallographic site. Thegmal stoichiometry can then be
subsequently restored under a nitrogen atmospfE® In many large scale processes,
ammonia is used as a nitrogen carrier moleculevdreh viewed in terms of the nitrogen

conversion process, they appear very inefficierffor example, as discussed in the
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introduction, large scale aniline synthesis is @enked in the following sequence of

reactions:

N, + 3H, <+—— 2NH,

NH, + 20, —— HNO; + H,0

HNO, + 2H,SO, — NO,* + H,O* + 2HSO,’
CeHs + NO,# —— CgHNO, + H*

CeHsNO, + 3H, ——— C.HNH, + 2H,0

When broken down into the nitrogen transfer stépsan be seen that,Ns initially
reduced to produce NHrom which HNQ is prepared by its re-oxidation (and effectively
the corresponding oxidation of much of theuded in the Nhklsynthesis stage). Nitration
is eventually performed by nitronium cations in @hithe nitrogen is subsequently re-
reduced. Given that it has been estimated thge lacale ammonia synthesis consumes in
excess of 1% of the global energy demahe, desirability of alternative, more direct

routes is obviou8>°

The use of nitrides for the ammonia synthesis r@adtas been well documented, with
first examples of uranium and osmium nitrides beregorted in the initial work of
Haber™® The conventional catalyst for ammonia synthesisiron-based with the
addition of alkali promoters, and more recentlyranpoted ruthenium based catalyst was
introduced into commercial operatiBf®**? However as demand grows for nitrogen
containing materials, the need to develop a mom edfective and highly efficient
catalytic process for ammonia synthesis has beafngeeat significance over the last 70
years. Among these, the invention of novel catalp&iys a leading role. Many elements,
other than iron, have been examined in order taiok# more active catalyst. One of the
first being reported was molybdenum, documented/iitasch in 1937. Molybdenum is,
generally, known to dissociate, fhore easily than iron or ruthenium. However, ezl
containing molybdenum or other transition metalgehaot been studied extensively when
compared to iron or ruthenium based catalysts warehwell understood. Many of these
studies investigate the nitrogen adsorption stepd,the extent to which promoters affect
the activity of the catalyst. Jacobsen and co-exwkhave rationalized the activity of

CaosMosN in terms of a volcano relationship with the altay of Co (which has a low N
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adsorption energy) with Mo (which has a highddsorption energy) producing an optimal
binding adsorption strength, and recent developsnkatve involved the identification of
Cs" promoted CgMosN as a highly active catalyst for ammonia synthestl an activity

reportedly exceeding commercial based catalysf8:*®!

The work conducted in this chapter focuses on #aetivity of lattice nitrogen over a
range of binary and ternary nitride materials dmd is established via the comparison of
ammonia synthesis activities using stoichiometritiNA mixtures with H/Ar mixtures, as
described in the experimental section. Eighteerferint systems were prepared,
characterised and screened and activities were @@upo a supported Ru catalyst, which
is known to be one of the most active systems &balgtic ammonia synthesis. Some
supported nitrides have also been investigatedutmdate whether increasing the surface
area of the material, via dispersion of the aciwmse, effects the ammonia synthesis
activity. The effects of dopants on the activittissome bulk nitride phases have also
been investigated. However, as previously mertipin order to function as a nitrogen
transfer reagent it must be possible to replerntighdepleted lattice nitrogen within the
nitride, which will be discussed later in this tisesThe proposed nitrogen adsorption and
transfer cycle, in theory could be conducted asusgp steps and at different temperatures,
which may prove to be advantageous in the develaproka novel nitrogen transfer
process, overcoming thermodynamic and kinetic &trohs imposed by such systems.
This general type of approach has been documentddei work of van Santen using a
carbide based systefri**34

For this purposes of this chapter, the nitridesciiiave been investigated are divided into
three groups — early transition metal nitrides,edatransition metal nitrides and

miscellaneous systems.

3.2 Early Transition Metal Nitrides.

3.2.1 Introduction to Early Transition Metals.

This section investigates the reactivity of lattrm&ogen of group IV-VI transition metal
nitrides. The metal nitrides that will be discuséere include TiN, VN, CrN3-Mo2No 7s,
TagNs and VN,

Group IV-VI transition metal nitrides are generatlgscribed as metallic nitrides because

of their metallic conductivity, lustre and genematallic behaviour. These compounds are
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characterised by their high melting points, hardresd resistance to corrosion, like their
corresponding carbides and borides, they are oétemred to as refractory hard metdfs.
They have traditionally found applications in ceresn cutting tools and as structural
components.  In the pioneering work of Levy andudart!’® and which has been
summarised by Oyamd, transition metal nitrides have been shown to bfciefit
catalysts. As a result, binary nitrides have atéd significant attention. In particular those
of vanadium, molybdenum and tungsten have beeneabtd a range of reactions such as
CO hydrogenation and NO dissociation, with resultaates which are reportedly

§101117.5475] gyggestions have been

comparable to traditional ‘platinum- like’ catalg
made that this behaviour is attributed to the aligythe electron deficient parent metal
with nitrogen*** The nitrogen atoms occupy the interstitial spareated within the metal
lattice and in doing so increase the electron colehce the chemical properties of the
nitride reportedly bear resemblance to the platingnmup metals. The description of
interstitial occupancy of N atoms cannot be solgagplied to TaNs since it forms an
orthorhombic unit cell and the nitrogen atoms aithee three-fold or four-fold co-
ordinated to T&3® However it is important to note that the levelsirmilarity between

nitrides and platinum group metals remains unclaad much debate has arisen around
this [187-141]

There is a substantial amount of catalytic literatavailable for binary nitrides. However,
these generally focus on Mo or W based systemssidtiher nitrides remain little studied.
In addition to this, a large proportion of the dgwire concerning binary nitrides is
primarily focussed upon synthesis techniques ardetbctronic and structural properties.
Nevertheless, of the binary nitrides reported mliterature, molybdenum has been studied
in greatest detail in terms of its catalytic apglions and it is understood in the greatest
detail.y-Mo2N andp-MozNg 7s have been shown to be active ammonia synthesitysts

as have other binary nitrides such as vanadiumdejtruranium nitride and tungsten

nitrides.

Furthermore, indirectly related to this, within theganic literature early transition metals
such as Zr, Mo and Ti have been used for molequtangen fixation with the aim to
incorporate nitrogen into organic compounds. Hpuigroach can be illustrated by the work
of Mori and other§*?'*3l Mori reported the application of titanium-nitrogdrased
compounds, synthesised directly from dinitrogenr tbe preparation of nitrogen

heterocycles from organic compounds under ambi@mditions.
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The nitrides, which are investigated in this settiare stable under ammonia synthesis
conditions and some can exist in a wide varietgtofchiometric forms, which could be
envisaged to play a key role in facilitating Ma@vKrevelen type mechanisms/processes
in which the reversible uptake and loss of N frdme tmetal lattice may be facilitated.
Despite ammonia synthesis activities of a numbehefndividual transition metal nitrides
being known, there is not a comparative study es¢hmaterials within the literature and
so this chapter also presents a general overviethisfarea. In addition, comparative
studies of de-nitridation employing.#Ar have not been documented. In this chapter,
individual systems will be described separately @neth comparisons drawn later. Also, it
should be emphasised that reaction data has beemised to sample mass rather than
surface area. The reason for this is that mogtegystems which have been investigated
are air sensitive and therefore, since areas darenaasuredn-situ, use of this parameter

may introduce artefacts.

Ammonia production rates were derived from condiigti versus time plots, and a
calculation applied to the gradient from the caliton data detailed in section 2.4-1.
These are used to provide an indication okXdimation during various phases of time on
stream and are not meant to imply that steady sh#¢s pertain. The general approach
taken throughout this section, and indeed this teltapas been to make comparisons of
ammonia synthesis usingMl, and H/Ar feedstreams. The latter has been employed to

determine the reactivity of “lattice” N speciesglunding sorbed NKresidues.

3.2.2 TiN.

Much of the literature surrounding titanium nitridgher focuses on preparative methods
or the electronic and optical properties associatigh it for use as photocataly$té!24°)
For the titanium group nitrides there are few cdial applications which have been
documented, although recently Kasleelal reported the use of titanium nitride for the
catalytic decomposition of complex aluminium hyesd which led to subsequent studies
for the use of TiN as a co-catalyst in hydrogemsfer reaction8®” In addition to this,
titanium complexes have also found use within oigamemistry as nitrogen transfer
agents. As mentioned earlier, Mori developed aitita—nitrogen complex from a titanium
chloride precursor and applied it to the synthesi$ nitrogen containing
heterocycle§*?**¥ In the same study it was also observed, thatthig method, the
titanium nitrogen complex could be used to syndesimines from keto-carbonyls, and

pyrrole derivatives from 1,4 — diketones.
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An early study by Lotz and Sebba reported the anendecomposition activities of the
first row transition metal nitridé$>Y and it was shown that titanium nitride posseskt |
activity towards ammonia decomposition. Other thas, titanium nitride has only been
studied for ammonia synthesis in combination witm{**? Titanium nitride (TiN) has
been reported to exist in a variety of stoichiometorms with x ranging from 0.53 to

greater than 1.06%241%

The colour of TiN is an indicator of stoichiometry. The
colours exhibited range from metallic grey to algwlgold, with yellow coloured TiN
being the stoichiometric form. The resulting saenplat was prepared in the current study
was black in colour, which would suggest it was-stdichiometric. This colour of TiN
has been previously observed in studies by Kaatkal where they also produced a black

powder with surface areas reported to be in exae260 nf g*.*%4

3.2.2.1 Reaction Data.

The H/N, and H/Ar reaction studies were conducted as outlinedhm experimental
section. Figure 3.2-1 illustrates the conductivitgrsus time plot for the ammonia

production reaction at 40 using H/N, and H/Ar feeds.

It can be seen that undeg/N, that there is a steady decrease in the condyctiaitie for
TiN in the first 2.5 hours after which the Nlgroduction rate drops off. In the reaction
with Ho/Ar there is a sharp initial decrease in the cotiditg within the first 30 minutes
on stream, followed by a diminished rate of ;\#¥olution. As evident in the latter stages

of the reaction, very little ammonia is produced.
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Figure 3.2-1 Comparison of conductivity for TIN amm  onia production using H /N, vs. H,/Ar
at 400 °C.

The ammonia which is produced, during either reactimay be as a result of the
hydrogenation of surface NHspecies formed either during the preparation ofritréde
by ammonolysis or in the initial two hour pre-tmeant with H/N,. The relatively rapid
initial production of ammonia followed by a slowphase is a common trend which is
observed in most of the nitrides that have beerstigated in this work. The rates of
ammonia synthesis at various time intervals forhbtite H/Ar and H/N, reactions

conducted at 408C are presented in Table 3.2-1

It is worth noting that even underMl,; the ammonia production rates during the first 30
minutes of reaction are almost double that of theceseding reaction rate, again, as
mentioned above, may be due to the hydrogenatioadsbrbed NK surface species.
Indeed it is possible that the difference betwden H,/N, and H/Ar profiles relate to

differences in the concentration of Nbletween the two samples.

Sample and Reaction Conditions NSlynthesis Rataumol h* g%
TiN, 400°C (H/N3, 0-0.5 h) 152

TiN, 400°C (Hy/N,, 1.0-2.5 h) 74

TiN, 400°C (H./N,, 3.0-6.0 h) 6

TiN, 400°C (Hu/Ar, 0.-0.5 h) 183

TiN, 400°C (Ha/Ar, 1-6 h) 6

Table 3.2-1 Ammonia production rates of TiN under b oth H,/Ar and H ,/N, at 400 °C.
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Temperature programmed Mr experiments were undertaken in order to asskses
reactivity of the lattice nitrogen or NHspecies as a function of temperature. This
experiment was carried out in a similar manner lte H/Ar ammonia synthesis
experiments but after ammonia production ceasetethperature was increased in £Q0
increments up to 708C. The reaction profile (as well as the tempeagaprofile) for TiN

is illustrated in Figure 3.2-2:
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Figure 3.2-2 Conductivity data for NH 3 synthesis over TiN as a function of increasing
temperature.

Again there is an initial decrease in conductiwiiyhin the first 30 minutes on stream and
Is comparable to the rate reported in Table 3.2fter which the ammonia production rate
decreases rapidly with time on stream at ZD0 After 4 hours, the reaction produces very
little ammonia. The temperature was increasedd®’8 and it is clear that there was a
further burst of ammonia production, which was msoistained. Further increases in
temperature led to short lived Nidroduction. These surges of ammonia producti@nup
temperature increase indicate that the nitrogeocested with the TiN phase prepared has
various degrees of reactivity. This could be bttied to different binding strengths
between bulk and/or surface nitrogen species. ak walculated that only 1.29 % of the
lattice nitrogen within TiN lost, as determined GiAN analysis, resulted in the formation
of ammonia in this reaction. The ammonia productiates of TiN (under BHAr) at
temperatures between 480 and 700C are presented in Table 3.2-2:
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Reaction Temperature and Time NSlnthesis Rataumol h* g%
400°C (0.0-0.5 h) 170
400°C (1.0-4.5 h) 6
500°C (4.5-5.0 h) 58
500°C (5.0-6.0 h) 2
600°C (6.0-7.5 h)
700°C (7.5-9.0 h) 4

Table 3.2-2 Ammonia production activity of TiN unde  r H,/Ar as a function of increasing
temperature.

3.2.2.2 Nitrogen Analysis

The results of pre- and post-reaction nitrogenyamslof the TiN sample are presented in

Table 3.2-3, along with calculated stoichiometiiicagen content of the material.

Calculated , .
. N Stoichiometric Pre-Reaction Post-Reaction
Sample and Reaction Conditions N Content N Content
N content (Wt.%) (W.%)
(wt.%) ' '
TiN (H2/N,) after 6 h at 400C 22.63 19.74 18.81
TiN (H/Ar) after 6 h at 406C 22.63 19.74 18.76

TiN (Hy/Ar) using temperature profile

as shown in Fig. 3.2-2 22.63 19.74 18.45

Table 3.2-3 Nitrogen content of TiN samples pre- an  d post-reaction.

The pre-reaction nitrogen content of the TiN isolaethat of the calculated stoichiometric
value, which corresponds to a sub-stoichiometricnfof TiN with a formula of TiN g7,
assuming there is no influence of surface oxidatid¥then considering the post-reaction
data it is evident that in all cases the nitrogentent is slightly lower than that of the pre-
reaction samples. In the case of the reactiod®@fC (H,/N, and H/Ar), both materials
after reaction have comparable nitrogen contenth{avi0.05 wt.%) and which indicates
that there is limited consumption of nitrogen, whis possibly consistent with the reaction
and loss of surface NHspecies. Similarly in the case of the materigted under HAr
using the temperature profile illustrated in Fig@r&-2 with a maximum of 708C, the
post-reaction results indicate that very little iiddal nitrogen has been removed. The

results show that only 1.29 wt.% of nitrogen hasrblest which is in good correspondence
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with the amount of ammonia produced in the reactia determined from the NH
production data (1.25 wt.%).

These results suggest that TiN is a relativelylstahase which would have very limited
applicability as a nitrogen transfer reagent. 8iseveral studies investigating bonding
energy in TiN and sub-stoichiometric TilRave suggested that bonding energy between
titanium and nitrogen is a function of nitrogen centration within the metal lattice (i.e.
with increasing nitrogen concentration as x appneacl the bond energy also increases) it
is possible that the relatively inert behaviour eved in this study could be altered by
changing the stoichiometry. However, in practidargeted synthesis of specific

stoichiometries may prove difficult using ammondays

3.2.2.3 XRD Patterns.

The pre-and post- reaction X-ray diffraction patteof the titanium nitride samples, which
have been studied under the reaction conditioneritbes! in section 3.2.2.1, are shown in
Figure 3.2-3
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Figure 3.2-3 Pre- and post-reaction XRD patterns of  TiN under H ,/N, and H./Ar (700 °C) gas
mixtures (JCPDS 038-1420 TiN).

All three samples match to face centred cubic TH¥om the XRDs it is apparent that the
reflections are quite broad, which is typical ofthisurface area materials, and possibly
results from small particle size and/or disordemgaterial. There are no apparent lattice
shifts generated upon reaction which would suggestignificant loss of nitrogen from the

crystal lattice. However, upon inspection of tlestereaction pattern obtained underAdt
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it is evident that some small additional reflectoare present. These peaks are
characteristic of rutile (Tig) which are most likely a result of aerobic oxidatiwhen

discharging the slightly more reduced material fiitwn reactor.

3.2.3 VN.

Vanadium complexes are known to participate indgaal nitrogen fixation, and are
found in nitrogenase enzymes, where they showigcfior the reduction of hto either
hydrazine or ammoni&>™ Similar non-biological mechanisms have been detnates! in
the work of Shilovet al, whereby vanadium (Il)-catechol systems were preparel the
rate of ammonia formation was monitored and contpasgth a nitrogenase active
centrel®®® Despite this, very little is known regarding thetgntial catalytic applications
of vanadium nitride. However, as stated earlipoorts by Sebbat al have demonstrated
that vanadium nitride is catalytically active fastb ammonia decomposition and ammonia
synthesis reactiod®* In the study by Lotz and Sebba, it was suggetted the
ammonia produced was a result of hydrogenatiomaddly bound surface nitrogen which
subsequently decreased with time on stream, afifpatie activity of the material, as a
consequence of the slow diffusion rates of nitroffem bulk to the surfacg®” More
recent studies have suggested that vanadium carhitt® nitrides may be more active for
ammonia decomposition than platinum based cataly@t@ma investigated the high
temperature kinetics of ammonia decomposition owabic VNI®*®" This study
highlighted that vanadium nitride exhibited simitehaviour to molybdenum and tungsten
nitrides for ammonia decomposition. Besides stidier ammonia synthesis and
decomposition, vanadium nitride has also been shbwiThompsoret al,**® to be active

for the dehydrogenation of butane.

3.2.3.1 Reaction Data.

Previous literature has suggested that vanadiumdeithas a higher activity towards
ammonia synthesis than either of its neighbourirgaimitrides, TiN and CrN, at elevated
pressures and temperatuf@d. This was also observed in the current ammoniaymtish
study conducted at ambient pressure and’@)@nd the conductivity versus time plots for
VN are presented in Figure 3.2-4.
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Ammonia synthesis VN
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From Figure 3.2-4, it can be seen that after al®9@utminutes on stream under a/lNb
atmosphere the reaction exhibits an apparentlylgtstate synthesis rate. However it can
also be observed that under @A environment there too is a relatively steadgrdase in
the conductivity with time. However, in this caasetivity appears to drop off after 5.5 h
and very little additional ammonia is produced raftieis period. Hence an extended
reaction time run (as shown in Figure 3.2-4) wagemtaken so as to distinguish whether or
not catalytic ammonia formation occurs under AN\ atmosphere, as up until 5.5 h this
could still be ambiguous. For most other metaidetsystems investigated a sharp drop in
the conductivity has been observed within the f88t minutes on stream, which may
possibly be attributed to the removal of looselyd surface Nklspecies. In the case of
VN, however, it is apparent that there is not taea sharp drop in conductivity but rather
a gradual decrease. It may be the case that, dseleasalluded to by King and Sebba,
surface species are removed before being replackdlk nitrogen diffusing to the surface
which eventually ceases in leading to loss of @gtivConversely in YN, the surface
nitrogen which is hydrogenated can continuouslydmaced from the nitrogen in the feed
gas and steady state conditions can be maintairfdte ammonia production rates for VN
under H/Ar and H/N, at 400°C are presented in Table 3.2-4.
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Sample and Reaction Conditions NSynthesis Rataunol h* g)
VN, 400°C (Hy/N,, 0-0.5 h) 08

VN, 400°C (Hs/N,, 0.5-1.5 h) 24

VN, 400°C (Ha/N,, 1.5-8 h) 40

VN, 400°C (Ho/Ar, 0.0-0.5 h) 85

VN, 400°C (H./Ar, 0.5-1.5 h) 49

VN, 400°C (Ho/Ar, 1.5-5.5 h) 31

VN, 400°C (H,/Ar, 5.5-8 h) trace

Table 3.2-4 Ammonia production rates of VN under bo  th H,/Ar and H /N, at 400 °C.

As for TiN, studies under #Ar were also conducted using the same temperatump
profile as previously described. The ammonia pectida rates for each temperature are
guoted in Table 3.2-5.

Reaction Temperature and Time NSlynthesis Rataumol h* g%
400°C (0-0.5 h) 84
400°C (1.0-4.5 h) 38
500°C (4.5-5.0 h) 31
500°C (5.0-6.0 h) 9
600°C (6.0-7.5 h) 40
700°C (7.5-9.0 h) 27

Table 3.2-5 Ammonia production activity of VN under H,/Ar as a function of increasing
temperature.

3.2.3.2 Nitrogen Analysis.

From comparison of the pre- and post-reaction Nyai® it is evident that there is a
significant loss of nitrogen from the samples upeaction under both #N, and H/Ar.
However, it is notable that the extent of nitrodess appears to be relatively independent
of the reaction conditions. Whilst the loss ofidr the sample reacted isothermally with
Ho/Ar at 400°C is greater than that of the correspondingN4l reaction, as might be

expected, the influence of employing the tempeeaprogramme up to 70T (using the
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temperature profile shown for TiN in Figure 3.2&)pears rather limited. Whilst the
nitrogen content in the temperature-programme@iHsample is lower than its isothermal
counterpart, the difference is relatively smallheTloss observed has been compared with
that calculated on the basis of ammonia productigperiments and it was found that
around 1.8 % of the total nitrogen lost, as fougdHIN analysis, formed ammonia in the

Ho/Ar experiments.

Calculated

N . Pre-Reaction Post-Reaction
Stoichiometric

Sample and Reaction Conditions N content N Content N Content
(WE.%) (wt.%) (wt.%)
VN (H/N,) after 6 h at 406C 21.55 18.39 14.88
VN (H/Ar) after 6 h at 406C 21.55 18.39 14.15
VN (H2/Ar) using temperature profile as 21.55 18.39 14.06

shown in Fig. 3.2-2

Table 3.2-6 Nitrogen content of VN samples pre- and  post-reaction.

3.2.3.3 XRD Patterns.

From XRD, all samples were confirmed to be cubic, Witching JCPDS file number 00-
035-0768. Post-reaction XRD analysis again ilatss that the VN undergoes no phase
change under #N,. However, as with TiN, traces of an oxide, (in stiehse YO3) are
present in the post #Ar (700 °C) reaction sample, as highlighted in Figure 3.2rd
indicated by small stars. It is known that theyetransition metals are sensitive towards
oxygen, and readily react to form their oxides.ddscussed, this oxidation may occur on
discharge of the material, which could be a resthe sample becoming more reduced at
the higher temperatures, employed during the teatper programmed #Ar reactions,
causing the material to subsequently become marsitse towards oxygen and hence

increasing susceptibility towards oxidation.
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Figure 3.2-5 Pre- and post-reaction XRD patterns of VN under H ,/N, and H,/Ar (700 °C) gas
mixtures. ¥indicate V ,0; reflections. (JCPDS 00-035-0768 VN).

3.2.4 CrN.

Like titanium nitride (section 3.2.2), chromium mde is considered to have properies
similiar to refactory metals, such as hardnessrasitance to corrosion, and it has been
investigated as a replacement for TiN for use asigs on steel cutting and drilling tools
due to its stability**>**? Chromium nitride is one of the more difficult nitds to prepare
and is not readily synthesised from the oxide mmsmu Much of the literature
surrounding preparation techniques concentrate owmamety of vapour deposition
techniques, such as magnetron sputtering, vacuumewaaporation and reactive ion
plating*%2%! various phases of CtNsuch as GN and CrN can be observed using these
deposition techniques and their formation is depahdn the partial pressure of the
reactive nitrogen gas. In comparison, preparatfochromium nitride by ammonolysis is
less well documented. Herle and co-workers reported synthesis of CrN by
ammonolysis of a chromium sulfide precursor,8y and it was shown that a pure phase
nitride could be synthesised under a flow of N\¥4s at 725C for 12 hours'®® More
recently Zhanget al, discussed the effects of temperature and timthemorphology of
chromium nitride prepared using a chromium halidecprsor and ammonia g&%"' It
was concluded that as the nitriding temperatuiedseased from 508C to 800°C larger
particles form and this effect was also observedctur when the nitridation duration was
increased (in the range of 2-5 hours). The catalgerature on CrN is very sparse, with
the bulk of the literature concentrating on matepeoperties and novel preparation

techniques. Despite this, Lotz and Sebba investijdahis material as an ammonia
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decomposition catalyst, along with the other fisiv transition metal nitrides, and its

activity was found to be minim&f"
3.2.4.1 Reaction Data.

As can be seen from Figure 3.2-6, the decreasenductivity does not follow the same
pattern as has been previously observed, withase of nitrogen being somewhat erratic
under both feed streams. During the first 30 n@subn stream, there a drop in
conductivity, in both instances. However beyonid time, there does not appear to any
consistency to the conductivity observed, althotlgh general trend is a decrease. It is
apparent that in both instances very little ammanroduced. At most only 0.7 % of the
lattice nitrogen contributes to the formation ofmania in the case of the fAr feed.
Similar ammonia production was observed in dupdiddi/Ar and H/N, studies with a
maximum difference in each conductivity readingl6fuS/cm and 6 uS/cm respectively,
which are represented by error bars in Figure 3.2A8 the production of ammonia is
somewhat unstable, it has not been possible taleédcthe ammonia production rates in
the same manner as has been for materials, forgason only the ammonia production

rates for the first 30 minutes on stream are ptesein Table 3.2-7.

As can be seen, the rates foyMp that are presented in Table 3.2-7 are comparalteat
of vanadium nitride within first 30 minutes on stne. However beyond this initial phase,

the two systems behave differently.

Ammonia synthesis CrN

—a— H2/Ar ——H2/NZ2

1000

975

950

925

Conductivity (p Siemens/cm)

900

0] 1 2 3 4 5 6
Time (hours)

Figure 3.2-6 Comparison of conductivity for CrN amm  onia production using H /N, vs. H,/Ar
at 400°C (error bars of +10 pS/cm H ,/Ar and + 6 uS/cm H ,/N,).
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Sample and Reaction Conditions NSlnthesis Rataumol h* g%
CrN, 400°C (Ho/Na, 0-0.5 h) 86
CIN, 400°C (Hy/Ar, 0-0.5 h) 36

Table 3.2-7 Ammonia production rates of CrN under b oth H ,/Ar and H /N, at 400 °C.

It may be anticipated that chromium nitrides wolitve activity rates comparable to either
molybdenum or tungsten nitride, since Cr, Mo andaW¥ from the same group in the
periodic Table. This is not the case. Even ap&natures up to 70 in the temperature
programmed studies employing/Ar, very little ammonia production is observed wi
total of ca. 1% of the total nitrogen, as determined by CHNIgsig being lost as
ammonia. The ammonia production rates at varioosston stream are presented in Table
3.2-8.

Reaction Temperature and Time NSlynthesis Ratqunol H' g%
400°C (0-0.5 h) 27
400°C (1.0-4.5 h) 24
500°C (4.5-5.0 h) 36
500°C (5.0-6.0 h) 18
600°C (6.0-7.5 h) 5
700°C (7.5-9.0 h) 2

Table 3.2-8 Ammonia production activity of CrN unde  r H,/Ar as a function of increasing
temperature.

3.2.4.2 Nitrogen Analysis.

As can be seen in Table 3.2-9 there is a largeedserin the post-reaction nitrogen
content, with a loss of almost 13-14 wt. % in eaaBe. When this is compared to the
calculated amount of total nitrogen lost as ammg@raal%) it is evident that the nitrogen
lost is in a form which does not manifest itselfarchange of conductivity of the,8l0O,
solution. It is most likely that loss occurs as Nn this instance it is particularly curious
that this amount of nitrogen has been lost fromslystem, when it is considered that CrN
is supposed to be a thermally resistant matemal, @ven when compared to TiN where
only a small decrease in the nitrogen content genked. However this was reproducibly

found to be the case.
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Calculated , .
_ N Stoichiometric Pre-Reaction Post-Reaction

Sample and Reaction Conditions N Content N Content

N content (Wt.%) (Wt.%)

(wt.%) ' '

CrN (H2/Ny) after 6 h at 400C 21.21 19.66 6.57
CrN (H/Ar) after 6 h at 406C 21.21 19.66 5.98
CrN (H./Ar) using temperature profile as 21.21 19.89 5.60

shown in Fig. 3.2-2

Table 3.2-9 Nitrogen content of CrN samples pre- an  d post-reaction.

3.2.4.3 XRD Patterns.

Chromium nitride exists in two phasegCrN and B-Cr,N. with calculated nitrogen
stoichiometric values of 21.21 wt.% and 11.81 wtespectively™®® This led to
ambiguity in terms of the phases present in thé-pasction samples. Using XRD samples
were confirmed to beg-CrN, with minor reflections corresponding feCr,N reflections
which are present in both the starting phase amgaist H/Ar reaction sample (as indicted

by stars in Figure 3.2-7).

It is interesting to note that these peaks areoheérved in the post-reaction/N, sample.
Given the large, and reproducible, nitrogen lossifthese samples it would be anticipated
that there would be shifts in the position of tlestpreaction reflections. If crystalline Cr
metal was formed reflections would be anticipateddcur at 39, 44°, 49°, 57° 67° and
71° 20. Furthermore, if oxidation occurred upon discleaaf these samples from the
reactor it is probable that chromium oxide phasesld be evident. The origin of this

apparent discrepancy is not clear.

In both post HHAr and H/N; reaction samples, there is evidence of a broaeatsfin
between 17 and 28° 20, which is not observed in the pre-reaction XRD johcould
potentially be an amorphous material and may empthe reason for the significant
difference in nitrogen contents between the prel post-reaction samples. However its

intensity is very low.
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Figure 3.2-7 Pre- and post-reaction XRD patterns of ~ CrN under H ,/N, and H,/Ar gas mixtures.
(JCPDS 003-1157 CrN) B-Cr,N isindicated by a (

3.2.5 B'M02N0.78-

Of the binary nitrides reported in the literatuneglybdenum and tungsten nitrides have
been studied in the greatest depth in terms of ttealytic applications. Molybdenum
nitride is well recognised as a catalyst for amracsynthesi§€® Latterly most catalytic
interest in nitride materials has largely arisee thuthe easily accessible synthesis of high
surface areg-Mo,N by means of temperature programmed ammonolysianobxide
precursor, as first reported by Volpe and Boufatf” High space velocities of ammonia
and carefully controlled temperature ramp rates areimportant requirement in this
method. These specific parameters are thoughe sidmificant in achieving high surface
area materials by reducing the partial pressukeadér generated from the oxide precursor,
which is understood to reduce the surface areahefrbaterial through hydrothermal
sintering, and to control the extent of thermategimg at crucial stages of the temperature
proces$®? Wise and Markel demonstrated that high surface wida,N could also be
prepared using #N, mixtures, rather than NH by applying similar conditions as
described by Volpe and Boudart, involving contrdlieemperature ramp rates and high
space velocitie§! Wise and Markel compared both nitridation methadd concluded
that, in terms of industrial applications, applicatof a H/N, gas mixture is favoured with
respect to Nkldue to the problems associated with heat transteewated temperatures in
the latter case. Although Wise and Markel repaorttee synthesis ofMo,N under H/N,
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mixtures, other studies which have also adoptesdgpproach have shown tiffaMo,Ng 7s
(which can also be prepared by partial decompasitiby-Mo,N at temperatures above
800 °C in an inert atmosphef&)*® is the resultant phase. Although there are
discrepancies in terms of the phases which aretegpasing this route, it was this method
which was applied for the preparation of bulk arapet molybdenum nitrides in the

current study, as described in the experimentdisec

Molybdenum nitride has been investigated as a piateratalyst for a range of different
reactions including CO hydrogenation, ammonia s3%i8) hydrotreating and amination
reactions and has been reported to display simétalytic activities to the platinum group
metals. Thompson and co-workers have demonstrhtadatrange of early metal nitrides
are active for ethanol amination and also repottet molybdenum nitride is more
selective than Ni/Si@ for the production of di- and tri-ethylamiff€. Although
molybdenum nitride has been studied in great detadst catalytic applications have
generally focused on theMo,N phase whilst other phases suchpaglo,Np7s and 6-
Mo2N have not been studied to the same exfg&Mlo,Ng s is the only phase which is
examined in this study. As well as being relagvehsy to prepare, inspection of the Mo-N
phase diagram shows that variable stoichiometry fmaypossible and a number of
different stoichiometries have been repoftéd. Therefore, it is arguable that this phase
could be of more interest than the more commonhestigatedy-MozN, in terms of the
objective of this study. Studies of the effechdtal dopants upon de-nitridation have also
been conducted. These include Fe, Cu and Bi & atl % loading. Previous studies have
indicated that addition of low level metal dopantay have an effect on the morphology
and the de-nitridation characteristitd) The metals which are employed as dopants in
this study have either been found to be activeafomation reactions or to activate the C-H
bond in hydrogen abstracti€fi®*"!

3.2.5.1 Reaction Data.

From previous investigations by Mckayal, it is known that the beta phase is active for
ammonia synthesf&” Figure 3.2-8 presents a typical conductivity usréme plot which

was obtained for the undopgeMo,Ny 7s phase.
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Ammonia synthesis B- Mo,Ng 75
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Figure 3.2-8 Comparison of conductivity for B-Mo,Ng 7 ammonia production using H /N, vs.
H,/Ar at 400 °C.

From Figure 3.2-8 it is evident that ammonia prdidunc occurs ovei-Mo,Ng.7g under

H./N, and it would appear that steady state conditioageached beyond 1.5 h on stream
Figure 3.2-9 highlights that the addition of medalpants has little effect on the rate at
which ammonia is produced, although it appears Bigberhaps hinders the synthesis
slightly and that iron perhaps enhances it slighilgble 3.2-10 provides the ammonia
synthesis rates for the above conductivity vergus plot and comparable data for doped

samples can be found in Table 3.2-11.

Sample and Reaction Conditions NSlynthesis Rataumol h' g%
B-M02No 7 400°C (Ho/N,, 0.0-0.5 h) 222
B-M02Ng 75 400°C (H/N,, 1.0-6.0 h) 66
B-M02Ng 7 400°C (Hy/Ar, 0.0-0.5 h) 224
B-M02Ng 75 400°C (Hy/Ar, 1.0-6.0 h) 35

Table 3.2-10 Ammonia production rates of ~ B-Mo,Ng s under both H ,/Ar and H ,/N, at 400°C.
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Ammonia synthesis doped B-Mo,N, ;5
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Figure 3.2-9 Comparison of conductivity for B-Mo,Np7¢ and doped B-Mo,Ng7s ammonia

production using H /N, at 400 °C.

NH3 Synthesis Rataunol h* g%

Sample H2/N> Ho/Ar

0.0-0.5h 1.0-6.0 h 0.0-0.5h 1.0-6.0 h
B-Mo2No 78 222 66 224 35
1.5% Fe B-Mo2Ng 75 242 69 122 22
1.5% Cu B-Mo2Np 78 214 54 107 18
1.5% Bi /B-M02Np 78 59 50 78 6

Table 3.2-11 Ammonia production rates of  B-Mo,Ng g and doped B-Mo,Ng ;g under both H ,/Ar

and H /N, at 400 °C.

In the case of KWAr, the conductivity steadily decreases over timéjch would either

suggest that there is a ‘bank’ of reactive surfapecies which are not strongly bound or

that nitrogen species slowly diffuse out of the ahéittice at this temperature (400). It

was neccessary to determine if the metal dopaotgtied this and results are presented in

Table 3.2-12.
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NH3 Synthesis Rateufnol h* g%

Reaction Temperature

and Time B-MooN 1.5% Fe / 1.5% Cu/ 1.5% Bi/
27078 B-M0,No.7¢ B-Mo2Ng 7¢ B-Mo2Ng 7¢
400°C (0-0.5 h) 220 122 107 78
400°C (1-4.5 h) 56 32 24 36
500°C (4.5-5 h) 85 82 89 77
500°C (5-6 h) 34 38 49 43
600°C (6-7.5 h) 54 63 42 47
700°C (7.5-9 h) 7 13 11 9

Table 3.2-12 Ammonia production activity of B-Mo,Ng7s and doped B-Mo,Ng g under H ,/Ar
with increasing temperature

From these results, it is evident that the addibbmetal dopants has a relatively small
effect on the production of ammonia, with syntheates being comparable to the undoped
sample. However it is evident that the additionbegmuth hinders the production of

ammonia, despite complete removal of lattice ngro¢ps detailed below).
3.2.5.2 Nitrogen Analysis.

Table 3.2-13 indicates the pre- and post- reagtitmgen contents within the sample. As
can be seen, both the undoped and Fe-doped pitgsreaamples are consistent with the
calculated stoichiometric values; however the Cd Bn samples appear to be slightly
lower than expected. In the case of Bi it is appiathat after 6 hours at 40, under

H./Ar not all nitrogen has been removed, which iskenthe other samples studied, where

all nitrogen is apparently removed.

On examining the N, post-reaction nitrogen content, all samples hdigtl/ lower
values than the pre- reaction sample, which ih&revidence to suggest the removal of
surface species. Despite this, the Fe doped rahterly lost 0.05 wt.% N compared with
~1.5 wt.% observable in the other materials, thagil suggest that under.Ml, reaction
conditions molybdenum nitride doped with Fe couloreresistant to hydrogenation of the
nitrogen in the metal lattice. It may also be tlhse that the Fe facilitates a nitrogen spill
over effect, replenishing nitrogen loss from the lyhdenum nitride phase. This
suggestion is consistent with the fact that irorkm®wn to be an effective ammonia

synthesis catalyst>®-17218l
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Calculated Pre- Post-Reaction
Sample and Reaction Conditions Stoichiometric - Reaction N N Content

N content Content (Wt.%)

(wt.%) (Wt.%)

B-M0o,Ng 78, (Ho/N) after 6 h at 406C 5.38 5.58 3.83
B-Mo2No 75 (Ho/Ar) after 6 h at 406C 5.38 5.58 0
B-Mo2No 78 (H2/Ar) using temperature 5.38 5.58 0
profile as shown in Fig. 3.2-2
1.5% Fe B-Mo2zNo 7s, (Ho/N>) after 6 h at 5.38 5.31 5.26
400°C
1.5% Fe B-Mo2Ng 75 (Ho/Ar) after 6 h at 5.38 5.31 0
400°C
1.5% Fe B-Mo2No 75 (H2/Ar) using 5.38 5.31 0
temperature profile as shown in Fig. 3.2-2
1.5% Cu B-Mo2Ng 75, (Ho/N>) after 6 h at 5.38 4.39 3.14
400°C
1.5% Cu B-Mo2zNo.7¢, (Ho/Ar) after 6 h at 5.38 4.39 0
400°C
1.5% Cu B-Mo2Ng 75 (H2/Ar) using 5.38 4.39 0
temperature profile as shown in Fig. 3.2-2
1.5% Bi /B-Mo02No.7e, (Ho/Ny) after 6 h at 5.38 4.66 4.17
400°C
1.5% Bi /B-M0o2No 75, (H2/Ar) after 6 h at 5.38 4.66 3.37
400°C
1.5% Bi /B-Mo02No.7s, (Ho/Ar) using 5.38 4.66 0

temperature profile as shown in Fig. 3.2-2

Table 3.2-13 Ammonia production activity of B-Mo,Ng7¢ and doped B-Mo,Ng g under H ,/Ar as
a function of increasing temperature.

3.2.5.3 XRD Patterns.

Figures 3.2-10 to 3.2-13 confirm that the nitridenfied is consistent with tH&Mo2Ng 7s

phase reported in the literature. These figures aighlight that small amounts of Mo
metal is observed as an impurity in the pre-reactaterials, which is again consistent
with previous studie%*®® After reaction in the BN, mixture, it is evident that there are

some shifts present in the post-reaction diffracpattern with respect to that determined
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pre-reaction. This accords with the reduced N exnof the post-reaction as reported in
Table 3.2-13. On the other hand in a/At environment under the temperature
programming regime employed, the nitride is comghjeteduced to the Mo metal in all
cases. In all doped systems there are no reffectmesent corresponding to metal
dopants

B-Mo,N, ;¢
—Pre — H2N2 —— H2Ar
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Figure 3.2-10 Pre- and post-reaction XRD patterns o f B-Mo,Ng 75 under H »/N, and H,/Ar gas
mixtures. (JCPDS 023-1256 B-Mo,Ng7s). Mo metal ()
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Figure 3.2-11 Pre- and post-reaction XRD patterns o f 1.5%Fe/B-Mo,Ng7s under H ,/N, and
H,/Ar gas mixtures. (JCPDS 023-1256 B-Mo,Ng7g). Mo metal ( %
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Figure 3.2-12 Pre- and post-reaction XRD patterns o f 1.5%Cu/B-Mo,Ng g under H »/N, and
H,/Ar gas mixtures. (JCPDS 023-1256 B-Mo0,Ng7g). Mo metal (%)

1.5%Bi /B-Mo,Ng ;¢

—Pre —H2N2 —H2Ar
1800 :
1600
@ 1400
§ 1200
8 1000
800 -
600 f % .'
400 J”k Jll. Jl'L
0 T T T T T |_‘)|L‘£|r M T T T "U‘?‘ T “TﬂL i
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85
2 Theta

Figure 3.2-13 Pre- and post-reaction XRD patterns o f 1.5%Bi/ B-M0,Ng 7g under H /N, and
H,/Ar gas mixtures. (JCPDS 023-1256 B-M0,Ng7g). Mo metal (%)

3.2.6 TazNs.

Tantalum nitride and tantalum oxynitride have atid considerable attention recently,
with many studies focusing on their activity forsiale light induced photocatalytic

splitting of water to produce £2°*82 Although there is a limited amount of literature
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available on TgNs regarding ammonia synthesis, there are reportamalum oxides
being utilized for these types of reactions. Stsidy Antonelli and co-workers have
investigated tantalum oxide based catalysts for aniansynthesis reactioHg!%% In one
particular study, it was found that by doping ténta oxide with ruthenium, ammonia
could be synthesised from a 3:¥MN, gas mixture, with initial activity rates comparatb
more traditional catalysts. However it was fouhdttthe activation energy for cleavage of
the N, bond was much lower for these materials being a6 of previously reported
activation energies with using standard catalystsvas suggested that reduced tantalum
metal played a significant role in splitting dimigren, in which a lower activation energy
threshold was recorded for the cleavage ¢foN the Ru/Ta oxide surface. This was not
observed for the other supports which were invatd (MgO and AlD3). Tantalum
systems have also been found to be catalyticaltiveador ammonia decomposition
reactions’®® TaNs can exist in a variety of sub-stoichiometric formsd like TiN,
subject to the nitrogen content, a series of differcolours can be obsen®d These
range from brown/black through to orange/red. @tioimetric tantalum nitride (E&ls) is

bright red when formed and this is often a goodialisndication of phase purity.
3.2.6.1 Reaction Data.

Figure 3.2-14 illustrates the conductivity versuset plot for TaNs using H/N, and
Ho/Ar. As can be observed from the plot, the ammopiaduction activities are
significantly different.

Figure 3.2-14 reports the rate of ammonia produdios TaNs under H/N, at 400°C. In
the comparable reaction, using/RAr, there is a relatively sharp initial decreasethe
conductivity of the HSO, solution. This would suggest that within the finstur on stream
there is ammonia produced. This production quickiginishes, with only a small amount
of ammonia being produced subsequently. The amapmoduction rates for s during

various time intervals on stream are given in Ta&ok14.
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Ammonia synthesis Ta;Ns5
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Figure 3.2-14 Comparison of conductivity for Ta  3Ns ammonia production using H /N, vs.
H./Ar at 400 °C.

Sample and Reaction Conditions NProduction Rateufmol h* g%
TasNs 400°C (Ho/N», 0.0-0.5 h) 366

TagNs, 400°C (Ho/N2, 1.0-6 h) 239

TagNs, 400°C (Ho/Ar, 0.0-0.5 h) 315

TagNs, 400°C (Ho/Ar, 1.0-6 h) 35

Table 3.2-14 Ammonia production rates of Ta  3Ns under both H ,/Ar and H ,/N, at 400 °C.

Further studies were conducted to assess thevigadi the lattice nitrogen with HAr as

a function of temperature and again it was fourat tipon increasing the temperature by
100 °C increments (to a maximum of 70C) ammonia production occurred in steps
associated with the temperature increases. The armarpooduction rates are presented in
Table 3.2-15.

Compared to all other systems investigated inghidy, the production of ammonia under
H./Ar is significant. However, there is a small dagof variability in the 0.0-0.5 h rates
of the two H/Ar reaction runs (406C isothermal and temperature programmed). This may
possibly arise from different concentrations offace NH; introduced during the #N;
pre-treatment procedure. Accordingly, in termshef relatively high ammonia production
rates in the absence of,Nt was especially of interest to determine thacteity of surface

NHjy versus lattice N species in this system.
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Reaction Temperature and Time NProduction Rateufnol h* g%
400°C (0-0.5 h) 300

400°C (1.0-4.5 h) 37

500°C (4.5-5.0 h) 188

500°C (5.0-6.0 h) 4

600°C (6.0-7.5h) 154

700°C (7.5-9.0h) 87

Table 3.2-15 Ammonia production activity over Ta  3Nsunder H ,/Ar with increasing
temperature.

Additional experiments were preformed to investg#ie effect of temperature on the
lattice nitrogen in an inert atmosphere and thergxto which hydrogen influenced the
ammonia synthesis. Figure 3.2-15 illustrates dystn which Ar (60 ml miff) is initially
passed over the material and the temperature raipedo 700°C using the same
temperature profile which has been previously &gbin standard lattice nitrogen studies
After this pre-treatment, the sample was cooled4® °C and the reaction gas was
subsequently switched to the/Ar mix and the previous temperature profile waplizgl.
Surface NH decomposition should occur under the Ar only getiment procedure, and
thus subsequent NHbroduction with H/Ar gives an indication of the behaviour of lattice

N species.

Ta;Ns5 Lattice Nitrogen Ar - Ar/H,
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Figure 3.2-15 Conductivity vs. Time plot for Ta  3Ns studying effects of temperature and H , on
lattice nitrogen removal. Feed gas switched from A rto H,/Ar at 9 h on stream.

Figure 3.2-15 details an experiment in which terapee programmed Ar pre-treatment

was applied prior to cooling the sample and subsetty switching the feed to #Ar and
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repeating the temperature programmed regime. Wihiis clear that a degree of NH
production is evident in the case of Ar feed, thespnce of klresults in a much more

significant loss. This indicates the high degrektice nitrogen reacting in this sample.

3.2.6.2 Nitrogen Analysis.

The pre- and post-reaction nitrogen contents gNfare presented in Table 3.2-16, along
with the stoichiometric nitrogen content value.the case of HAr studies it is interesting
to note that although a substantial amount of gérois lost (almost 33 % at 760) only

20 % of the total nitrogen lost contributes to tbemation of ammonia. In the N, and

Ar only studies, there is only a relatively smdihage between the nitrogen content of the
post-reaction samples compared to those of thegar@ion samples. This may suggest
that only loosely bound NHspecies are removed from the surface of the nahtnid, in
the case of Ar only treatment, relatively smallslag nitrogen is in good correlation with
the conductivity versus time plot, where there myoa small apparent change in the

conductivity values.

Sample and Reaction Calculated Pre-Reaction Post-Reaction Calculated
Conditions Stoichiometric  (wt.%) (wt.%) Post-reaction
N content Stoichiometry
(wt.%)
[0}
TagNs (H2/N2, 400°C) 11.42 11.23 10.60 Thlaos
(o}
TagNs (Ha/Ar, 400°C) 11.42 11.23 7.98 Thla.ag
(o}
TagNs (Ha/Ar, 700°C) 11.42 11.23 7.83 TaNa.
TagNs (Ar -Ho/Ar,
700°C) 11.42 11.23 7.65 TaN3 35
TagNs (Ar, 700°C) 11.42 11.23 10.73 TaN4 70

Table 3.2-16 Nitrogen content of Ta 3N5 samples pre- and post-reaction.

Figure 3.2-16 (a-d) shows the different colourseobsd for the post-reaction tantalum

nitride samples.
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(a) (b)

(c) (d)

Figure 3.2-16 Post- reaction tantalum nitride sampl es (a) H,/N, 400 °C (b) Ar 700 °C (c)
Ho/Ar 700 °C (d) H2/Ar 400 °C.

3.2.6.3 XRD Patterns.

Since TaNs is bright red and the sample colour is relatedstoichiometry, visual

inspection provides a good indicator of phase puBamples which are brown or orange
in colour usually consist of an amorphous mateatontain traces of TaON. It was also
found that as heating times were increased dummg@nolysis, the nitrogen content in the
material decreased giving rise to orange or buedt products. It was shown that the
optimum heating time and temperature was ¥@or 9 hours, in relation to achieving the
desired TaNs stoichiometry, although Hendersah al have quoted that much longer

heating times should be applie®”

As can be seen from Figure 3.2-16, the colourdhefH/Ar post-reaction samples were
either burnt orange, in the sample treated at’@@r green/black when treated to 700

Although the green/black colour has not been repom the literature, it would appear
that a phase change may have occurred. Howeven, inppection of the XRD patterns, it
is apparent that the phase remains unchanged,ugtihslight alterations in reflection
widths can be observed. Nonetheless the XRD paittem accordance with previously
reported literaturé® and the phase is confirmed agNamatching to JCPDS file 019-

1291. In the case of the post/At treated sample it is apparent that there isharease
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in the intensity of the background which is coresstwith a greater content of amorphous

phase, possibly arising from the loss of N observed
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Figure 3.2-17 Pre and Post-reaction XRD patterns of = TasNs (JCPDS 019-1291) Small
reflections that are indicated by ( ) gorrespond to TaN.

3.2.7 W)N

The first reports of catalytic activity over tungst carbide were by Bohm and co-
workers$®® which subsequently led on to further studies udimgsten carbide as a
catalyst for the isomerization reaction of neo-pestto isopentar®! This reaction had
only previously been known to occur in the presarfca platinum or iridium catalyst and
led to notion that tungsten carbides may in fatiave like platinum group metdf§. Since
then, resulting primarily from subsequent studigd/blpe and Boudart, on the preparation
of high surface area materials, and the perceivdasity in behaviour of carbides and
nitrides, tungsten nitrides have been a focus wn#dbn. There is a range of literature
concerning tungsten nitride, which describes prapar techniques and the mechanical
and structural properties of the material. Tungstgnde is known to exist in two main
forms: VN, which has a cubic structure, and WN which hdssagonal structuré®®
Both phases are difficult to form, and W does maict readily with Ndirectly. However
W:N is perhaps more difficult to prepare in pure ghagith W metal often appearing as
an impurity!®®”!  Despite this, tungsten nitrides have been exgléoe a wide range of
catalytic applications including ethanol aminatith, NO reductiorf!’*® isomerisation
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reaction§ and hydrotreatinf**°*°" Like molybdenum nitride, tungsten nitride is also
known to be one of the more active nitrides for amia synthesi§*® There is currently

little evidence to suggest that tungsten nitridasehbeen utilized in a nitrogen transfer
type reaction, despite the fact that it is a goodn@nia synthesis catalyst. Studies by Knor
have investigated the effect of Pd doped tungstemitogen dissociatioh?® In that

work, it was proposed that Pd would prevent thengirbinding between tungsten and
nitrogen and thus make it possible to react thiEasemitrogen species more easily at room

temperature.
3.2.7.1 Reaction Data.

As stated above, tungsten nitride is documentedtfoammonia synthesis capabilities.
Ammonia synthesis under essentially steady statditons was apparent undeg/N, at
400 °C as shown in Figure 3.2-18. Under @At feed gas, as expected, there was an
initial decrease in the conductivity of which wd®s lived and after 90 minutes little or
no ammonia is observed. Figure 3.2-18 comparesathigity of Wo,N under both feed

streams, whilst the corresponding ammonia prodocttes are presented in Table 3.2-17.

Ammonia synthesis W,N
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Figure 3.2-18 Comparison of conductivity for WN amm  onia production using H /N, vs. H,/Ar
at 400 °C.
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Sample and Reaction Conditions NProduction Rateufmol h' g%
W:N, 400°C (Ho/N2, 0.0-0.5 h) 84
W,N  400°C (Ho/N5, 1.0-6.0 h) 60
W>N, 400°C (H./Ar, 0.0-0.5 h) 66
W.N, 400°C (Hy/Ar, 1.0-6.0 h) 12

Table 3.2-17 Ammonia production rates of W ,N under both H ,/Ar and H ,/N, at 400 °C.

Further experiments were conducted to remove retroffom within the lattice as a
function of temperature, under,#r. The results are presented in Table 3.2-18s It
apparent that the rate of ammonia production deeseas the reaction proceeds, although
there is a further burst of ammonia produced aftemperature increase to 800 before
ammonia production ceases completely. It may lssipte that this additional burst of

ammonia is a result of more strongly absorbed acerfNH species desorping from the

material.

Reaction Temperature and Time NProduction Rateufnol h' g%
400°C (0.0-0.5 h) 66

400°C (1.0-4.5 h) 24

500°C (4.5-5.0 h) 35

500°C (5.0-6.0 h) 18

600°C (6.0-7.5 h) 74

700°C (7.5-9.0 h) 2

Table 3.2-18 Ammonia production activity over W ,N as a function of increasing temperature
under H »/Ar.

3.2.7.2 XRD Patterns.

As discussed earlier, tungsten nitride can occuuag WaoN or as hexagonal WN phases.
The samples prepared in this study correspondemlitcc WoN. Again under N2 no
shift was observed in the post-reaction sample’DXpattern. However, under,Hr,
tungsten nitride undergoes a partial decompositidth W metal reflections, as indicated

by a star in Figure 3.2-19, being evident. Thisasnewhat expected due to the similar
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nature of tungsten and molybdenum nitrides, wheraptete reduction op-Mo,Np.7s to
Mo was observed. The observed reflections areicpéatly broad which would be

indicative of materials with high surface area aady small particle size and/or disorder.
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Figure 3.2-19 Pre and Post-reaction XRD patterns of  W,N (JCPDS 025-1257 W,N) W metal
reflections are indicated by ( )%

3.2.7.3 Nitrogen Analysis.

The N content in the pre-reaction sample is almdatible that of the calculated
stoichiometric value, and would suggest that pesh&N (7.07 wt.% N) is formed instead
of W,N. However, the XRD reflections correspond to thos8/,N. Another explanation
for the high nitrogen content may be that a lang@ant of loosely bound NHspecies is
present on the surface of the material. It is @vidhat there is a loss of nitrogen from the
material after reaction and it is also evident thate is less nitrogen in the samples treated
with Hy/Ar than those exposed to,M,. If the excess nitrogen content is a result of
surface bound NK reactions could be undertaken with longer timestoeam to enhance
depletion.  Furthermore, the similarity between tRecontent values between the
isothermally reacted and temperature programmedgleanunder KfAr suggest that the
influence of higher temperature reduction is midimén addition, the occurrence of W
metal in the post-reaction XRD pattern indicatest tbss of lattice N does occur to some
extent. Comparison of the production of Niith the loss of nitrogen indicates that only
7 % of the total lost nitrogen, as determined byNC&halysis, results in the formation of

ammonia.
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Calculated , .
_ N Stoichiometric Pre-Reaction Post-Reaction
Sample and Reaction Conditions N Content N Content
N content (Wt.%) (Wt.%)
(wt.%) ' '
W-N (HJ/N,) after 6 h at 406C 3.66 6.13 5.62
W.N (H2/Ar) after 6 h at 406C 3.66 6.13 4.24
W:N (H2/Ar) using temperature profile
3.66 6.13 4.18

as shown in Fig. 3.2-2

Table 3.2-19 Nitrogen content of W ,N samples pre- and post-reaction.

3.2.8 Summary of Early Transition Metal Nitrides.

Tables 3.2-20 and 3.2-21 give a summary of thédesrinvestigated so far in this chapter.
Ammonia production rates under selected conditemespresented in Table 3.2-20 whilst
Table 3.2-21 presents the nitrogen content pre-pastireaction of each material as well
as the surface areas of the pre-reaction mate@alution must be exercised in the latter
respect since materials may be air sensitive arilesareas measured may not correspond

to those exhibiteth-situ

3.2.8.1 Summary of Ammonia Production Rates.

It is apparent from Table 3.2-20 that the ammon@dypction rates during the initial 30
minutes on stream, for samples treated under bgfk,Fnd H/Ar, are higher than those
observed between 1-6 hours on stream. As prdyidiscussed this initial high ammonia
production rate may be attributed to the removdboely bound surface NHpecies. In
the case of TiN and CrN it was observed that afterintial 30 minutes on stream that very
little or no ammonia was produced with further hé&&atment, indicating that these
materials do not lose nitrogen from the metaldattit temperatures at or below 2DGnd
may therefore be unsuitable for the envisaged grocét is also evident that I has a
much higher ammonia production rate undeiN- reaction conditions, when compared to
the other materials investigated in this sectidviost of the materials investigated in this
section, with the exception of TiN and CrN, exhidinost steady state ammonia synthesis
conditions under kN, at 406C, the target temperature for the target processwall be

investigated further in subsequent chapters.
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NH; Production Rateyfmol h' g%

Material Ha/N, 400°C 1-6 h  H/N, 400°C, 0.5h  H/Ar 400°C 0.5 h
TiN - 152 183
VN 40 08 85
CrN - 86 36
B-M0ozNo 78 66 222 224
Fe/B-Mo,No 7 69 242 122
Cu/B-MozNo 78 58 214 107
Bi/ B-Mo2No 75 50 59 78
TaNs 239 366 315
W-N 60 84 66

Table 3.2-20 Summary of NH 3 production rates for the early transition metal nitride
materials.

3.2.8.2 Summary Pre/Post-Reaction N Data and Surfac e Areas

Nitrogen Content (wt.%)

BET
Material itrjer;ace Calculated Pre- (PI_? 7233 action Egztc-tion
(mPg?) Stoichiometric reaction 70%’C (H2/N2)
400°C
TiN 116 22.63 19.74 18.45 18.66
VN 39 21.55 18.39 14.06 14.88
CrN 53 21.21 15.40 5.60 6.57
B-Mo2Np 78 8 5.38 5.58 0 3.83
Fe/B-Mo2Ng 78 10 5.38 5.31 0 5.26
Cu/B-Mo2Ng 78 5 5.38 4.39 0 3.14
Bi/ B-Mo2Ng 75 4 5.38 4.66 0 4.17
TagNs 8 11.42 11.23 7.83 8.40
W;2N 76 3.66 6.13 4.18 5.62

Table 3.2-21 Summary of pre- and post-reaction nitr ~ ogen content, and surface area of pre
reaction samples for the early transition metal nit ride materials.
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3.3 Later Transition Metal Nitrides

3.3.1 Introduction to Later Transition Metals.

When compared to the nitrides of early transitiogtats, nitrides of Groups VII —X have
been far less well studied. This may possibly thebated to the fact that these nitrides
have very poor thermal stability and mostly decosgpto the corresponding metal at
relatively low temperatures. For this reason, #terltransition metal nitrides have found

limited application.

It is perhaps only within the last two decades thate has been a resurgent interest in
these materials due to their potential applicatiothe microelectronics industry and also
for use in optical and magnetic storage devices. these materials are becoming more
extensively studied in terms of their structuradl @hectronic properties, an increase in the
catalytic literature is becoming available. Fomewle only recently it was documented
that cobalt nitrides have been found to be cataifti active for CO oxidation and NO

decomposition reaction&:*%

On the other hand some nitrides investigated mghction, such as ¢ ReN, have long
been recognised for their catalytic activity. Téesaterials have been documented to be
active for dehydrogenation reactiéfid ammonia decompositidit® ammonia synthesis
7 and co hydrogenatio[ﬁg.’s' 199]

3.3.2 Fe)N.

Iron has been well documented as an ammonia systiasalyst, with initial reports
reporting ammonia formation over iron at atmosphpressur&®*2°!! This was confirmed
in the work of Haber. Further work by Mittasch kedthe discovery of a doubly promoted
iron catalyst, which was significantly more actigad this was subsequently put into
commercial operation for ammonia synthesis, whieremains the catalyst of choice. One
of the key ideas behind the development of the icatalyst was the formation of a

metastable iron nitride intermediat&2%!

The iron-nitrogen system has received consideraiention not only for catalytic

purposes but also for magnetic storage devicedangse within the coating industiy*

2091 Binary iron nitrides are classified as interstitedmpounds and a wide range of
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different phases are known, with the first phasgdim of iron nitrides being documented

by Goodeve and Jack, as presented in Figure 8%$3
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Figure 3.3-1 Iron nitride phase diagram.

Goodeve and Jack also investigated the evolutiantaigen from iron nitrides in order to
determine their structure.n this investigation, it was demonstrated thanimitrides
undergo phase transitions upon increasing temperand decompose from fReor FeN
into lower phases such as,Ne as N is eliminated from the metal lattice. Despite the
phase transformation associated with the loss todbgen, it was found that the relative
positions of the Fe atoms in the crystal latticea@ unchanged although distortion occurs
due to the rearrangement of the nitrogen atomsadtiition, it was reported that between
250°C and 450C, ammonia was evolved from the decomposition efitbn nitride under

hydrogen, which is of obvious relevance to the enirstudy.

Iron nitrides appear to be promising candidatesnfoogen transfer reactions, due to the
fact the nitrogen is evolved from the metal lattiae the temperatures of interest.
Furthermore the nitride can be prepared directiynfthe Fe metal and it would therefore

be possible to renitride reduced phases.

3.3.2.1 Reaction Data.

As previously mentioned, Fe based catalysts areetly used in commercial ammonia
synthesis. It was therefore expected that thél Fepared in this study would exhibit
production of ammonia as was observed und#lHand H/Ar and shown in Figure 3.3-

2.



Anne-Marie Alexander Chapter 3 68

From Figure 3.3-2 it is evident that the reactioofite for FeN follows a similar trend to
that which was previously observed in some of thdyetransition metal nitrides as
discussed in section 3.2. Under both reaction gabkese is a sharp initial decrease in
conductivity, indicating the formation of ammoniaiedto loosely bound surface NH
species, which occurs for the first hour on stredrhis subsequently tails off in the case of
H./Ar. The ammonia production rates for,Reat 400°C for the reactions underfr and

H./N, are presented in Table 3.3-1.

Ammonia Production Fe,N
—+—H2/Ar —a—N2/MH2

1000
950
900
850
800
750
700 . . . T T T T T T T T .

Conductivity (uSiemens/cm)

Time (hours)

Figure 3.3-2 Comparison of conductivity for Fe ;N ammonia production using H »/N, vs. H,/Ar
at 400 °C.

Sample and Reaction Conditions NProduction Rateufmol h' g%
FeN, 400°C (H/N,, 0.0-0.5 h) 213
FeN 400°C (Hy/Na, 1.0-6.0 h) 47
FeN, 400°C (Hy/Ar, 0.0-0.5 h) 170
Fe:N, 400°C (HJ/Ar, 1.0-6.0h) 17

Table 3.3-1 Ammonia production rates of Fe  ,N under both H ,/Ar and H /N, at 400 °C.

Table 3.3-1 shows the rates which were attainedttferproduction of ammonia under
H./Ar using the temperature profile in Figure 3.24Ris apparent that the rate of ammonia

production decreases as the reaction proceeds.
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Reaction Temperature and Time NProduction Rateufnol h* g%
400°C (0.0-0.5h) 170

400°C (1.0-4.5 h) 77

500°C (4.5-5.0 h) 67

500°C (5.0-6.0 h) 13

600°C (6.0-7.5 h) 15

700°C (7.5-9.0 h) 7

Table 3.3-2 Ammonia production activity over Fe  ,N with increasing temperature under H  ,/Ar.

3.3.2.2 Nitrogen Analysis.

Inspection of the data presented in Table 3.3-Jliglyts that more than half of the
nitrogen is removed from the sample in the cas¢hefH/N, reaction and almost two
thirds in the case of ##Ar at 400°C and at higher temperature. It is interestingdte that
at increased temperatures (maximum of Z0Punder H/Ar that the nitride has not fully
been reduced to Fe metal (as shown later). TaBl8 &lso shows that the nitride is not
stoichiometric to F&N and has a lower than expected nitrogen contknfact, the initial

N content is has a closer nitrogen content to éixgected for R which would contain
7.71 wt.%. However the powder XRD analysis suggkshat FeN was formed, Figure
3.3-3.

Calculated . .
_ N Stoichiometric Pre-Reaction Post-Reaction
Sample and Reaction Conditions N Content N Content
N content (Wt.%) (WL.%)
(wt.%) ' '
FeN (H./N,) after 6 h at 400C 11.13 8.65 3.57
FeN (Ho/Ar) after 6 h at 406C 11.13 8.65 2.43

FeN (H./Ar) using temperature profile

as shown in Fig. 3.2-2 11.13 8.59 2.40

Table 3.3-3 Nitrogen content of Fe ,N samples pre- and post-reaction.

3.3.2.3 XRD Patterns.

The reflections present in the pre-reaction sampléigure 3.3.2-2 are indicative of those
of cubic FeN, with the (100) reflection at 4320, being the most prominent. Small
reflections that correspond todephase can also be observed in the pre-reactioplea

and are indicated by blue diamonds. Numerous ateemvpre made to achieve a pure

phase material, following methods described by @wedand Jack. However this proved
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extremely difficult with resulting samples displagiadditional phases, hamely;Re FeN
and Fe metal impurities. These samples were pedpar 350, 400 and 45T over a

range of dwell periods; the samples used in thidystvere prepared at 56G for 6 hours.

The XRD patterns of the post-reaction samples deimate the different phases which are
obtained via the decomposition of the nitride. Post-reaction BN, sample contains a
mixture of iron nitride phases where;Rehas partially decomposed intosReand a small
Fe reflection can be observed af @4. In addition to this, a small shift can be obserin
the remaining F& reflections to a lower @ value indicative of increasing unit cell
volume. The reflections are also slightly broademénich may result from increased

disorder.
Fe,N
Pre H2/N2 ——H2/Ar
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Figure 3.3-3 Pre- and Post-reaction XRD patterns of  Fe,N. (Fe;N# ,FesN e, Fe,N A FeO ).

The XRD pattern of the post-reaction,/Ar sample indicates that g has partially
decomposed into a combination of the lowegN-@itride and Fe metal, as indicated in
Figure 3.3-3 by triangle and square markers repmdgt Overall the changes evident in
the post-reaction samples are small in comparigothé significant loss of nitrogen
observed for these samples. However, in this abnitels important to note that there are
amorphous backgrounds evident in all samples andehdl loss may occur from phases
not visible by XRD.
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3.3.3 ResN.

The catalytic properties of rhenium metal and tee fthenium nitride compounds that
exist have been the subject of limited studies,santhr no commercial use has been made
of the results. Most of the literature that is illde concentrates on the catalytic
properties of the metal itself, which to date haerbinvestigated for a variety of different
reactions, including dehydrogenation reactiof$, ammonia decompositidi® and
ammonia synthesi&®”! Reports of the catalytic activity of rhenium nigitiave been more
recent, with Clark and co-workers reporting ite & hydroprocessing reactions, where it
was found that R&l appears to be active for hydrodenitrogenationctieas!”
Additionally, Kojima and Aika have investigated JReas an ammonia synthesis catalyst,
comparing it with Re metal to determine whetherftirenation of the nitride is beneficial.
In that study it was shown that fReis active for ammonia synthesis with initial ate
being higher than those previously reported fopNdNV2N, VN and NbNP?' However it
was shown this activity was short lived and thadatieation occurs with time on steam.
Despite this deactivation, thought to occur dualéeomposition to Re metal, ammonia

synthesis rates were higher than those reportepluie Re metal.
3.3.3.1 Reaction Data.

Like the rest of the nitrides discussed in thigise¢ ReN is unstable and decomposes to
the metal at elevated temperatures.sNRis known to decompose above 37D and for
this reason it was necessary to investigate rhemitnae at a lower reaction temperature.
Initially H./Ar studies were conducted with increasing tempeeatto establish the
temperature at which lattice nitrogen became “aCtias illustrated in Figure 3.3-4. From
the conductivity shown in Figure 3.3-4, it can leers that ammonia is produced at 800
before reaching a plateau, as soon as the tempeiatincreased to 35 and then 40T
there is an increase in the amount of ammonia mextlu Ammonia production rates
corresponding to the conductivity versus time pkigure 3.3-4, are presented in Table
3.3-4.
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Figure 3.3-4 Conductivity data for NH 3 production over Re 3N with increasing temperature
under H »/Ar.

Reaction Temperature and Time NProduction Rateufnol h* g%
300°C (0.0-0.5 h) 930
300°C (0.5-2.0 h) 243
300°C (2.0-4.0 h) 21
350°C (4.0-4.5 h) 371
350°C (4.5-7.0 h) 101
400°C (7.0-8.0 h) 116

Table 3.3-4 Ammonia production activity of Re 3N under H ,/Ar with increasing temperature.

On conducting the above study, the standayéiHand H/N, reactions were performed at
350°C, which is the same temperature used by Aika aiihi@ in their investigation of
ammonia synthesis. In their study it was found #ta350°C ReN had an initial high
activity over the first 30 minutes, and a subseguemactivation after 2 hours on stream.
From the activity plot that is presented in Fig®&-5 there is also an initial burst of
activity during the first 30 minutes on stream watth ammonia production rate comparable
to that reported by Aika and Kojifid (initial activity 430 umol H g* at 350°C), Table
3.3-5. However in the case ob/N,, the conductivity continues to steadily decre&sag
after the 2 hours at which deactivation was preslpteported. It is also apparent that the
rate of ammonia formation is generally lower at 380as compared to 30 under
Ho/Ar. This may possibly be due to the fact thatsMidcomposition is more favoured at

higher reaction temperature.
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Ammonia Production Re;N
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Figure 3.3-5 Comparison of conductivity for Re 3N ammonia production using H »/N, vs. H,/Ar
at 350 °C.

Sample and Reaction Conditions NProduction Rateufnol h' g%
ResN, 350°C (Ho/N,, 0.0-0.5 h) 580
ResN, 350°C (Ho/N,, 1.0-6.0 h) 133
Re;N, 350°C (Hy/Ar, 0.0-0.5 h) 419
Re;N, 350°C (Hy/Ar, 1.0-6.0 h) 53

Table 3.3-5 Ammonia production rates of Re 3N under both H ,/Ar and H ,/N, at 350 °C.

3.3.3.2 Nitrogen Analysis.

As can be seen from Table 3.3-6, the pre-reactionptes are in fairly good agreement

with the calculated stoichiometric value forRe The slightly elevated values may be a

result of residual Nkspecies that are adsorbed on the surface duringegqubnt cooling
after ammonolysis of the precursor. Converselybath the H/N, and H/Ar reactions

conducted at 356C, there is only a small amount of nitrogen renranin the sample.

Likewise there is a loss of nitrogen in the santhkt underwent the temperature profile

shown in Figure 3.3-4. However this did not appgedsecome fully reduced, with almost

half of the nitrogen remaining in the sample, whidlay be due to the sample being

exposed to temperatures of 3%D and above for only 3.5 hours as compared with6the

hours in the other studies.
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Calculated . .
_ N Stoichiometric Pre-Reaction Post-Reaction

Sample and Reaction Conditions N Content N Content

N content (Wt. %) (Wt. %)

(wt. %) ' '
ResN (H2/Ny) after 6 h at 356C 2.44 2.52 0.47
ResN (HJ/Ar) after 6 h at 356C 2.44 2.52 0.32
ReN (Ho/Ar) using temperature profile

2.44 2.46 1.10

as shown in Fig. 3.3-4

Table 3.3-6 Nitrogen content of Re 3N samples pre- and post-reaction.

3.3.3.3 XRD Patterns.

The “RegN” starting material appears to be largely amorpgheith a very broad reflection
centring upon 4020. This is in accordance with the previously memio studies of Aika
and Kojima. Under kN, at 350°C for 6 hours almost total de-nitridation is apmeiye
related to the possible formation of crystalline iRetal, although there are shifts evident,
as shown in Figure 3.3-6. The,/Ar sample subjected to the temperature programme,
partially de-nitrides, as shown by the data, amdixture of Re reflections (again shifted)
and the original broad reflection is evident in thest-reaction XRD pattern which is
consistent with this observation. It should beedahat the XRD pattern of the isothermal
Ho/Ar reaction is very similar to that of the,M, sample which is consistent with its

similar post-reaction N content.

The apparent similarity in the shifts of the Re ahe¢flections between thexl, and the
temperature programed MAr samples suggests that Re-N phases of identical
stoichiometry result in each case. This could be @ the formation of RE. However,
since this phase is not included on the XRD seanthmatch database, it was not possible

to definitely match it.
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Figure 3.3-6 Pre- and Post-reaction XRD patterns o f Re3N.

3.3.4 CoyN.

The literature available on cobalt nitrides is vényited with only a few studies of GN
having been reported, and nitrogen rich,]Lacand CoN systems only being recently
investigated’>?*%%12l Much of the catalytic literature on cobalt nitridgecifically CaN,

is found in the work of Yao and co-workers, wherdnas been reported that bulk and
supported C¢N are active catalysts for NO decomposition andd@@ation!’> ¥ Little
work on cobalt nitrides which investigates the amraosynthesis properties has been
documented, aside from the early work conductedLbiz and Sebba in which the
ammonia decomposition activity of @ was examine#® Studies by Fang and co-
workers have shown that cobalt nitride can exisaige range of different stoichiometries
which undergo stepwise decomposition in the ordeNGo CgN to CaeN and ultimately
CoN %3

3.3.4.1 Reaction Data.

From the conductivity versus time plot illustrateelow, it is evident that there is a sharp
decrease in conductivty, corresponding to the fdomaof ammonia, however it is
uncertain whether this is due to reactive lattipecges or surface NHspecies, and it is
most probably a combination of both. Further dases in conductivity are very small,
even after an increase in temperture, and the towmaf ammonia effectively ceases after
1.5 hours on stream as shown in Table 3.3-7. Tdialso evident in the reactions
involving Hy/N2 and H/Ar, as shown in Figure 3.3-8.
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Figure 3.3-7 Conductivity data for NH 3 production over Co 4N with increasing temperature
under H »/Ar.

Reaction Temperature and Time NProduction Rateufnol h* g%
250°C (0.0-0.5 h) 357

250°C (1.0-4.0 h) 13

300°C (4.0-4.5 h) 4

300°C (4.5-6.0 h) 0

400°C (6.0-6.5 h) 9

400°C (6.5-8.0 h) 2

Table 3.3-7 Ammonia production activity of Co 4N under H ,/Ar as a function of increasing
temperature.

The reactions under #Ar and H/N, were conducted at 25, and follow a similar
reaction profile as observed for the/Ar reaction with increasing temperature. Thera is
sharp decrease in the conductivity, which subsetpustabilises in the first hour on stream
and little further change in the conductivity istetged, resulting in a plateau. The
decrease in conductivity is not as large as ondn@gpect from complete decomposition.
However, much of the nitrogen lost from the nitriden the form of N with 5.6 % of the

total nitrogen, as found by CHN analysis, lost forgrammonia.
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Figure 3.3-8 Comparison of conductivity for Co 4N ammonia production using H »/N,vs. H,/Ar
at 250 °C.

Sample and Reaction Conditions NProduction Rateyfnol h* g%
CosN, 250°C (Ho/N,, 0.0-0.5 h) 321

CasN, 250°C (Ho/N,, 1.0-6.0 h) 10

CusN, 250°C (Hy/Ar, 0.0-0.5 h) 477

CauN, 250°C (Ho/Ar, 1.0-6.0 h) 8

Table 3.3-8 Ammonia production rates of Co 4N under both H ,/Ar and H »/N, at 250 °C.
3.3.4.2 Nitrogen Analysis.

The pre-reaction sample contains a lower amountnitibgen than the calculated
stoichiometric value, as seen in Table 3.3-9. Hawehis material was extremely difficult
to prepare, and was constrained to very narrowhggig conditions, requiring a specific
temperature and time of formation. Even alterimgse conditions slightly resulted in Co
metal. In the post-reaction samples it was sun@iso see that some residual nitrogen
remained in the sample treated undeiNg, despite the production of ammonia apparently
ceasing during the reaction. As for the samplesteéceunder WAr, no nitrogen is detected
within the material, indicating complete decompositto yield to Co metal.



Anne-Marie Alexander Chapter 3 78

Calculated . .
_ N Stoichiometric Pre-Reaction Post-Reaction
Sample and Reaction Conditions N Content N Content

N content (Wt.%) (WL.%)

(wt.%) ' '
CasN (H2/Ny) after 6 h at 256C 5.60 3.39 0.89
CosN (Ho/Ar) after 6 h at 256C 5.60 3.09 0.00
CosN (Ho/Ar) using temperature profile 560 3.17 0.00

as shown in Fig. 3.3-7

Table 3.3-9 Nitrogen content of Co 4N samples pre- and post-reaction.

3.3.4.3 XRD Patterns.

Cobalt nitride proved more difficult to synthesidean originally envisaged and it was
found that the nitride had to be ammonolysed with20°C temperature window, and that
pro-longed exposure to ammonia resulted in decoitiposto Co metal. Yao had
previously reported the difficulties in identifyintge CaN phase from Co metal by XRD,
as the reflections are identical, which is showfrigure 3.3-9. Both the 4N, and H/Ar
post-reaction samples have decomposed into thespwnding Co metal, however it is
impossible to distinguish the Co phase from thgNCphase which is present in the pre-
reaction sample by XRD analysis and so assignnaatmade solely on the basis of CHN
data

Co,N

—Pre ——H2N2 —H2Ar

600

500

300 |
ZOO—MM
100 l

15 20 25 30 35 40 45 50 55 60 65 70 75 80 85
2 Theta

Counts

5 10

Figure 3.3-9 Pre and Post-reaction XRD patterns of = Co4N.
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3.3.5 Ni3N.

The first reported synthesis of JNi was that documented by Juza in which Ni powdes wa
treated under flowing ammonia at 4%0/*'¥ This method, however, does not generally
yield a pure phase material with unreacted Ni mietalrities often being observed. Since
then a variety of different preparation technighase been reported in attempts to achieve
a pure phase material. These include exothermlid state metathesis, synthesis in
supercritical ammonia, sputtering of nickel films Ar/N, mixed gases and also ion
bombardment of nickel thin films with Nions!?*?!® These methods require strict
synthesis conditions without which impurities froime starting materials, and or by-
products may be observed. It has been stateaittial nitride is the final interstial nitride
that forms in the 3d metals and it has been regddehave a hexagonal close packed

crystal structur&®

Nickel nitride, along with cobalt and copper nigg] has been shown to be metastable and
decompose to the corresponding metal at relatie@hytemperatures. This was highlighted
in the work of Baiker and co-workers where the el stability of copper and nickel
nitrides under different atmospheres was examféd’ These studies were conducted
after it was found that the formation of nitrides imetal catalysts severely hindered their
activity in amination type reactions. From thisdstut was concluded that BN, is stable

in an ammonia atmosphere up to around 400 Furthermore it was also reported that in a
hydrogen environment the nitride is only stable tap110 °C*? Perhaps due to the

instability of this material, it has seldom beewdstigated for catalytic applications.
3.3.5.1 Reaction Data.

As with CaN, NigN is known to decompose to the corresponding matallow
temperatures. A similar reaction profile, shownolel was obtained. However the
decrease in conductivity for BN was much more pronounced and after the first 30
minutes on stream the,80, solution required to be exchanged with a freshtswiydue

to complete consumption of:8" by reaction with the evolved NH Measurements were
subsequently continued and hence the conductwitgported in arbitrary units as seen in
Figure 3.3-10. Following this large decrease, frthActivity was minimal. Ammonia
production rates for NN under H/Ar and H/N, at 250°C are presented in Table 3.3-10.
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Figure 3.3-10 Comparison of conductivity for Ni 3N ammonia production using H »/N, vs. H,/Ar
at 250 °C.

Sample and Reaction Conditions NProduction Rateunol h* g™
NisN, 250°C (H./N», 0.0-0.5 h) 2335

NisN, 250°C (H./N», 1.0-6.0 h) 36

NisN, 250°C (Hy/Ar, 0.0-0.5 h) 2702

NisN, 250°C (H,/Ar, 1.0-6.0 h) 20

Table 3.3-10 Ammonia production rates of Ni 3N under both H ,/Ar and H /N, at 250 °C.

In the case of the temperature programmgdi-Hexperiments, NN was observed to react
in a similar manner to GN. However, as seen undep/N; and the isothermal #Ar
experiments, a significant amount of ammonia idpoed within the first 30 minutes on
stream, which quickly subsides. In the temperapmegrammed HAr experiments, a
further small burst of ammonia is observed after tdmperature is increased to 2D0
which is in agreement with previous findings, whéréas been observed that nitrogen

desorbs from nickel at two different temperatussyilar to those observed in this study.
[150, 154]
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Reaction Temperature and Time NProduction Rateufmol h' g%
250°C (0-0.5 h) 2743

250°C (1.0-4.0 h) 31

300°C (4.5-5.0 h) 36

300°C (5.0-6.0 h) 5

400°C (6.0-6.5 h) 95

400°C (6.5-8.0 h) 11

Table 3.3-11 Ammonia production activity of Ni 3N under H »/Ar with increasing temperature.

3.3.5.2 Nitrogen Analysis.

Although it is evident that all nitrogen is removigdm the pre-reaction samples during
reactions with H/Ar and H/N,, only around 31 % and 28 % of the lattice nitrogen
accounts for the formation of ammonia under th&AH(up to 400°C) and H/Ar (at 250
°C) respectively. The remainimmg. 70 % of nitrogen is thought to be lost as N

Calculated

g . Pre-Reaction Post-Reaction
Stoichiometric

Sample and Reaction Conditions N content N Content N Content
o) )
(WL.%) (wt.%) (wt.%)
NisN (H2/Ny) after 6 h at 256C 7.36 6.88 0
NisN (Ho/Ar) after 6 h at 256C 7.36 6.88 0

NisN (H./Ar) using temperature profile

as shown in Fig. 3.3-7 7.36 7.24 0

Table 3.3-12 Nitrogen content of Ni 3N samples pre- and post-reaction.

3.3.5.3 XRD Patterns.

NisN was inherently difficult to prepare. Initial attpts to prepare pure-phasesNli
following the method reported by Juza, using a dlvger and heating it under ammonia
gas for 6 hours at 45 proved unsuccessful, resulting in a mixture afeanted Ni and
NisN. 4 1t was then decided to follow a method outlinedBajker and co-workers, in
which a NiO precursor was used in temperature-piragred adsorption and desorption
studies conducted in an ammonia atmospK@rdt was reported that the formation of
NisN was observed at 35(C and by about 400C the formation and decomposition

reactions of NJN were in equilibrium. With this in mind, an-situ XRD was performed
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on NiO, although under a 6 %.,M, gas mixture, from room temperature up to a
maximum of 70°C and it was found that the NiO precursor did motf the nitride but
instead decomposed directly into the Ni metal. sSEhgtudies were repeated with ammonia
(albeit these were not conducieesitu) as feed gas. Whilst BN reflections were evident,
these were weak in comparison to those observed\ifanetal represented as stars in
Figure 3.3-11.

Ammonolysis of NiO Precursor (6h) 5600C
2800 ki ——5400C
——5200C
=0 ¥ ——4600C
2000 | % L 4500C
[
§ 1600 |]}L
8 1200 U.r’L A Hhca ik \
I | & Il ‘ (! I.
800 e L L-_ |‘ AU
h n | rl ﬁ | . J\ l\ A
400 L .;)I..JLUL J A | l— | .»\JI'\.,';.._A!]L_....;
D T T T - ‘JL T T J T IJL A

2 Theta

Figure 3.3-11 XRD patterns of ammonolysis of NiO at  various temperatures, Ni reflections
are represented by ( yother reflections correspo  nd to Ni 3N.

Ultimately NN was synthesised using a nickel chloride precurasrdescribed in the
experimental chapter, which yielded hexagonaiNNwith a relatively high nitrogen
content and only minor Ni impurities are observethie pre-reaction material, as shown in
Figure 3.3-11.

Ni3N is fully reduced to the Ni metal, as confirmedXiD, by both H/Ar and H/N,
reaction gases.
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Figure 3.3-12 Pre- and Post-reaction XRD patterns 0 f Ni3sN (JCPDS 010-0280 hexagonal
Ni3N). Ni metal reflections are indicated by ( )

3.3.5.4 SEM Micrographs.

On viewing the SEM micrographs, it was interestiognote the apparent ‘holes’ that
appeared in the post-reaction material, which hes laeen observed in studies by Kieda
and Messing??! It is thought that these ‘holes’ form by the himg of sub-surface N
occlusions. This would be a possible explanatioy wiow percentage of the nitrogen in
the material forms ammonia in the reactions. Sise-surface Nis formed, this also
implies that there is a possible structure sensitiin that the surface area to volume ratio
of crystallites may influence the amount of latteegogen which forms NH

v SpotMagn WD Bp F————— p
94 0 NiBNCI \ V50 4000x 93 0  NiSNCI

i A T G

C.)
20.0 kV 6.0 _3000x

Figure 3.3-13 SEM micrographs images a) pre-reactio n b) Post-reaction.
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3.3.6 CusN.

Recent interest in copper nitrides, motivated by [ossible applications in the
optoelectronic industry, has been documeftéd>? This material crystallizes in a cubic
anti-ReQ type structuré®>23% |n this arrangement, the copper atoms occupy tiuellmi
of the cube edges and the nitrogen atoms occupgdirers of the cell. This structure is
unusual since Cu atoms do not occupy the face esbrmnbic close packing sites. As a
result, this crystal structure has many vacantrstiteal sites and therefore it may be a
possible host to other transition metal atoms.thBithium and palladium atoms have been
reported to been successfully incorporated ints siucturé?*®#*232 These ions have a
similar size to Cu and as a result can be easitpramodated by the crystal lattice.
Previous studies performed by Moreno-Armenta andvadkers”®® demonstrated that
copper nitride has a small indirect band gap andai as a semi-conductor, however
when an extra ion is added to the lattice metéilkie behavior is observed, which is in
agreement with previous work by Hal#! This provides an interesting means of perhaps
stabilizing, or at least modifying the behavior &&wN which has a rather low
decomposition temperature. Most of the studieslihae investigated the intercalation of
other metals into the GN framework have focused on enhancing the eleatrproperties
of the material; however the focus of this studyoslevelop a nitrogen transfer reagent,
and it is relevant to point out that from otheel#ture studies copper itself is a good
aminating agent with examples being found in theemaliterature and documented in

organic synthesid®9173236.237)

3.3.6.1 Reaction Data.

Copper nitride, like rhenium, cobalt and nickelridiés, is metastable and decomposes to
the Cu metal with increasing temperature. It tieeeefollows that CeN displays a similar
reaction profile to that observed for both cobaid anickel nitrides. The ammonia
production rates for the #Ar experiment with increasing temperature are gmésd in
Table 3.3-13.
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Reaction Temperature and Time NProduction Rateufnol h* g%
250°C (0.0-0.5 h) 2109

250°C (1.0-4.0 h) 36

300°C (4.5-5.0 h) 18

300°C (5.0-6.0 h) 22

400°C (6.0-6.5 h) 9

400°C (6.5-8.0 h) 1

Table 3.3-13 Ammonia production activity of Cu 3N under H ,/Ar as a function of increasing
temperature.

As indicated in Table 3.3-13, g\ displays a high activity for ammonia productioithin
the first 30 minutes. However, as in the case@NCand NgN, this is not sustained and a
rapid deactivation of the nitride is observed. Tinast likely cause for this is complete de-
nitridation and the formation of the copper methl.the case of lN, and H/Ar studies,
conducted at 258C, a comparable plot is obtained to that of theNINFigure 3.3-14.

Figure 3.3-14 demonstrates that there is a rapidedse in the conductivity in the first 30
minutes on stream with both#Ar and H/N, feedstreams, and after approximately 1 hour
on stream this activity is no longer observed. I&@&13-14 demonstrates that between 1.0
and 6.0 hours on stream only a very small amounaramonia is produced and is
significantly lower (almost 300 x) than that prodddn the first 30 minutes of the reaction.
Despite the large drop in the conductivity valuelyal5 % of the nitrogen lost from M

can be attributed to the formation of jH
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Ammonia Production Cu;N
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Figure 3.3-14 Comparison of conductivity for Cu 3N ammonia production using H ,/N, vs.
H,/Ar at 250 °C (H,SO, solution changed after 30 minutes on stream).

Sample and Reaction Conditions NProduction Rateufnol h* g%
CwN, 250°C (Ho/N,, 0.0-0.5 h) 1732

CwN, 250°C (Ho/N,, 1.0-6.0 h) 8

CwN, 250°C (H/Ar, 0.0-0.5 h) 2350

CwN, 250°C (Ho/Ar, 1.0-6.0 h) 8

Table 3.3-14 Ammonia production rates of Cu 3N under both H ,/Ar and H ,/N, at 250 °C.

3.3.6.2 Nitrogen Analysis.

Table 3.3-15 presents the nitrogen content fourttienpre- and post-reaction samples via
microanalysis. As can be seen from the table teegaction samples correlate well to the
calculated stoichiometric values for 84 and as expected the post-reaction samples
contain no nitrogen.
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Calculated . Post-
. . Stoichiometric T &.XeaCtON o action N

Sample and Reaction Conditions N N Content

content (Wt.%) Content

(wt.%) ' (wt.%)
CwN (H2/Ny) after 6 h at 256C 6.84 6.52 0
CwsN (HJ/Ar) after 6 h at 256C 6.84 6.87 0
CwN (H2/Ar) using temperature profile 6.84 6.63 0

as shown in Fig. 3.3-7

Table 3.3-15 Nitrogen content of Cu 3N samples pre- and post-reaction.

3.3.6.3 XRD Patterns.

Like NisN, CwN was also difficult to prepare and a number ofedént synthesis methods
were attempted. Originally a CuO precursor wasiuas described by Baikéfl CuO
was treated under N, and NH at various temperatures, as indicated in Figurdsl3
and 3.3-16.

In the case of kN, the resultant material was copper coloured, whigs a visual
indication that CuO had been reduced to Cu melhlis was confirmed by XRD, Figure
3.3-15. The increasing background as a functioangjfle is due to fluorescence effects

associated with the use of a copper x-ray source.

Upon ammonolysis, as shown in Figure 3.3-16, itlear that most samples result in a
mixed phase material, with CuO, Cu andiueflections being evident. The ¢Niphase
starts to be apparent at 2, becoming more pronounced at 300 However reflections
which correspond to CuO are also present in thesgkes. On increasing the temperature
to 350 °C, these reflections disappear and are subsequesplijaced by Cu metal
reflections, which would indicate that the matedacomposes somewhere between 300
and 35(°C, and that the temperature range for synthesi&ugl is very narrow.
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Figure 3.3-15 XRD patterns of CuO reacted under 3: 1 H,/N, at various temperatures.
Reflections correspond to Cu metal.
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Figure 3.3-16 XRD patterns of ammonolysis of CuO a t various temperatures, Cu reflections
are represented by ( @ CuO reflections are repre  sented by ( A; Cu 3N reflections are
represented by ( %. These are the only reflectio  ns that can be identified with some
certainty.

Since these attempts were unsuccessful in the esistbf a single phase €N CuR, was
used as the precursor. This is undesirable talusdo the formation of HF gas on contact
with ammonia and care had to be taken to ensutalih@ecessary precautions were made.
This synthesis method was first reported by Juzehich ammonolysis of CyFesulted in

pure phase G being obtainedas is evident in the current studies presentedgnré
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3.3-17 where the pre-reaction material correspondspure phase GN (JCPDS 00-002-
1156)?%8! post-reaction reflections are characteristic oppes metal and on visual

inspection the material is copper coloured.

CugN
—Pre ——H2N2 —H2Ar
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5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85
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Figure 3.3-17 Pre- and Post-reaction XRD patterns o f CuzN. (JCPDS: 00-002-1156 Cu3N). Cu
metal reflections are indicated by ( )%

3.3.6.4 SEM Micrographs.

As for NigN post-reaction samples, ¢Nialso exhibits a change in morphology from the
pre-reaction samples. In the post-reaction samgles again very evident that ‘holes’
have developed, possibly to a greater extent theerged for the NN samples. As has
previously been stated, these ‘holes’ are thougltiotrespond with loss of nitrogen from
the material via bursting of sub-surfaced¢clusions. These types of holes are not evident
in other materials which have been investigatedartafrom NgN, and may be a
consequence of the materials being less therm@hleswhen compared to others such as
FeN and B-MooNo7s  Again this suggests that there may be a passdlhtionship
between sample morphology and the amount of fdiimed as a proportion of the lattice
N.
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Figure 3.3-18 SEM micrographs images a-b) pre-react ion Cu 3N c- f) Post-reaction Cu 3N

3.3.7 ZnzN,.

Zinc is not strictly a transition metal becausedts orbitals are completely filled in the
element and also its highest common oxidation stdts nitride, ZaN,, is generally
categorised with the Group Il nitrides, such as,BNN and GaN. ZgN, was first
synthesised by Juza and Hahn in 184@ since then haarely been studied®” Much of
the recent interest in 2N, focuses on the structure and optical and eleanoraperties of
the material and how they may be applied to optbedaic devices such as light emitting

diodes and laser diod€8>2%240 The catalytic literature on 2N, is sparse and it is
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unknown how the material will act under ammoniatlkgsis conditions, with it being
grouped with refractory nitrides which are inactiice ammonia synthesis. However it
also has similar properties to that of copper, Widecomposes to the metal at relatively
low temperatures. A structural study by Partin eagvorkers has shown that the nitrogen
atoms within ZgN, occupy two different crystallographic sites, whictay prove to be

advantageous in terms of a Mars-van Krevelen méstmdf{"

3.3.7.1 Reaction Data.

Figure 3.3-19 highlights that although there isreak decrease in conductivity during the
first 30 minutes on stream it is not the same skiagease as seen with the neighbouring
cobalt, nickel and copper nitrides. This would gest that ZgN, is more stable at 25
than the preceding nitrides. However as the teatper is increased to 40, the
reaction appears to proceed at an increased Aatanonia production rates for the below

conductivity versus time plot are presented in €&hB-16.

Lattice Nitrogen H,/Ar Zn;N,

=—t+=Conductivity =———Temperature
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Figure 3.3-19 Conductivity data for NH 3 production over Zn 3N, as a function of increasing
temperature under H ,/Ar.
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Reaction Temperature and Time NProduction Rateyfnol h* g%
250°C (0.0-0.5 h) 270
250°C (1.0-4.0 h) 46
300°C (4.0-4.5 h) 88
300°C (4.5-6.0 h) 40
400°C (6.0-6.5 h) 106
400°C (6.5-10.0 h) 162

Table 3.3-16 Ammonia production activity of Zn 3N, under H »/Ar as a function of increasing

temperature.

Following the temperature programmedAt experiments, subsequent/N, and H/Ar

studies were conducted at 4%D. It can be seen in Figure 3.3-20 that the initecrease

in conductivity, for both HYAr and H/N, reactions, is not as sharp as previously seen in

other systems. However it is apparent that unddr teaction gases, a plateau is reached -

after 2.5 hours on stream in the case giAHand around 5.5 hours in the case ofNd -

where the reaction ceases and either little or nonmania is produced. Ammonia

production rates at various time intervals in tb&ction are presented in Table 3.3-17.
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Figure 3.3-20 Comparison of conductivity for Zn 3N, ammonia production using H /N, vs.
H,/Ar at 400 °C (arbitrary units are used as the conductivity in the dilute H ,SO, solution does
not decrease below ~350 puS/cm, on reaching this poi  nt the solution was changed and
readings were continued).



Anne-Marie Alexander Chapter 3 93

Sample and Reaction Conditions NProduction Rateufnol h* g%
ZnzN,, 400°C (Ho/N,, 0.0-0.5 h) 536

Zn3N,, 400°C (Ho/N,, 0.5-4.5 h) 498

ZnzN,, 400°C (Hy/Na, 4.5 -6.0 h) 70

ZnzN,, 400°C (Hy/Ar, 0.0-0.5 h) 327

ZnzN,, 400°C (Hy/Ar, 0.5-2.5 h) 785

ZngN,, 400°C (Hy/Ar, 2.5-6.0 h) 8

Table 3.3-17 Ammonia production rates of Zn 3N, under both H ,/Ar and H /N, at 400 °C.

3.3.7.2 Nitrogen Analysis.

From Table 3.3-18 it is apparent that the pre-ieactamples have slightly lower nitrogen
contents, than would be expected from stoichiometnsN,. However these values are
comparable to that reported by Gregory and co-werkk0.91 wt.%5°! On examination

of the post-reaction material, it is evident thatt mll nitrogen is removed from the
samples, and less than half is removed from théneastion sample treated undes/IRp.
This may or may not be attributed to the fact ttit N atoms, in ZsN, occupy two
different crystallographic sites within the lattieexd it may be the case that these different

nitrogen species become active at different tentpess.

Calculated

g . Pre-Reaction Post-Reaction
Stoichiometric

Sample and Reaction Conditions N content N Content N Content
) 0,
(WL.%) (wt.%) (wt.%)
ZnzN, (H2/N) after 6 h at 400C 12.49 10.04 5.99
Zn3N, (Ho/Ar) after 6 h at 406C 12.49 10.14 2.50

ZnzN> (Ho/Ar) using temperature profile
12.49 9.46 2.29
as shown in Fig. 3.3-19

Table 3.3-18 Nitrogen content of Zn 3N, samples pre- and post-reaction.
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3.3.7.3 XRD Patterns.

The pre-reaction sample, had a relatively highogen content, however the lower than
expected nitrogen content might be attributed &opfesence of ZnO. This was confirmed
by XRD with a ZnO reflection observedat 36° 20. In addition to this a small Zn metal
impurity was detected af. 39° 20. However, the remaining reflections matched thufse
cubic ZnN,. This Zn reflection increases in intensity in fhest-reaction XRD patterns,
which would be expected in the case of decompasitibthe nitride. The formation of
ZnO is apparent in the post-reaction XRD pattennd & is more evident in the post-
reaction H/Ar sample that underwent temperature increaseu0°C. In this instance
the characteristic nitride reflection is not appér@nd the intensity of the ZnO reflection at
39° 20 increases. This may indicate that theNenphase becomes more reduced to Zn
metal upon reaction, which subsequently oxidisesiiog larger ZnO crystallites with

respect to those present in the pre-reaction sample
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Figure 3.3-21 Pre- and Post-reaction XRD patterns o f Zn,Ns. The symbols used show
characteristic reflections of Zn ;N3 (%) Zn metal ( 9 and ZnO ( g that can be clear ly identified
without ambiguity. (JCPDS 035-0762 Zn ,Ns).
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3.3.8 Summary of Later Transition Metal Nitrides.

Tables 3.3-19 and 3.3-20 give a summary of thedetrinvestigated within this section.
Ammonia production rates are presented in Tablel19,3and only the ammonia
production rates for the first 30 minutes on stream® included in the table due to the
instability of many of the materials. Table 3.3-@@sents the nitrogen content pre- and

post-reaction of each material as well as the saréaieas of the pre-reaction material.

3.3.8.1 Summary of Ammonia Production Rates.

As previously mentioned many of the materials itigased within this section are
thermally unstable and for this reason only the ami production rates within the first
30 minutes have been included in Table 3.3-19.s kvident that during the first 30
minutes on stream, BNl and CyN exhibit a significantly higher ammonia productiates

when compared to the other materials investigatéihirw this section, however as
discussed in the relevent sections (3.3.5 and Be3@ectively) this ammonia production is
short lived and ammonia production ceases withethreaterials being reduced to their
corresponding metals, under reaction conditionglatively low temperaturesa 300°C.

CoN was observed to reduce to Co metal under reactomitions, as confirmed by
elemental analysis, with no further ammonia proidmcobserved after the first 30 minutes

on stream.

As discussed in the relevent sectiongN;eReN and ZnN, exhibit ammonia production
activities, under KN, even after the initial 30 minutes on stream. tfBdse three
materials, ZgN, displayed the highest ammonia production rategeut/N, after 30
minutes on stream, followed by fReand lastly FeN. However it is also apparent that
during isothermal HAr reaction conditions, a steady decrease in tmelgctivities is also
observed for all three samples, which may suggkat these materials undergoe
decomposition rather than functioning as true amea@ynthesis reagents. This was
confirmed by elemental analysis and the resultshosvn in Table 3.3-20. This however,
may prove to be advantageous for the develpomeatrmivel nitrogen transfer reagent if
the regeneration of the material can be preformeal seperate step to that of the nitrogen
transfer process and will be discussd further iagtér 4.
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NH; Production Rateyfnol h' g%

Material
H2/N2 400°C, 0.5 h H/Ar 400°C 0.5 h

FeN 213 170
ResN 580 419
CoN 321 477
NisN 1702 2335
CwN 1732 2350
Zn3N3 536 327

Table 3.3-19 Summary of NH 3 production rates for the later transition metal nitride materials

3.3.8.2 Summary Pre/Post-Reaction N Data and Surfac e Areas.

Nitrogen Content (wt.%)

BET
Material Surface
Age_all Post- Post-
(m°g™) Calculated Pre-Reaction Reaction Reaction
Stoichiometric (Ho/Ar) (H2/Ny)
700°C 400°C
FeN 13 11.13 8.65 2.4 3.57
ResN 2 2.44 3.52 1.10 0.47
CaN 4 5.60 3.39 0 0.89
NisN 3 7.36 7.24 0 0
CwN 4 6.84 6.63 0 0
ZnzN» 1 12.49 10.04 2.29 5.99

Table 3.3-20 Summary of pre- and post-reaction nitr ~ ogen content, and surface area of pre

reaction samples for the later transition metal nit ride materials.
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3.4 Miscellaneous systems.

3.4.1 Introduction to Miscellaneous systems.

The materials which are investigated in this sechave been examined for a number of
different reasons and do not necessarily ‘fit' wiltle binary nitrides categories that have
been discussed in preceding sections. Most okthesterials, with the exception of Co-
4Re, have been reported to exhibit nitrogen trarnsfeperties. For example, M, has
recently been reported by Ley and co-workers toabeactive nitrogen source for the
transformation of ester into amidé¥! Co;MosN has recently been reported to exhibit
reversible nitrogen loss and regeneration propeHiB Re-nitridation is one of the
significant problems associated with the develognoéra novel nitrogen transfer reagent
and as CgMosN exhibits the ability to re-nitride under,as, this may have significant
advantages for commercial type processes.

In addition to this, ruthenium based systems atkided at the end of this section in order
to draw a comparison between activity rates anol @sssess how active each material is
with respect to ruthenium based catalysts, whienkaown to exhibit very high activity

rates for ammonia synthesis reactiBfig*® 242243

Magnesium nitride is a well-known solid materialigthhas been used as an additive for a
variety of different applications including ceramsyiccatalytic cross-polymerization and
hydrogen storage materials. B\ has recently applied in the formation of otheridés
such as boron nitride, scandium and lanthanumdeifi**2*! Magnesium nitride is
reported to have a similar structure to that ofczmtride. It forms an anti-bixbyite
structure where the nitrogen atoms occupy two wiffe crystallographic sité&'! As
mentioned earlier in the chapter, this may proved@dvantageous in terms of a Mars-van

Krevelen type process.

MgsN; is known to be moisture sensitive, releasing amenamen exposed to wat@ér?!

Ley and co-workers have recently demonstrated #maionia is also released from
magnesium nitride when it is reacted with othertipr@olvents such as methanol or
ethanol}*? They subsequently investigated magnesium niaiila nitrogen source for the
transformation of esters to primary amides. Theas® of ammonia from magnesium

nitride was accompanied by a color change from brawyellow-white.
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3.4.2.1 Reaction Data.

Group Il metal nitrides are generally known to Imstable in air and also when exposed to
moisture. Despite this, it was unclear how theidet would react under a JHAr
atmosphere and it was therefore necessary tolipitianduct a temperature programmed
reaction under HAr to determine the temperature range in whicltdoduct subsequent
H2/N, and isothermal WMAr reactions. From Figure 3.4-1 it is evidenttti@av levels of
ammonia are formed at 30Q. As the temperature is increased to ZD0there is a large
steady decrease in the conductivity value, whidisipes for the duration of the reaction.
This significant decrease in conductivity has neér observed in other systems which
have been subjected to temperature programmgdlr Heaction. Ammonia production
data for various phases of the reaction are predéirdble 3.4-1

Lattice Nitrogen H,/Ar Mg:N,
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Figure 3.4-1 Conductivity data for NH 3 production over Mg 3N, as a function of increasing
temperature under H ,/Ar.
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Reaction Temperature and Time NProduction Rateufnol h* g%
300°C (0.0-0.5 h) 332
300°C (1.0-5.0 h) 33
400°C (5-5.5.0 h) 157
400°C (5.5-9.0 h) 201
500°C (9.0-9.5 h) 269
500°C (9.5-13.0 h) 191

Table 3.4-1 Ammonia production activity of Mg 3N, under H ,/Ar as a function of increasing
temperature.

H./N, and isothermal HAr reactions were conducted at 40 following these results. It

is clear from Figure 3.4-2 that the resultant caniglity versus time plots for #Ar and
H./N, are comparable, with only a slight degree of wemmin the ammonia production
rates. This may be attributed to the fact thagNdgundergoes decomposition at 40D
rather than exhibiting catalytic activity. Howeydor the purposes of this study, the
evolution of nitrogen from MgN, at 400°C may be beneficial, as this is the temperature
range of interest for the target Mars-van Krevgleocess which is the main focus of this
thesis.  This study was repeated, although a longaction time of 13 hours was
investigated, with rates for ammonia production pamble to those presented in Table
3.4-2.

Ammonia Production Mg;N,
—a—H2/Ar =——H2/N2
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Figure 3.4-2 Comparison of conductivity for Mg 3N, ammonia production using H  »/N, vs.
H,/Ar at 400 °C.
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Sample and Reaction Conditions NProduction Rateyfnol h* g%
MgaNa, 400°C (Ho/N3, 0.0-0.5 h) 481
MgaNa, 400°C (Ho/N2, 1.0-6.0 h) 190
MgaN, 400°C (Hu/Ar, 0.0-0.5 h) 323
MgsNa, 400°C (Ho/Ar, 1.0-6.0 h) 226

Table 3.4-2 Ammonia production rates of  MgsN,under both H ,/Ar and H ,/N, at 400 °C.

3.4.2.2 Nitrogen Analysis.

As has been previously mentioned, Mg is sensitive to air and moisture, and as a
consequence the values obtained from nitrogen sisatyay contain some degree of error
due to the fact that the samples will have beerosag to an air atmosphere prior to
analysis.

Pre-reaction samples were used as purchased frgmaSAldrich, without any further
treatment. It is evident that there are diffeemnm the nitrogen content between the pre-
and post-reaction samples. It was found by CHNyarsathat the post-reaction isothermal
and temperature programmed/Ar experiments samples, lost around 6.9 wt.% add 9
wt.% of nitrogen respectively. Subsequent calouhst found that only 6.96 % and
11.41% of the total lattice nitrogen lost from tiespective materials could be attributed to

ammonia formation.

Calculated . Post-
. y Stoichiometric Pre-Reaction Reaction N
Sample and Reaction Conditions N N Content
content (WE.%) Content
(wt.%) ' (wt.%)
MgsN, (H2/N,) after 6 h at 406C 27.74 23.50 19.80
MgsN, (H2/Ar) after 6 h at 406C 27.74 23.50 16.59
MgsN2  (Ho/Ar) using temperature 2774 23 50 14.10

profile as shown in Fig. 3.4-1

Table 3.4-3 Nitrogen content of  MgsN, samples pre- and post-reaction

3.4.2.3 XRD Patterns.

All three samples match to that of cubic Mg, and it is apparent from the XRD patterns
that the reflections are sharp and indicative ghhyi crystalline material. There are no
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apparent lattice shifts between the pre- and pEttion samples. This was not expected
on the basis of the significant loss of nitrogersefed for these samples, as shown in
Table 3.4-3.

It is also evident in the temperature programmethHsamples’ XRD pattern that the
reflections observed at 4362° and 7820, are slightly broader than observed for both the
pre-reaction and the #N, post-reaction samples, which would suggest thateths an
increase in disorder. However, upon inspectiothefpost-reaction pattern obtained under
H./Ar it is evident that some small additional reflens are present. In addition to these,
very weak reflections can be observed at’hd 25 20. These are characteristic of
magnesium oxide (MgO) which is most likely a resoft aerobic oxidation upon

discharging the slightly more reduced material fiitwn reactor.

Mg;N,

—Pre —H2N2 ——H2/Ar
2500
2000
2 1500
=
3
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5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85
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Figure 3.4-3 Pre- and Post-reaction Mg 3N, (JCPDS 035-0778 MgsN,).

3.4.3 TiFe,Ny.

The Laves type Tikgphase has been reported to exhibit reversible gatrauptake and
loss behaviouP? Itoh and co-workers have demonstrated that intexttietTiFe,
compounds, amongst others, absorb large amoumgrofen, when heated either in an
ammonia or nitrogen atmosphere. The nitrogen takeoan subsequently be released as

ammonia upon heating under a hydrogen atmosphere.
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Similar approaches can be seen in earlier workdiww@b and Wicke, and also Biewer and
Bernasek whicllocument the use of titanium-iron nitrides for armiaosynthesi&*824°)

In the study by Schwab and Wicke, it was reporteat upon nitridation of a Cs-Cl
structured TiFe compound, enhanced catalytic dgtwias displayed. The diffraction
pattern from that study suggested that the matemated small iron particles which were
supported on a TiN matrix. However subsequentissutlave shown that this material

only absorbs a limited amount of nitrogen compavét the TiFeN, Laves phase.
3.4.3.1 Reaction Data.

Initially HJ/Ar studies were conducted with increasing tempeeatto establish the
temperature at which lattice nitrogen became “attias illustrated in Figure 3.4-4. From
this conductivity versus time plot, it is evidertat very little ammonia is produced
between the temperature ranges of 260to 400°C. On increasing the temperature to
500°C, a much larger decrease in the conductivity seoled. This is consistent with the
formation of ammonia, and is in good agreement Wit temperature at which Itoh
observed significant ammonia formation (480) by de-nitridation of TiFe Further
temperature increases to 660 and 700°C result in a subsequent decrease in the
conductivity value, with formation of ammonia padiarly occurring at 700C, as
illustrated in Table 3.4-4. The reaction was ruercan extended period as a result of the

uncertainty of the de-nitriding temperature.

Although there is very little nitrogen lost fromethaves phase Tig, material at 406C,
subsequent N, and isothermal HAr studies were conducted at this temperaturetdue
the fact that the target nitrogen transfer procgBih is the primary aim of this thesis

should occur at this temperature.
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Lattice Nitrogen TiFeN,
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Figure 3.4-4 Conductivity data for NH 3 production over TiFe ,N, as a function of increasing
temperature under H ,/Ar.

Figure 3.4-5 indicates that there is an initial rdase in the conductivity for the M,
reaction studies which is only sustained for 1.6repand subsequent ammonia production
is limited. This is also evident in the isotherrhalAr studies, where ammonia production
ceases after 3.5 hours on stream.

Reaction Temperature and Time NProduction Rateufmol h* g%
250°C (0.0-0.5 h) 130
250°C (0.5-4.0 h) 15
300°C (4.0-4.5 h) 56
300°C (4.5-7.0 h) 2
400°C (7.0-7.5 h) 19
400°C (7.5-9.5 h) 9
500°C (9.5-10.0 h) 56
500°C (10.0-12.5 h) 25
600°C (12.5-13.0 h) 84
600°C (13.0-15.0 h) 7
700°C (15.0-15.5 h) 210
700°C (15.5-17.0 h) 34

Table 3.4-4 Ammonia production activity of TiFe  ,N, under H ,/Ar as a function of increasing
temperature.
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Ammonia Production TiFeN,
—a—H2/Ar =—+—H2/N2

—
—
o
o

(]

o

o
L
-

Conductivity ( pSiemens/cm)
/T
i
2 | |
[ ]

Time (hours)

Figure 3.4-5 Comparison of conductivity for TiFe  ,N, ammonia production using H ,/N, vs.
H./Ar at 400 °C.

These results are in contrast to those documentédin in which it was found that after 1
absorption-desorption cycle 324 pmal gf ammonia was produced, albeit at £80°"

Table 3.4-5 presents the rates of ammonia formaionH,/N, and isothermal HAr

reactions

Sample and Reaction Conditions NProduction Rateyfnol h* g%
TiFeN,, 400°C (Hy/N,, 0.0-0.5 h) 135

TiFesN,, 400°C (Ha/N,, 1.0-6.0 h) 16

TiFe:N,, 400°C (Ho/Ar, 0.0-0.5 h) 67

TiFesNy, 400°C (Hy/Ar, 1.0-6.0 h) 5

Table 3.4-5 Ammonia production rates of  TiFe,N,, under both H ,/Ar and H /N, at 400 °C.

3.4.3.2 Nitrogen Analysis.

Laves phase TikBlx has been reported to exist in a variety of diffierstoichiometries
ranging from x= 0.53 to x=1.44 corresponding to44wit.% and 11.22 wt.% nitrogen
respectively. As illustrated in Table 3.4-6, thhepeaction sample has a very low nitrogen
content when compared to the possible stoichiomewiues. This may be due to the

difficulty in the preparation technique and the device of multiple phases in the
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diffraction patterns. Despite this, the matehat lost a limited amount of nitrogen and
does not completely decompose to the metal. Ailplesseason for this may lie in the fact
that TiN reflections are evident in the diffractipattern. As has been previously observed
in section 3.2.2, titanium nitride does not undesymstantial de-nitridation. Another
possibility may be that the formation of TiFe haxwred instead of the Laves TiRg

phase. This material has been reported to takalypvery small amounts of nitrogen.

Calculated Pre- Post-
. o Stoichiometric Reaction N Reaction N
Sample and Reaction Conditions N content Content Content
(wt.%) (wt.%) (wt.%)
TiFesNy (H2/N,) after 6 h at 400C 4.44-11.22 1.31 1.09
TiFesN, (Ho/Ar) after 6 h at 406C 4.44-11.22 1.31 1.01
TiFe:Ny (H2/Ar) using temperature 4.44-11.92 131 0.94

profile as shown in Fig. 3.4-4

Table 3.4-6 Nitrogen content of TiFe ,N, samples pre- and post-reaction.

3.4.3.3 XRD Patterns.

From the diffraction patterns obtained for the @ed post-reaction samples, Figure 3.4-6,
it is apparent the samples are largely amorphdimss is in agreement with the previously
mentioned studies by Itoh. However, it is alsodent there are multiple phases which
exist within the material. These correspond toeJiFiN, FeN and Fe metal and due to
the overlap of some reflections not all can be usgoously assigned. TiN and Fe metal

reflections are represented by a triangle andretgrectively, in Figure 3.4-6.

This may be further evidence to suggest the foonaffiFe. Schwab and Wicke
documented that upon nitridation of TiFe, that thiéfraction pattern suggested the
formation of small iron particles within a titaniumitride matrix?*®! It has also been found
in the work of Itoh that TiFe does not form a seaglhase material. This would be a
possible explanation as to why TiN and Fe metd&tcbns are present in the both the pre-
and post-reaction samples and may also be, in pargxplanation, as to why apparent

ammonia production rates were much lower than tiqaseéed by Itoh were observed.
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Figure 3.4-6 Pre- and Post-reaction XRD patterns of  TiFe,N, (JCPDS 015-0336 TiFe,). (Fe
metal #TiN 4

3.4.4 Co-4Re.

Aika and Kojima have recently described the synthefka bimetallic Co-Re system which
was found to be active for ammonia synth&8isThe reported rate (2371 pmot g at
350°C and 3.1 MPa) was found to be higher than thosadmver traditional ammonia
synthesis catalysts, promoted iron (Fg€KAI,O3), as well as CéMosN, for which the
rates are 2010 and 2113 umdidi* respectively, under similar conditioh®” In these
studies rhenium nitride was initially investigatex described in section 3.3.3, but was
found to be unstable above 3%Das was also reported in the findings of the curseudy.
Cobalt was added in order to improve the stabditghe material and in order to reduce
the cobalt nitrate precursor a higher nitriding pemature is employed (70C) and hence
the resultant phase is not the nitride which decusap below this temperature. Aika and
Kojima also investigated the Co-Re system as atifumaf Re content and found that
maximum ammonia synthesis activities were achievigal an 80 % Re content giving rise

to a Co-4Re catalyst.
3.4.4.1 Reaction Data.

The current study temperature programmefAHstudies were undertaken to investigate
the effect, if any, of the presence of sorbed,Nipecies on the bimetallic Co-4Re

compound. It was found that low levels of Nilere produced within the first 30 minutes
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on stream. Table 3.4-7 presents the ammonia ptioduactivity which occurred at

various points throughout the reaction.

Sorbed NHy Species Co-4Re

== Conductivity =——Temperature
1000 800

) /—f 700
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Time (hours)

Figure 3.4-7 Conductivity data for sorbed NH , species monitored as NH 3 production over Co-
4Re as a function of increasing temperature under H  ,/Ar.

Reaction Temperature and Time NProduction Rateufnol h* g%
400°C (0.0-0.5 h) 42
400°C (0.5-4.0 h) 9
500°C (4.0-4.5 h) 26

500°C (4.5-5.5 h)
600°C (5.5-6.0 h)
600°C (6.0-7.5 h)
700°C (7.5-8.0 h)
700°C (8.0-9.0 h)

o o ~ b~ ©

Table 3.4-7 Ammonia production activity of Co-4Re under H ,/Ar as a function of increasing
temperature.

The ammonia formation rate when usingMp contrasted strongly with that using/Br

as shown in Figure 3.4-8.
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Ammonia Production Co-4Re
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Figure 3.4-8 Comparison of conductivity for Co-4Re ammonia production using H /N, vs.
H./Ar at 400 °C.

Figure 3.4-8 highlights the catalytic ammonia swsik activity exhibited by Co-4Re under
H2/N,. It can be observed that there is a significamtekese in the conductivity value in
the case of the #N, reaction, consistent with the formation of ammoaial the profile

indicates a steady state reaction rate. The anarsymthesis rate which was derived from
this reaction was comparable to that reported yafand Kojima for the steady state
reaction (492 pmol hg? at atmospheric pressure and 38)°% and is presented in the
table below. The initial ammonia synthesis ratetgdan Table 3.4-8 for the reaction using
H./N, is much higher than the steady state rate, whicacigeved after 30 minutes on
stream. This increased initial rate could agaimathebuted to the hydrogenation of sorbed
NHy species generated by the ammonolysis or by thBl,Hbre-treatment. Aika and

Kojima describe the first 30 minutes of reactiondemn the same conditions as a

stabilisation period, suggesting that similar ressulere observed in the early stages of the

reaction.

Sample and Reaction Conditions NProduction Rateufmol h' g%
Co-4Re, 400C (H/N,, 0.0-0.5 h) 747

Co-4Re, 400C (H/N,, 1.0-6.0 h) 472

Co-4Re, 406C (Hy/Ar, 0.0-0.5 h) 44

Co-4Re, 400C (H,/Ar, 1.0-6.0 h) 9

Table 3.4-8 Ammonia production rates of Co  -4Re under both H ,/Ar and H /N, at 400 °C.
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3.4.4.2 XRD Patterns.

The Co-4Re starting material appears to be sliginilye amorphous than the/N, and
temperature programmeaMr post-reaction diffraction patterns.

The pattern of the Co-4Re material is similar tat tbbtained for the post-reaction/N;
ResN sample, in the fact that broad reflections ara@irmgbserved centring around®4m.

It is apparent that the #N, and the temperature programmedAt patterns are not
dissimilar from the starting material with no obwsoshifts to indicate changing unit cell
volumes, although the intensities of reflectionsimirease which may possibly be due to
the fact that the samples become crystalline upptication. All samples contain both Co
and Re metal phases which are evident in Figure® 3add either indicated by a star or

circle respectively.

Co-4Re
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Figure 3.4-9 Pre- and Post-reaction XRD patterns of Co-4Re (Co %, Re O).

3.4.5 Ru/MgAl,04and BaRu/MgAI,O,.

Ruthenium is known to be an excellent catalyst dormonia synthesig**1% 2422431

Under moderate temperatures and pressures it isidewably more active than the
commercial iron based catalyst. Various high sigfarea materials such as alumina,
magnesia, zeolites, boron nitrides and activatetbora have all been investigated as
supports for the ruthenium phase. The only rutlrenbased catalyst to find industrial

application is a promoted ruthenium catalyst suggebion activated carbon, which was
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commercialized by Kellogg in the mid 198¢*¢” The unpromoted catalyst was found to
be inactive in ammonia synthesis but activity dracadly increased on the addition of a
promoter such as potassium, caesium or barium. akcayk et al investigated the effect of
alkali and barium promoters on a ruthenium catasystported on graphitized carb/ém!

It was found that barium enhanced ammonia synthedisities on the catalyst but by
which effect (structural or electronic) was unclead there is much debate within this
areal!™2*! Within the Russian literature, there is furtherdevice to suggest that the
addition of barium may be advantageous to ammowndhssis activities. Studies by
Panov and co-workers have found that barium nitaghibits a high nitrogen isotopic
exchange activity that is more than two orders afjnitude greater than either Fe or Ru

when they are compared at $3/'%3%2

In this work, Ru-based systems have only been tigaged for comparative purposes. A
number of supports were investigated, including MB®, Al,O; and MgALO,. Only the

most active material has been presented for thsore
3.4.5.1 Reaction Data.

As ruthenium based systems are only being studieddmparative purposes, temperature
programmed K Ar reactions were not investigated, as it was ewidn the isothermal
H./Ar reaction that there is a limited amount of anmmagoroduced. The ammonia which
is apparently produced during this reaction maysiidg be attributed to the hydrogenation
of sorbed NH species residues which have accumulated duringréireatment phase of
the reaction under #N,. It is evident from Figures 3.4-10 and 3.4-hattruthenium
based systems are highly active for catalytic amaneypnthesis. As has been referred to
above, reports that low levels of barium dopantsaene the catalytic ammonia synthesis
activity of ruthenium has been published. HoweWem the results presented in Table
3.4-9 it would appear that the dopant levels ofumarapplied in fact slightly hinder the
production of ammonia. This was also the case therosupports that were studied.
Studies by Hanseat al have suggested that the effect of barium promosolocation
sensitive, and dependent on the relative affinitiethe promoter for either the support or
the metal®®® Despite this the rate of ammonia production remainsh higher than that

of the other materials investigated in this work.
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Ammonia production Ru/MgAl,O,
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Figure 3.4-10 Comparison of conductivity for 5% Ru  / MgAl ,O, ammonia production using
H2/N2 VS. Hz/Ar at 400 °C.

Ammonia production Ba.Ru/MgAl,O,
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Figure 3.4-11 Comparison of conductivity for Ba.Ru/  MgAl,O, ammonia production using
H2/N2 VS. Hz/Ar at 400 °C.



Anne-Marie Alexander Chapter 3 112

i 1 1
Sample and Reaction NH3 Production Ratepfnol h™ g°)

Conditions Ru/MgAl,O4 Ba.Ru/MgAbLO,
400°C (Ho/N,, 0.0-0.5 h) 467 480
400°C (Ho/N2, 1.0-6.0 h) 710 562
400°C (Hy/Ar, 0.0-0.5 h) 62 63
400°C (Hp/Ar, 1.0-6.0 h) 6 4

Table 3.4-9 Ammonia production rates of Ru/MgAl  ,0, and Ba.Ru/MgAl ,0,4 under both H ,/Ar
and H,/N, at 400 °C.

3.4.5.2 XRD Patterns.

Diffraction patterns of the unpromoted rutheniuntabsst largely resemble the support
material, which itself corresponds to Mg®L. Additionally due to the amorphous
appearance of the material, it is hard to unamhiglyoassign ruthenium metal reflections,
with prominent reflections occurring at approxiniatéd3® and 62 20. Despite this,
reflections at thesef2values appear to grow in intensity in the posttiea samples and

may possibly be a result of agglomeration of Ruatet

5% Ru/ MgAl,O,
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Figure 3.4-12 Pre- and Post-reaction XRD patterns o f 5 % Ru/MgAl ,0,4. (JCPDS 0021-1152
and 033-0853 MgAI ,0,).

Again in the promoted ruthenium samples, the pnet @ost- reaction diffraction patterns

are almost identical to that of the support. Howgewaéditional reflections are observed at
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25°%and 26’20 in some cases. These reflections are difficuitsign with any degree of
certainty and may either be Ba metal ogaboth of which have reflections centring on

25°%and 26°29.

Ba-Ru/ MgAl,O,
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Figure 3.4-13 Pre- and Post-reaction XRD patterns o f Ba-5 % Ru/MgAl ,0,.

The diffraction pattern of the sample treated WiliN, appears to be more amorphous
than either the pre- reaction sample or the samgated under isothermal #Ar

conditions. This would suggest that there is maserder within the material.

3.4.6 Summary Miscellaneous Systems.

Tables 3.4-10 and 3.4-11 give a summary of thedetrinvestigated within this section,
with ammonia production rates under selected cmmditare presented in Table 3.4-10
whilst Table 3.4-11 presents the nitrogen conteat and post-reaction of each material as

well as the surface areas of the pre-reaction mahter
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3.4.6.1 Summary of Ammonia Production Rate.

NH; Production Rateufnol h* g*)

Material H./N, 400°C 1-6 h.  HIN, 400°C, 0.5 h H/Ar 400°C 0.5h
MgsN, 190 481 323
TiFeN, 16 135 67
Co-4Re 472 747 44
Ru/ MgAl,O, 710 467 108
Ba.Ru/ MgALO, 562 480 63

Table 3.4-10 Summary of NH 3 production rates for the miscellaneous systems

3.4.6.2 Summary Pre/Post-Reaction N Data and Surfac e Areas.

BET
Surface
Material Area

Nitrogen Content (wt.%)

Calculated Pre- Post-reaction Post-reaction

-1
(”‘29 ) Stoichiometric reaction “;5/&?‘8 (H2/N) 400C

MgsN, 6 27.74 23.50 14.10 19.80
TiFe,N, 13 4.44-11.22 1.30 0.94 1.09
Co-4Re 5 0 0 0 0
Ru/MgAlI,O, 123 0 0 0 0
Ba.Ru/

111 0 0 0 0
MgAI 204

Table 3.4-11 Summary of pre- and post-reaction nitr ~ ogen content, and surface area of pre-
reaction samples for miscellaneous systems.

3.5 Summary

In this chapter the reactivity of lattice nitrogewer a range of nitride materials and was
established via the comparison of ammonia synttedisgities using stoichiometric #N-

mixtures with H/Ar mixtures. The activities of these materials &esubsequently
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compared to a supported Ru catalyst, known to ke ainthe most active systems for

ammonia synthesis. Figure 3.5-1 illustrates ilrédes which have been investigated.

These studies have been conducted in order tolisstathich nitride materials would be
suitable for participation in the proposed Mars-¥arvelen reaction. On the basis of the
likely reactivity of benzene, 40T seems a probable upper limit for the target meceso

it is therefore necessary for the potential cartdidggstems to either de-nitride at or below
400°C or to exhibit the ability to form ammonia at thésnperature. It was evident that on
moving left to right along the transition metalsathhe corresponding nitrides became
more thermally unstable, which could in theory moto be advantageous in the
development of a novel nitrogen transfer reagérte adsorption-desorption cycle could
be conducted at different temperature in separapssthus possibly overcoming any

thermodynamic and kinetic limitations imposed.

1 2
H He
3 4 Atomic Number 5 6 7 8 9 10
Li Be SYMBOL B C N (o] F Ne
11 | 12 13 ( 14 | 15 | 16 | 17 | 18
Na | Mg Al Si P S Cl Ar
19 | 20 21 | 22 | 23 ([ 24 | 25 | 26 | 27 | 28 | 29 | 30 | 31 | 32 [ 33 | 34 | 35 | 36
K Ca Sc Ti \'} Cr | Mn | Fe Co Ni Cu | Zn | Ga | Ge | As Se Br Kr
37 | 38 39 | 40 | 41 | 42 | 43 | 44 | 45 | 46 | 47 | 48 | 49 | 50 [ 51 | 52 | 53 | 54
Rb Sr Y Zr | Nb [ Mo | Tc Ru | Rh | Pd | Ag | Cd In Sn Sh Te | Xe
55 56 * 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
Cs | Ba | 57- | Lu Hf | Ta W [ Re [ Os Ir Pt [ Au [ Hg | Tl Pb Bi Po | At | Rn
70
87 | 88 | ** | 103 | 104 | 105 | 106 | 107 | 108 | 109 | 110 | 111 | 112 114
Fr Ra | 89- | Lr Rf | Db | Sg | Bh | Hs | Mt | Uun | Uuu | Uub Uuq
102

Figure 3.5-1 Periodic Table displaying the metal ni  trides and metals of the alloys which have
been investigated in this chapter.

Figure 3.5-2 illustrates the ammonia formation sagghibited by the various materials in
the initial 30 minutes on stream and the rate tifeze
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Ammonia Synthesis Activites over Nitride Materials
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Figure 3.5-2 H »,/N, ammonia production rates over a range of different materials which have
been investigated within this chapter. (Blue) initi al 30 minutes on stream (Red) after initial
30 minutes.

It is evident that both nickel and copper nitrigedhibit a much higher rate of ammonia
formation in the first 30 minutes on stream thay ahthe other materials investigated.
However, it is apparent that this activity is naswined and the reaction rapidly ceases.
Attempts to stabilise these materials proved imtiffe. Of the first row transition series,
zinc nitride appears to be a promising candidateb#ng ammonia synthesis rates almost
comparable to ruthenium. However, this materisdoallecomposes upon reaction.
Vanadium and iron are the only the only two nitsid# the first transition metal series
which exhibit a sustainable ammonia synthesis #gtiv Despite this, their activities
however these are much lower than the activitiemdofor the ruthenium-based systems.
It is also apparent that the only ‘comparable’ amimasynthesis activities to Ru are those
which are exhibited by Zh, and Co-4Re.

The introduction of iron as a dopant was shownaweha slight promotional effect on the
ammonia synthesis activity ¢f-Mo,Np s Tantalum, tungsten and rhenium nitrides all
exhibit sustainable ammonia synthesis activity @@ ZC under H/N,. Alloyed Co-4Re

exhibits a very high ammonia synthesis activitype#tl not as active as investigated

ruthenium systems.

It is clear from the data presented that nitrogen be removed from these materials at
high temperatures under hydrogen. It is interegtingote that using a specific temperature
profile only nitrides of the later metals of theriddic Table are found to decompose fully

to the pure metal. All other post-reaction matsrigtained nitrogen and the XRD patterns
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either showed that no apparent structural chandgeobaurred within the material, i.e. in

the case of TiN, VN and CrN, or that the mater@itained a mixture of constituent metal
and nitrided species. Nevertheless, the loss tabgen, and therefore its potential to be
employed in nitrogen transfer reactions is evid®dspite the vast excess of hydrogen in
the gas-phase, the nitrogen which is lost fromdhmaaterials predominantly occurs in the
form of N,.

However, in order to function as a nitrogen transéagent, it is essential that the nitrogen
which is depleted from the nitride, upon reactisnsubsequently restored. Figure 3.5-3
illustrates the systems which demonstrated a Ibsstimgen, upon reaction, within this
chapter (highlighted blue) and which will be funtliescribed for possible re-nitridation in

the next chapter.

1 2
H He
3 4 Atomic Number 5 6 7 8 9 10
Li Be SYMBOL B C N o F Ne
11 12 13 14 15 16 17 18
Na | Mg Al Si P S Cl Ar
19 | 20 21 | 22 | 23 ( 24 | 25 | 26 | 27 | 28 | 29 | 30 | 31 | 32 [ 33 | 34 | 35 | 36
K Ca Sc Ti Vv Cr | Mn | Fe | Co Ni Cu | Zn | Ga | Ge | As | Se Br Kr
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
Rb | Sr Y Zr [ Nb |Mo | Tc [ Ru [ Rh | Pd | Ag | Cd In Sn [ Sb [ Te | Xe
55 | 56 * 71 | 72 | 73 | 74 | 75 | 76 | 77 | 78 | 79 | 80 | 81 | 82 | 83 | 84 | 8 | 86
Cs Ba | 57- | Lu Hf [ Ta w Re | Os Ir Pt | Au | Hg Tl Pb Bi Po | At | Rn
70
87 88 ** | 103 | 104 | 105 | 106 | 107 | 108 | 109 | 110 | 111 | 112 114
Fr | Ra | 89- | Lr Rf | Db | Sg | Bh | Hs | Mt | Uun | Uuu | Uub Uuq
102

Figure 3.5-3 Periodic Table highlights in blue the nitride materials which lose nitrogen upon
heat treatment and will be further investigated.



Anne-Marie Alexander Chapter 4 118

4. Re-nitridation Studies.

4.1 Introduction.

A major aim of this study was to investigate dirétttransfer from nitride lattices to
substrate and hence the potential capacity forntlagerials to act as nitrogen transfer
reagents. However, in order to function as aogen transfer reagent, it is essential that

the nitrogen which is depleted from the nitridepnpeaction, is subsequently restored.

As previously discussed in Chapter 3, this typenethanism is frequently encountered in
oxidation catalysis via metal oxides. However ttedvery little attention has been
directed to nitrogen analogues. The only exampégsbe found in the work of Itoh and
co-workers, which have been previously been dismigs Chapter £°°?and by Gregory

and co-workers, in which, the ternary nitrides®osN was reported to reversible lose and

take up nitrogen under similar reaction condititmthose described in this thefS!

The systems which have been studied in this chapéeof significant interest as they were
found to either lose a significant amount of nigngor reduce completely to the
corresponding metal upon reaction at 4@ or below (400°C being the maximum

temperature for the envisaged nitrogen transfecqs®). However if these materials were
found to be active in the synthesis of anilineyduld be necessary for the nitrides to be

subsequently restored to their original phase @eioto be cyclically operated.

As was discussed by Wise and Markel, it is preferéd apply H/N, mixtures rather than
NHj; for the nitridation of materials for large scafgphicationsi**! Accordingly within this
chapter regeneration of depleted nitrides using Bt H/N, is discussed in relation to

the number of select nitrided systems identifiethatend of Chapter 3.

4.2 Results and Discussion.

As mentioned above, re-nitridation of materiala itindamental issue associated with the
envisaged nitrogen transfer process. From an tnduperspective it would be preferable
to nitride or re-nitride under Nalone; however this has inherent problems dueh¢o t
relatively inert nature of N With the exception of-Mo,Np7g all the materials were
prepared under ammonia and therefore initial redaition studies were conducted in

ammonia. Table 4.2-1 lists the materials which hbeen examined for re-nitridation
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under NH and H/N, following de-nitridation by high temperature,/Ar treatment, as
described in Chapter 3.

Restoration of nitrogen dificient materials in

Material different nitriding atmospheres.
NH3 H2/N>

VN Yes No
FeN Yes — partially No
CuN No No
NisN Yes-partially No
CwN No No
Zn3N> Yes-partially No
TagNs Yes No
B-MOzNojg - Yes
Fe/B-MOQNQJE - Yes
Cu/ B-MOzNojg - Yes
W N Yes No
ResN Yes — partially No
Table 4.2-1 Summary Table indicating the results ob  tained from studies to restore nitrogen
deficient nitrides following de-nitridation by to h igh temperature H ,/Ar treatment.
4.2.1 VN.

Vanadium nitride has been shown to be one of theemctive binary nitrides for ammonia
production at 400C - the maximum operating temperature for the tapgecess, as
described in Chapter 3. However subsequent nitragathysis indicated that a significant
amount of nitrogen was lost upon reaction (appretaty 25 % of the initial nitrogen

content) and appeared to be independent of reactioditions.

Despite this, vanadium nitride may potentially baivee for similar nitrogen transfer
applications. It is therefore necessary to ingasé whether the nitrogen lost, upon
reaction, can subsequently be replenished fromtragein source in keeping with the

envisaged Mars-van Krevelen type process.

4.2.1.1 XRD Patterns.

As discussed in Chapters 3, cubic VN does not apfmeandergo a significant phase
change upon reaction as determined by XRD analysidowever O3 reflections
(indicated by small stars) can be observed in thmperature programmed Mr
diffraction pattern, which as previously mentionedy occur on discharge of the material
from the reactor. It is clear that the oxide idueed under both NHand H/N; due to the
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absence of the oxide reflections being apparerhéndiffraction patterns of re-nitrided
samples. The diffraction patterns of the re-nittidamples correspond well to the freshly

prepared un-reacted VN sample with no reflectidfisbeing evident.

VN

Pre —— H2Ar —— Re-nitride NH3 —— Re-Nitride H2Z/N2
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Counts

Figure 4.2-1 XRD patterns of pre- and post-temperat  ure programmed H ,/Ar and re-nitrided
VN samples. V metal *

4.2.1.2 Nitrogen Analysis.

In Chapter 3 it was shown from the conductivitystes time plots that a VN appeared to
demonstrate steady state activity undefN=iat 400°C. No sharp initial decrease in the
conductivity value was observed, as had been \wighother nitrides investigated and this

was thought to be a result of the hydrogenatiosuoface NH species.

It was also mentioned in Chapter 3, that the nédrodost from VN was relatively
independent of reaction conditions with approxiryatee same amount of N being lost at
either 400°C or 700°C. However as is evident from Table 4.2-2, thera significant loss
of nitrogen upon comparison of the pre-reaction &mmperature programmed,/Ar
sample. Upon treatment withMl, under re-nitridation conditions, at 76C only a
further limited nitrogen loss was observed, howewes is within experimental error +
0.03 wt.%. On the other hand, when nitrogen deficiéN is reacted in an ammonia
atmosphere the lost nitrogen seems to be replacddaanitrogen content closer to the

stoichiometric value is achieved. However thisas apparent from the XRD analysis.
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Calculated Pre-Reaction Post-
. . Stoichiometric Reaction N
Sample and Reaction conditions N Content
N content (Wt.%) Content
(wt.%) ' (wt.%)
VN (H2/Ar) using temperature profile
o 21.55 18.39 14.06
as shown in Fig. 3.2-2
VN re-nitridation NH(700°C, 3 h) 21.55 14.06 19.36
VN re-nitridation H/N, (700°C, 3 h) 21.55 14.06 14.01

Table 4.2-2 Nitrogen content of pre-, post-temperat  ure programmed H ,/Ar and re-nitrided VN
samples.

4.2.2 Fe;,N.

Within this study iron nitrides appear to be pramgscandidates for nitrogen transfer

reactions, due to the fact the nitrogen is evoliveth the metal lattice at the temperatures

of interest, specifically between 250 and 4G0

4.2.2.1 XRD Patterns.

From the temperature programmegAdt studies that were conducted in Chapter 3, i wa

shown that FgN partially decomposed into a mixture of Fe metal the lower iron nitride
phase, FgN, as indicated in Figure 4.2-2 by a triangle aresg respectively. The nitrogen
deficient phase was subsequently reacted a’60@he original preparation temperature)
under NH and H/N,, in an attempt to restore the nitrogen contenthi post-H/Ar

sample.

The XRD pattern of the sample re-nitrided under.@Nkatmosphere shows no significant
difference when compared to the nitrogen deficieiafAr sample, although a small
reflection at approximately 25.320, possibly corresponding to 2 is evident. This

could be a result of aerobic oxidation upon disgearf the material from the reactor.
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Fe,N

—Pre —H2/Ar — Renitride NH3 ——Renitride H2/N2

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
2 Theta

Figure 4.2-2 XRD patterns of pre-, post-temperature ~ programmed H ,/Ar and re-nitrided Fe >N
samples. (Fe ,N *; Fe,0; O; Fe,N A ; Fe O).

However under a Niifeed gas, the nitrogen deficient sample appeataki-up nitrogen
to restore the original B phase, again with trace #e impurity being evident at
approximately 37.820 (indicated by an arrow in Figure 4.2-2).

Jack and Goodeve documented that iron nitridesdcoelprepared from direct reaction of
the Fe metal under a,M, gas mixturd**>'%! However from the studies documented
within this thesis, both in the original preparatiooute and also in the re-nitridation
studies, this has proved to be a relatively diffienethod to synthesise f¢ and it may

only be possible to achieve the nitride via thisteounder pressure.

However, it is also important to note that, as witle de-nitrided samples described in
Chapter 3, the backgrounds of all samples are llaggaorphous and any nitrogen which
has been taken up under re-nitridation conditionsy mot be apparent by XRD,
particularly in the case of the sample re-nitrideder H/N,, as discussed in the following

section.

4.2.2.2 Nitrogen Analysis.

Inspection of the data presented in Table 4.2-8lights that although full restoration of
the original phase is not achieved under eithenitredation conditions, a gain of nitrogen
is apparent in both cases, albeit limited in theecaf H/N,. Additional re-nitridation
studies were conducted at various temperaturethencase of bWN,, in an attempt to
increase the nitrogen content in the sample. Hewatwas found that on increasing the
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temperature the nitrogen content decreased. Tdudd cpossibly be attributed to the
temperatures at which the various phases of irdmdai begin to decompose to lower
nitride phases and iron metal. This would indidhgg higher nitride phases such asN-e
are only formed within a narrow temperature rangekimg them difficult to re-nitride
under H/N, gas mixtures.

On the other hand R is partially restored to the original nitrogemguosition under an
ammonia atmosphere, with a nitrogen content of @36 compared to the original 8.59
wt.% found in the un-reacted sample. Again, as aissussed in Chapter 3, this is much
closer to the stoichiometric value forsRe(7.71 wt.%). However the reflections observed

in the powder XRD analysis suggested thalNFwas formed, Figure 4.2-2.

Calculated Pre-Reaction Post-
: . Stoichiometric Reaction N
Sample and Reaction conditions N Content
N content (W.%) Content
(wt.%) ' (wt.%)
FeN (H2/Ar) using temperature profile
o 11.13 8.59 2.40
as shown in Fig. 3.2-2
FeN re-nitridation NH (500°C, 6 h) 11.13 2.40 6.95
FeN re-nitridation H/N, (500°C, 6 h) 11.13 2.40 2.57

Table 4.2-3 Nitrogen content of pre-, post-temperat  ure programmed H ,/Ar and re-nitrided
Fe,N samples.

4.2.3 CoyN.

As was discussed in Chapter 3, cobalt nitride washmmore difficult to synthesise than
originally envisaged. It was found that the niitbrmed only within a very narrow

temperature range and reaction dwell time.

CosN is found to rapidly decompose to Co metal, anly anlimited amount of the lattice
nitrogen €a. 5.6%) was found to react to produce ammoniaeHiN, and H/Ar studies,

with a significant amount being lost as. NDespite this, CN was further investigated in
benzene reactions, due to the relatively low teripee at which decomposition to Co

metal occurred.

4.2.3.1 XRD Patterns.

As discussed in preceding chapters, the reflectasssciated with Co metal and Sloare

almost identical making identification of phasethea difficult by XRD analysis alone.
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However when combined with post-reaction nitrogemlgsis, Table 4.2-3, it can be
concluded that the nitride, ¢, does not reform under NHbr a H/N, gas mixtures,

therefore the reflections observed in Figure 4c@3espond to Co metal.

Co,N
Pre — H2Ar — Renitride NH3 — Renitride H2/N2
800
700
BN .
® 500 #
S 400 s o PO, S
© 300 |
200 - ; “"rL""‘-'*A . el St
100 "
) . S A

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
2 Theta

Figure 4.2-3 XRD patterns of pre-, post-temperature ~ programmed H ,/Ar and re-nitrided Co 4N
samples.

4.2.3.2 Nitrogen Analysis.

The pre-reaction sample contains a lower amountnioibgen than the calculated
stoichiometric value, as shown in Table 4.2-4. Hesvethis material was extremely
difficult to prepare, and was constrained to veayrow synthesis conditions, requiring a
specific temperature and time of formation, asioetl in Chapter 3. As anticipated on
this basis no nitrogen is present in the samplashwihave undergone attempts to restore
the nitrogen content, as confirmed by post-reactioalysis. This may be directly related
to the inherent difficulties which were associatedh the initial preparation of Gdl
which could only be synthesised within narrow terapge and time limits, as described in
Chapter 3. Additionally since G reduces completely, Co metal is the starting tpf@in
re-nitridation, as opposed to the oxide which wsesdun the synthesis of . The direct
nitridation of Co metal is more commonly associatgth sputtering or laser deposition

techniques rather than those methods which areingbis work?t? 213254
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Calculated . Post-
e . Pre-Reaction .
) . Stoichiometric Reaction N
Sample and Reaction conditions N Content
N content (Wt.%) Content
(wt.%) ' (wt.%)
CauN (Ho/Ar) using temperature profile
4(2_)_ J TP P 5.60 3.17 0
as shown in Fig. 3.3-4
CuN re-nitridation NH (700°C 2 h) 5.60
CosN re-nitridation H/N, (700°C 2 h) 5.60

Table 4.2-4 Nitrogen content of pre-, post-temperat  ure programmed H ,/Ar and re-nitrided
CoyN samples.

4.2.4 NigN.

From the H/N, and H/Ar studies which were reported in Chapter 3, isvimund that
NisN exhibits a high ammonia production activity dgritme first 30 minutes on stream at
250 °C. This, however, was short lived and may possibey a result of total
decomposition of the nitride to Ni metal. Conseglyeefforts to re-nitride this material

have been attempted.

4.2.4.1 XRD Patterns.

From the post-reaction diffraction data, preseimdeigure 4.2-4, it is evident that upon re-
nitridation with NHsand H/N, at 480°C, the observed reflections largely correspondito N
metal. However, in the case of the sample reeattiunder NBIthese appear to be shifted
to a slightly lower Bragg angle, 51.48s compared to 51.6020 for the sample treated
under temperature programmed/At which may indicate the incorporation of a smal
amount of nitrogen within the lattice. Additiohalvery weak reflections can be observed
at approximately 39, 41° and 58° 20, which can be assigned tosNi albeit shifted to
slightly higher Bragg angles when compared to iffeadtion pattern of a freshly prepared
unreacted sample. These shifts may possibly k&erasult of the lower nitrogen content

present in the re-nitrided sample, as confirmedibpgen analysis.
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Figure 4.2-4 XRD patterns of pre-, post-temperature ~ programmed H ,/Ar and re-nitrided Ni 3N
samples. Ni metal is indcated by a ()%

4.2.4.2 Nitrogen Analysis.

Samples were fully reduced to Ni metal prior tonregidation studies, as confirmed by
XRD and elemental analysis as shown in Table 4.2t5s clear that the sample treated
under a NH atmosphere has partially re-nitrided, as was olesern the resultant
diffraction pattern, with the nitrogen content ieasing to 1.89 wt.% giving a
stoichiometric value of NNg 26 However, no apparent re-nitridation was obsefeedhe
sample treated underMl,. This was expected bearing in mind the samplemeosed to
Ni metal at 250C in the H/N, study (Chapter 3).

Calculated Pre-Reaction Post-

Sample and Reaction conditions Stoichiometric N Content Reaction N
N content (W.%) Content
(wt.%) ' (wt.%)

NisN (H2/Ar) using temperature profile

: (2_)_ J TEmp g 7.36 7.24 0
as shown in Fig. 3.3-4
NisN re-nitridation NH (480°C, 6 h) 7.36 0 1.89
NisN re-nitridation H/N,(480°C, 6 h) 7.36 0 0

Table 4.2-5 Nitrogen content of pre-, post-temperat  ure programmed H ,/Ar and re-nitrided
NizN samples.
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4.2.5 CusN.

As was shown in the lattice nitrogen studies descriin Chapter 3, copper nitride rapidly
decomposes to copper metal when heated abov€@0fesulting in ‘holes’ within the

material, shown in the SEM micrographs presente@hapter 3. As previously discussed
these may be a result of sub-surface pockets ,0bWiNsting out of the material upon
heating. Previous studies in the literature doauirttee formation of the nitride direct from
the Cu metal; however, the resulting Cu from thelists conducted in Chapter 3, with this

‘holed’ appearance proved more difficult to re-idiérthan implied.

In the case of GMMosN, maintenance of the structure by partial de-ghiion may
facilitate its regeneration. Hence partial de-diation of CyN was also attempted. As
was described in Chapter 3, the loss of nitrogemfCwN is a rapid process, however by
partially de-nitriding CeN using a lower concentration of;Ha 6% H/Ar gas mixture
instead of a 3:1 HMAr mixture) it may have been possible to restbw driginal nitrogen
content by switching to either,Nor H,/N, gases after 20 minutes of/Ar treatment.
However, it did not prove possible to partially migide the sample and copper metal
resulted under all attempts made to do this. Iy im& possible that the loss of nitrogen
from CwN is sequential and once nitrogen removal is it@tat becomes independent of
the reaction conditions until all nitrogen is reradvand the nitride is subsequently reduced

to Cu metal.

4.2.5.1 XRD Patterns.

In both NH and H/N, re-nitridation studies, the resultant diffractiqratterns are
indicative of copper metal, as shown in Figure 3.2nd on visual inspection the samples
were copper coloured.
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Figure 4.2-5 XRD patterns of pre-, post-temperature ~ programmed H ,/Ar and re-nitrided Cu 3N
samples. Cu metal is indacated by a ()%

4.2.5.2 Nitrogen Analysis.

Table 4.2-6 presents the nitrogen content foundhen temperature-programmecy/Ar
sample and the re-nitrided samples via microamnalystrom Table 4.2-5 it is clear that

nitrogen was not re-introduced into the metaldatti

Calculated Pre-Reaction Post-
. . Stoichiometric Reaction N
Sample and Reaction conditions N Content
N content (W.%) Content
(Wt.%) ' (wt.%)
CwN (H2/Ar) using temperature profile
o 6.84 6.63 0
as shown in Fig. 3.3-4
CwN re-nitridation NH (300°C, 6 h) 6.84
CwN re-nitridation H/N, (300°C, 6 h) 6.84

Table 4.2-6 Nitrogen content of pre-, post-temperat  ure programmed H ,/Ar and re-nitrided
CusN samples.

4.2.6 Zn,Ns.

Zinc nitride is potentially one of the more intdreg nitrides which have been investigated
in this work. It has been shown to be very acfatethe production of ammonia, albeit

through its decomposition to zinc metal.
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4.2.6.1 XRD Patterns.

As was previously discussed in Chapter 3Narappears to decompose to highly reactive
Zn metal upon reaction, which subsequently oxidises discharge resulting in the
formation of ZnO, as confirmed by post-reaction XRbalysis. This is also apparent in
Figure 5.2-6, in which the re-nitridation difframti patterns correspond to ZnO (JCPDS
003-0888) with only trace levels of ¥, being observed as evidenced by the presence of
reflections at 43%353.7 and 71.2 26.

Both NH; and H/N, treated samples were run at 6@@) which was temperature used for
the initial synthesis of ZMN,, as reported in Chapter 2. From the XRD pastpnesented

in Figure 4.2-6 it is evident that the Zn refleasoare not apparent in the samples treated
under re-nitridation conditions, indicated by arsown the nitrogen deficient sample.
However, in the KN, reaction sample no 4N, reflections are observed, although they
are apparent in the sample re-nitrided in3NHs indicated by a star in the diffraction
pattern. This indicates that Ay becomes more fully reduced upon further heatrtreat

in a H, rich atmosphere, as confirmed with post-reacti@meintal analysis, in which a

further loss of N was observed.

Zn,N,
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Figure 4.2-6 XRD patterns of pre-, post-temperature ~ programmed H ,/Ar and re-nitrided Zn 3N,
samples. Zn 3N, represented by a %in H ,/Ar and re-nitrided diffraction patterns, Zn metal by
a ¢ and ZnO represented by o

The reflection at approximately 380 in the diffraction pattern of the sample re-iiérl
under NH is slightly broader than that of the reflectiorsetved at the same position in
the post-H/Ar sample which may suggest that there is incrkadisorder within the
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sample. A small ZnO reflection can be observedhim pre-reaction sample at°380
(indicated by a small circle) and it may be possiblat the apparent broadening described

above may be attributed to the overlap ofNnand ZnO reflections.

In the diffraction pattern of the sample re-nitddender H/N,, as previously mentioned,
no apparent ZiMN, or Zn reflections are evident. However the rditets which are
observed correspond to ZnO, which occur as a resakrobic oxidation of Zn metal upon

discharge from the reactor.

4.2.6.2 Nitrogen Analysis.

On examination of the NfHand H/N, treated samples, it is evident that no significant
amount of nitrogen has been incorporated backtianetal lattice, and in the case of the
sample treated underMl,, almost total nitrogen loss has occurred. Thiy e a direct
consequence of further exposure to heat treatnmeathydrogen rich atmosphere. This
would also agree with the observed ZnO reflectienglent in the diffraction pattern,
Figure 4.2-6.

Calculated Pre-Reaction Post-
: " Stoichiometric Reaction N
Sample and Reaction conditions N Content
N content (W.%) Content
(wt.%) ' (wt.%)
ZnzN,  (Ho/Ar) using temperature
_ o 12.49 9.46 2.29
profile as shown in Fig. 3.3-19
ZnzN, re-nitridation NH (600°C, 6 h) 12.49 2.29 3.01
ZnzN, re-nitridation H/N, (600°C, 6 h) 12.49 2.29 0.86

Table 4.2-7 Nitrogen content of pre-, post-temperat  ure programmed H ,/Ar and re-nitrided
ZnsN, samples.

From Table 4.2-7, it is clear that only a very dnaahount of nitrogen is replaced in the
nitrogen deficient sample which has been reactettiuNH; atmosphere, (an increase of
0.72 wt. %). This is much lower than the stoichétrit N content for ZgN,. Studies

employing shorter and longer reaction times wese abnducted but the resultant nitrogen

content in the samples was lower than that predent€able 4.2-6.



Anne-Marie Alexander Chapter 4 131

4.2.7 TazNs.

From the H/N, and isothermal KHAr studies for TalNs, described in Chapter 3, it was
found that TaNs displays a relatively high activity for ammonia guztion under BN,
However under WAr, ammonia production at 40 was limited to the first 90 minutes
on stream. Further temperature programmed stulitsated that the presence of i

the feed stream results in a much more signifit@sg of nitrogen. The loss of nitrogen
from TaNs is generally accompanied by colour change in #rapde which acts as a
visual indicator to the loss of nitrogen. A simil@lour change was also observed upon

re-nitridation of the samples, as shown in Figu4

» ow

Figure 4.2-7 a) de-nitrided temperature programmed H,/Ar b) re-nitrided H ,/N, c) re-nitrided
NHz

Samples from temperature programmedAld studies were investigated for re-nitridation
primarily due to the significant amount of nitrogést from the material during this

process. It was found that upon re-nitridationai/N, atmosphere the colour of the
sample changed from a khaki green to black, wheireas NH; atmosphere the sample
restored to the original red colour, implying thasgibility of re-nitridation to the original

phase, Tg\s.

4.2.7.1 XRD Patterns.

Figure 4.2-8 presents the diffraction patterns iobth for pre-, post- temperature
programmed HAr and re-nitrided reaction samples. Upon inspectf the diffraction
patterns, it is noticeable that the sample redetti under KN, appears significantly
different to the other diffraction patterns, whigmain largely unchanged when compared
to the pre-reaction pattern, although slight aliens in reflection widths can be observed
in the H/Ar sample. The reflections observed in the reidetd H/N, sample correspond
to TaON (JCPDS 020-1235) and are indicated byrarstigure 4.2-8.
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Furthermore in the case of the re-nitridedNd sample, it is apparent that there is an
increase in the intensity of the background whigltansistent with a greater content of

amorphous phase.
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Figure 4.2-8 XRD patterns of pre-, post-temperature ~ programmed H ,/Ar and re-nitrided Ta 3Ns
samples. TaON represented bya v H /N, re-nitrided diffraction pattern.

4.2.7.2 Nitrogen Analysis.

Attempts were made to restore the nitrogen conbérine N-deficient TgNs phase by

treatment under $#N, and NH; and dwelling at 706C for 3 hours. The results of the post-
reaction nitrogen analysis of the tantalum nitrgdamples studied under the conditions
described in Chapter 3 are presented and compatiedhe post-reaction nitrogen contents

of those “restored” materials in Table 4.2-8.

Calculated . Post-
L . Pre-Reaction :
: " Stoichiometric Reaction N
Sample and Reaction conditions N Content
N content (Wt.%) Content
(wt.%) ' (wt.%)
TagNs (Ho/Ar) using the temperature
. o 11.42 11.23 7.83
profile as shown in Fig. 3.2-2
TasNs re-nitridation NH (700°C, 3 h) 11.42 7.83 11.19
TagNs re-nitridation H/N, (700°C, 3h) 11.42 7.83 6.49

Table 4.2-8 Nitrogen content of pre-, post-temperat  ure programmed H ,/Ar and re-nitrided
TazNs samples.
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It is clear that a further loss of nitrogen occunsler H/N, at 700°C. This may possibly
be a result of the longer heating times in a hyenognvironment, which may cause the
material to become further reduced as well as tluitian of oxygen as evident in Figure
4.2-8.

On the other hand, re-nitridation in ammonia resuitthe nitrogen content of the nitrogen
deficient sample being almost totally restoredraBtérours at 700C, with respect to the
pre-reaction sample, 11.19 and 11.23 wt. % respayti This is both a much shorter
reaction time and lower temperature than originagd to prepare the material (9 hours
and 900°C respectively). Hence the process of nitrogers loseplenishment is fully
reversible and the tantalum nitride can be reagdyenerated at elevated temperature under
NHs.

4.2.8 B'M02N0.78-

Regardless of any application $fMo,Np s as a transfer reagent, re-nitridation is an
important step following de-nitridation in order testore the original phase. In previous
studies offf-Mo2No 75, Chapter 3, it has been observed that de-nitridingroduce Mo

occurs readily but re-nitridation to rest@&10,No 7s may be more difficult.

From previous investigations, as described in Giraptit was found that both doped and
un-doped3-MoNo 7g have comparable ammonia synthesis rates ungbk ldt 400°C and
ambient pressure, although samples doped with FBi anetal was observed to either
marginally enhance or hinder the production of amiaoespectively.

Unlike the other materials in this stud3tMo,No 7gis prepared under #N,, rather than
NH3 which would result in the formation ¢fMo,N. For this reason, 4N, was the only

re-nitridation gas employed for this system.

4.2.8.1 XRD Patterns.

As described in Chapter 3, the pre-reaction saispensistent with th@-Mo,No 7sphase,
and was shown to fully reduce to the Mo metal whiih temperature $#Ar treatment, as

confirmed by post-reaction nitrogen analysis.
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Although the originaB-Mo,No 7s phase is restored in the un-doped sample, ittisgable
that the reflections are slightly broader and ledsense than that of the pre-reaction

sample, indicating that there may possibly be gredégree of disorder within the sample.

B-Mo;Ng 75
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Figure 4.2-9 XRD patterns of pre-, post-temperature  programmed H ,/Ar and re-nitrided -
Mo,Ng 7g Samples.

4.2.8.2 Nitrogen Analysis.

Table 4.2-9 indicates the pre- and post- reactitnogen contents within thB-Mo,Ng.7s
sample. As can be seen, the un-doped pre-reastomple is comparable with the
calculated stoichiometric values and it is eviddrdt all nitrogen is removed from the

sample upon reaction withoFAr using the temperature profile described in Geaaf.

As previously mentioned, teMo2Ng 7sphase is prepared undes/N, hence this was the
only re-nitridation gas investigated to restore th&ogen deficient sample. From the
nitrogen data presented in Table 4.2-9 it is dlat the sample is almost totally retored to
the originalp-Mo,Ng 7gat 700°C with Hy/N».
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Calculated Pre- Post-
Sample and Reaction conditions Stoichiometric Reaction N Reaction N
P N content Content Content
(wt.%) (wt.%) (wt.%)
-Mo2No 7s, (Ho/Ar) using temperature
P - o7 (Fo _) ina femp 5.38 5.58 0
profile as shown in Fig. 3.2-2
B-M0o2No 7 re-nitridation H/N>
5.38 0 5.12

(700°C, 3 h)

Table 4.2-9 Nitrogen content of pre-, post-temperat  ure programmed H ,/Ar and re-nitrided -
Mo,Ng 7g samples.

4.2.9 W,N.

In the initial H/N> and H/Ar studies at 400C W,N showed promising potential as a
nitrogen transfer reagent, primarily due to theadtrsteady production of ammonia under
a Hy/N, feed gas as was illustrated in Chapter 3. Intamfdio this very little nitrogen was

lost from the material under these conditions,amparison to the #Ar reactions.

4.2.9.1 XRD Patterns.

As discussed earlier, tungsten nitride can occuuag: WoN or as hexagonal WN phases.
The samples prepared in this study correspondedlic WoN.  The observed reflections
are particularly broad which would be indicativeroéterials with high surface area and
small particle size and/or a large degree of dsordAs was shown in Chapter 3, tungsten
nitride undergoes a partial decomposition to W maiader H/Ar at elevated
temperatures, as indicated by a star in Figurel@.2-Due to the similarity between Mo
and W it may have been reasonable to assume thatsitpossible to restore the original
W.N phase, under #N,, at 700°C. However, as is evident from Figure 4.2-10, \tie
metal reflections become more apparent, and thegeih content decreases, as confirmed
by post-nitrogen analysis. It is possible to altmoempletely restore the original phase

under ammonia with no remaining W metal reflectibesg evident.
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Figure 4.2-10 XRD patterns of pre-, post-temperatur e programmed H ,/Ar and re-nitrided W ,N
samples. W metal represented by

4.2.9.2 Nitrogen Analysis.

As has been previously discussed in the precedmagpter, the N content in the pre-
reaction sample is relatively high with respectttie calculated stoichiometric value for
W:N and the N value is more representative of thaeeted from WN. However, the
XRD reflections correspond to those oMV It is evident that there is a significant |ads
nitrogen from the material upon reaction witb/At using the temperature profile shown
in Figure 3.2-2 (maximum of 700). This is further supported by the occurrencé\of
metal in the post-HMAr XRD pattern, confirming that lattice nitroges lost from the

material to some extent.

A further loss of nitrogen is apparent from the plmin which re-nitridation has been
attempted under #N,. This may possible be a result of the excessdggir present in the
gas mixture causing the material to become furtbduced. Again this is in agreement
with the observed diffraction pattern in which tkié metal reflections become more
intense. Conversely under a pNatmosphere the nitrogen content is almost totakyored

to that of the pre-reaction material.
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Calculated Pre-Reaction Post-
. . Stoichiometric Reaction N
Sample and Reaction conditions N Content
N content (Wt.%) Content
(wt.%) ' (wt.%)
W:N (H2/Ar) using temperature profile
o 3.66 6.13 4.18
as shown in Fig. 3.2-2
W:N re-nitridation NH (700°C, 3 h) 3.66 4.18 5.89
W.N re-nitridation H/N, (700°C, 3 h) 3.66 4.18 2.17

Table 4.2-10 Nitrogen content of pre-, post-tempera  ture programmed H ,/Ar and re-nitrided
W,N samples.

4.2.10 ResN.

Aika and Kojima investigated B as an ammonia synthesis catalyst, comparingth wi
Re metal to determine whether the formation ofrtiiede was beneficidf” In that study

it was reported that the initial ammonia synthesiBvity was very high but the reaction
subsequently subsides after 2 hours on streamm FEne work presented in this thesis,
rhenium nitride has been shown to exhibit productmf ammonia with the HN,
feedstream at 400C. However, it was confirmed by both XRD and pastation nitrogen
analysis, that the Bd decomposes upon reaction. It is possible thatRe#l does not
fully reduce to Re metal, as proposed in the liteeabut decomposes to a lower nitride
phase, possibly RN, although this phase has not been previouslyrtegowithin the

literature.

As mentioned above, rhenium nitride decomposes uaction and there is a significant
amount of nitrogen lost when reaction is undertakeder both KN, and H/Ar gas
mixtures at 350C. The isothermally HAr reacted sample has been used to investigate
the effect of re-nitridation under NH NHs was the only regeneration gas investigated in
this section of work due to the fact that/I\, reaction was observed to reduce the nitride,

as described in Chapter 3.

4.2.10.1 XRD Patterns.

The RegN starting material appears to be largely amorphwitis a very broad reflection
centring upon 40 20. This is in accordance with the previously memgid studies of Aika
and Kojima as discussed previously in Chapter 3dddrib/Ar at 350°C for 6 hours,

almost total de-nitridation is apparent. CrystedliRe metal albeit with shifts, reflections
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are evident in the post-reaction XRD pattern, Feghi2-11, which as postulated, may arise

from formation of a lower nitride phase such aghRre

Upon subsequent reaction in BHt is apparent from the diffraction pattern thhe

material partially re-nitrides as shown in Figur2-41, and a mixture of Re reflections
(again shifted) and the original broad reflectiae avident. This diffraction pattern is
similar to those which have partially de-nitrideals in the case of the temperature

programmed K Ar study.

Re;N
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Figure 4.2-11 XRD patterns of pre-, post-isothermal  H,/Ar and re-nitrided Re ;N samples.

4.2.10.2 Nitrogen Analysis.

As can be seen from Table 4.2-11, the pre-reac#nples are in fairly good agreement
with the calculated stoichiometric value forsRe However, as mentioned previously, a
significant amount of nitrogen is lost upon reactio the isothermal MAr reactions

which were conducted at 35C. Only a relatively small amount of nitrogen reneal,

upon re-nitridation, in ammonia. The nitrogen cont@écreased to more than double that
of the post-H/Ar sample. Although the original B¢ phase was not achieved, it is clear
that it is possible to partially restore the degdiehitrogen, which may still have a potential

application in a Mars van-Krevelen type process.
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Calculated . Post-
NS . Pre-Reaction :
: " Stoichiometric Reaction N
Sample and Reaction conditions N Content
N content (Wt.%) Content
(wt.%) ' (wt.%)
ResN (H2/Ar) using isothermal 358C 2.44 2.52 0.32
ResN re-nitridation NH (350°C, 3 h) 2.44 0.32 0.84

Table 4.2-11 Nitrogen content of pre-, post-isother  mal H,/Ar and re-nitrided Re 3N samples.

4.3 Summary of Re-Nitridation Studies.

As was discussed in the introduction to this chapites original nitride phase must be able
to be regenerated after reaction in order to foncin the envisaged nitrogen transfer
process. It is therefore necessary to restoreléipdeted nitrogen via gas phase nitrogen
species and consequently this has been investigasediescribed in this chapter, through
re-nitridation studies conducted in ammonia antNii

It was found that the re-uptake of nitrogen inte thitrogen deficient samples was largely
dependent on the reaction gas employed. From ttidies described, most materials
exhibit either a partial or complete restoratiorttie original nitride phase under the gas
which was used in the original synthesis.

Table 4.3.-1 provides an overview of the binaryidés which have been investigated in
this chapter and indicates under which gas mixteaitber partial or total re-nitridation was

observed.

On inspection of the data only the early metaliaes (VN,B-Mo2Ng.7s W2N, and TgNs)
were found to almost completely restore to theioalgnitride phase. As is evident,
however, when VN, N, and TagNs are investigated in #N, they appear to become
further reduced and continue to lose nitrogen upeaction which may possibly be
attributed to the hydrogen rich atmosphere. Asgnagiously been mentioneMo,No 75
was not investigated under NHs it was initially prepared undep/N,



Anne-Marie Alexander Chapter 4 140

Nitrogen Analysis

I\R/I:;irtliilna(r‘jgnditions Stoichiometric  Pre- Re-nitridation
value reaction NH; H./N,
VN (700°C 3 h) 21.55 18.39  14.06 19.36 14.01
FeN (500°C 5 h) 11.13 8.59 2.40 5.95 2.57
CoN (700°C 2 h) 5.60 3.17 0.00 0.00 0.00
NisN (480°C 6 h) 7.36 6.58 0.00 1.89 0.00
CuN (300°C 6 h) 6.84 6.63 0.00 0.00 0.00
ZngN; (600°C 3 h) 12.49 9.46 2.29 3.01 0.86
TagNs (700°C 3 h) 11.42 11.23 7.83 11.19 6.49
B-Mo2No 7 (700°C 3 h) 5.38 5.58 0.00 - 5.12
W;N (700°C 3 h) 3.66 6.13 4.18 5.89 2.17
ReN (350°C 3 h) 2.44 2.52 0.32 0.84 -

Table 4.3-1 Pre- and post-nitrogen analysis of the  binary nitrides which have been
investigated in this chapter under re-nitridation c onditions.

Later transition metal nitrides can be divided it groups; those which partially re-
nitride and those which remain as metals. Of #terlnitrides, F&N demonstrated the
highest potential to reform the original ;Nephase. As was described earlierpNre
decomposes to lower nitride phases upon reactitim Mg/Ar, however since Rl was
originally prepared from Fe metal and should thempbssible to regenerate the¥g@hase
from lower phases. As demonstrated by XRD anglyses original phase is regenerated
under NH although the nitrogen content of the regeneradadpte is slightly lower with
respect to the original phase (5.95 and 8.95 we$8pectively).

In the H/Ar studies described in Chapter 3, it was showat thot all nitrogen was

removed from the ZiN, and ReN the samples, remaining as 2.29 wt.% and 0.32 wt.%
respectively. Upon treatment with NHhe nitrogen content of both samples increased
slightly as shown in Table 4.3-1. Since this iase was small it may be possible that

these trace amounts can be attributed to surfagespiéties.

CasN, NisN and CyN fully decompose to the corresponding metals upattion with
Ho/Ar. However, it is only NJN which appears to partially re-nitride, albeitadimited
extent and only in the presence of §)lds demonstrated by the presence of weakl Ni
reflections in the XRD pattern, and confirmed bgmeéntal analysis with an increase in the

nitrogen content being apparent.
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4.3.1 Modified Binary Systems.

As previously mentioned, GN decomposes to Cu metal upon treatment withAH
however unlike NJN no re-uptake of nitrogen is evident. Efforts tart@lly de-nitride
CwN were also undertaken as mentioned in sectio® . 4lR2was anticipated that in doing
so, the remaining nitrogen may help to facilitatgtier nitrogen uptake. However, none of
these studies were successful. Another methodhwiniay help to facilitate nitrogen
uptake is to introduce defects into the metaldattiof the materials. Based upon studies in
which low levels of Fe dopants have been showngtufgcantly enhance the nitridation of
niobium oxide with H/N,, the importance of dopants upon the de-nitridatiorre-
nitridation behaviour of GN andp-Mo,Ng 7shave been investigat&€d®

CwN was doped with small amounts of lithium and mhllan. CuN crystallizes in a
cubic anti-Re@ type structure and, as previously discussed inp@ha3, has vacant
interstitial sites in the centre of the crystalusture which could potentially host other
metal atoms. Both lithium and palladium atoms hbgen reported to been successfully
incorporated into this structubé®*? These atoms have a similar ionic radius to" Cu
(Cu'=0.71 A; Li =0.74 A ; P4 = 0.78 A) and as a result can be easily accomraddat
the crystal latticd?®® It was anticipated that either the Li or Pd ievsuld replace some
Cu ions whilst maintaining the structure of thesl@uwhich may possibly help to facilitate
re-uptake of nitrogen in to the metal, throughrbgultant defect structure and/or structural

modification.

By doping the material with Li or Pd ions, it wamtight that this could potentially help to
facilitate the re-uptake of nitrogen, by occupythg vacant interstitial sites in the crystal
structure and consequently introducing lattice cisfevhich may have helped to facilitate
the uptake and loss of nitrogen. However this edoineffective and had little, if any,
effect. It would appear that once reduction isiated within the CgN crystal it rapidly
propagates throughout the material resulting imaltelimination of nitrogen from the

structure.

B-Mo,Np 7 on the other hand was doped with low levels ofGe,and Bi. These metals
have been employed as dopants for various readdoth Fe and Cu have been found to
be active for the amination of organic compoundsictvis the main focus of the work in
this thesid™®**"® Fe is also known to enhance the activation pfhd it was shown in

Chapter 3 that ammonia production was slightly eckd by the addition of the Fe
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dopant®® In this study Fe may play a significant role lve foss and uptake of nitrogen.
Bi has been investigated as a potential dopant iasknown to activate the C-H bond in
hydrogen abstraction, however from the studies ridest in Chapter 3 Bi appeared to

diminish ammonia production, with respect to thedapedB-Mo,Ng 7ssamplel’617!

Table 4.3-2 indicates the pre- and post- reactibrogen contents within the dopgd
Mo2No 7 samples. As can be seen, Fe-doped pre-reactioples are consistent with the
calculated stoichiometric values; however the Cd Bn samples appear to be slightly
lower than expected. All samples are reduced tonval by H/Ar in the temperature
programmed regime, with all nitrogen being remo¥@in the sample as confirmed by

post-reaction nitrogen analysis.

As is evident, doped samples re-uptake nitrogentdutarying extents. As discussed
previously, Bi metal appears to prevent the resitmreof nitrogen into the metal lattice,
with a much lower N content being observed witlpees to the other samples.

Despite this, it appears that the nitrogen is restan the other samples to give N contents
close to their original pre-reaction sample. Othlg Fe doped material achieves a higher
nitrogen content, than the original pre-reactiomgli® upon re-nitridation, reaching a N
content closer to the stoichiometric value. Thisynmadicate that molybdenum nitride
doped with Fe has an increased affinity for nitroge higher temperatures and the Fe may
facilitate a nitrogen spillover effect, replenisfpimitrogen loss from the molybdenum

nitride phase.
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Calculated Pre-Reaction Post-Reaction
Sample and Reaction conditions Stoichiometric N N Content N Content
content (wt.%) (wt.%) (wt.%)

B-Mo2No 78 (H2/Ar) using temperature

. o 5.38 5.58 0
profile as shown in Fig. 3.2-2
B-M0o,No 7 re-nitridation H/N, 5.38 0 5.12
1.5% Fe B-Mo2No 75 (Ho/Ar) using 5 38 5.31 ]
temperature profile Fig. 3.2.2-2 ' '
1.5% Fe B-Mo2Ng 7gre-nitridation 538 ) 536
H2/N> ' '
1.5% Cu B-M0o2Ng 75 (H2/Ar) using ]
temperature profile Fig. 3.2.2-2 5.38 439
1.5% Cu B-Mo2Ng 75 re-nitridation 538 ) 4.09
H2/N> ' '
1.5% Bi /B-M02No 75, (H2/Ar) using ]
temperature profile Fig. 3.2.2-2 5.38 4.66
1.5% Bi /B-Mo2Np 75, re-nitridation 538 ) 257

H/N2

Table 4.3-2 Nitrogen content of pre-, post-temperat  ure programmed H ,/Ar and re-nitrided
doped B-Mo,Ng g Samples.

Fe metal appears to slightly enhance, or facilitatal re-nitridation of the originag-
Mo2No 7s phase, Figure 4.3-1. No shifts were observeterré-nitrided diffraction pattern
with respect to the un-reacted sample, howeverdfiection at approximately 8120 is
less intense in the re-nitrided sample. This igand agreement with the data presented in
Table 4.3-2, where it is shown that the nitrogentent of the re-nitrided sample exceeds
that of the pre-reaction sample, reaching a valwesec to the stoichiometric value.
Although the original3B-Mo,No 7s phase was restored in the sample doped with Cu upon
H./N, treatment, the resultant diffraction pattern isnparable to that observed in the un-
doped sample, Figure 4.2-9. It is evident thatithensities of the reflections in the re-
nitrided sample, as shown in Figure 4.3-2, are sdmé diminished with respect to the
pre-reaction sample, which may indicate that theitedded sample is less crystalline than
the pre-reaction sample.
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Figure 4.3-1 XRD patterns of pre-, post-temperatur e programmed H ,/Ar and re-nitrided
1.5%Fe/f-Mo,Ng 75 samples.
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Figure 4.3-2 XRD patterns of pre-, post-temperature ~ programmed H ,/Ar and re-nitrided
1.5%Cu/B-Mo,N, 75 samples.

In the case of the sample doped with Bi only phrganitridation is observed, Figure 4.3-
3, with bothp-MozNy 7s and Mo metal reflections being evident. This wibsiliggest that
dopingP-Mo,Np 7g with Bi, in fact, impedes the re-uptake of nitragestead of facilitating
it. As mentioned earlier it was observed in th#Nd studies conducted in Chapter 3, Bi

was also observed to hinder the production of amanon



Anne-Marie Alexander Chapter 4 145

1.5%Bi/B-Mo,N; ;5

——Pre ——H2Ar ——Renitride H2/N2
1600
1400
@ 1200
§ 1000
o 800 |
BDD A s . PN .
| h
L &
200 A o
0 T T T T T T Ik| JILl‘\ T T T J"‘AT T Jllk J"li"_‘ 1
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85
2 Theta

Figure 4.3-3 XRD patterns of pre-, post-temperature ~ programmed H ,/Ar and re-nitrided
1.5%Bi/ B-Mo,Ng 75 samples.

4.4 Summary.

As mentioned in the introduction to this chaptegeneration of the candidate nitrides is
fundamentally important in order to function asitmogen transfer reagents which may be
applied to potential applications. Consequentty,this chapter, a range of nitrogen
deficient nitrides have been investigated usings NiHd H/N, to assess whether it is

possible to restore the nitrogen depleted sampl#seir original unreacted phase.

As previously described, most nitride materials chhwere investigated in this chapter
exhibit the potentially ability to re-uptake nitreg, to some extent, in order to restore the
original nitride phase. Gbl and CyN were the exception, in that no re-uptake of ¢
was observed, despite efforts to increase theittavolume ratio of the latter sample by
supporting on silica. In the case of 8y which demonstrated very high initial ammonia
production and described in Chapter 3, the effectaetal dopants was also examined. As
described earlier, GN has a vacant interstitial site which can accomamwather metal
ions. By doping CsN with Li or Pd, as was investigated in the curretidy, defects are
effectively introduced into the crystal lattice whican potentially have significant effects
on the chemical and physical properties of theadwtr It had been anticipated that these
defects may help to assist nitrogen re-uptake tht metal lattice, but this was not
observed. It may be that in order to restorgNCand CyN the original precursor has to be
regenerated first (GO, and Cul; respectively) from which the nitride is known .

In the case of CMN this would be a relatively simple oxidation of Gwetal, however to
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regenerate Cuf-HF or K, would be required which may have serious envirartaleand
cost implications if to be undertaken on an indakscale. Additionally the regeneration
would ultimately be performed in a multistep pracasd not the two stage process which

was initially envisaged for the work done in thigsis.

It was found that dopin@-Mo2No 7s with low levels of Fe improved re-nitridation, Wit
respect to the un-doped sample, as shown by tregait content after reaction. This is in
good agreement with the findings by Wakai and cokexs in which Fe was reported to
significantly improve the nitridation of niobium e B-Mo,Ng7s was the only
material that could be regenerated usinfNz and this, as indicated in the introduction to
this chapter, is a preferred nitriding gas for ptisd industrial applications, although the

use of N alone would be optimal.

From the results presented in this chapter, ivident that it is possible to either partially
or totally restore the original nitride phase in gnof the materials investigated, with
restoration of the early transition nitrides beimgst facile. It is therefore possible to
establish candidate systems which could possiblyicgzate in a potential Mars-van
Krevelen type process. These include VN, Fe d@etiundope-Mo,No 75, TasNs and
W:N. However, from the studies conducted in Chaptérwas apparent that many other
nitride systems exhibit significant nitrogen loselaf suitable methods were developed to
restore these nitrides, their application in nigogransfer may become feasible. Therefore
taking the upper limit of the target process ta4b6 °C, on the basis of the data presented
in Chapter 3 it is possible to select candidatdesys for further study. Figure 4.4-1
illustrates the potential candidate systems whidhle further investigated for possible

direct routes to aniline in the next chapter.
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Figure 4.4-1 Periodic Table highlights in blue the
sMosN and Co-4Re.

will be further investigated in addition to Co

nitride materials which are of interest and
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5. An Investigation of Potential Direct routes to
Aniline.

5.1 Introduction.

Aniline is a key intermediate compound which isdisgtensively within industry for the
synthesis of many commodity chemicals, as wellaage scale industrial applications.
Around 67% of the world’s aniline production is dsen the manufacture of rigid
polyurethanes and other materials utilized by tlmstruction and durable goods
industries. Other major uses include the manufactdirpolymers, agricultural chemicals
and dyed'?”

There are several different routes for the synthesianiline, which generally involve
converting benzene into a derivative, such as pHe®lé® chlorobenzer&” and
nitrobenzen&® which are subsequently converted to aniline. Cencially, nitrobenzene
is the most frequently used feedstock for this esscand was traditionally employed in a
process known as the Bechamp reaction for the tndusproduction of aromatic
amines®®" This method utilizes iron and water in the presesfchydrochloric acid to
reduce the nitro group to the amine, and is nowoatnobsolete for the reduction of
nitrobenzene. A more commercially viable route @&sovered in the early 1960’s which
improves upon the old Bechamp method - the catalydrogenation of nitrobenzene —
and this is still the predominant process usedénrhanufacture of anilin&®2%! |n this
process nitrobenzene reacts with 3 mole equivalgnttydrogen gas, in the presence of a
suitable catalyst. A number of different catalysase been reported to be active including

copper on silica, copper oxide, nickel sulfides aralybdenum metal.
CgH:NO, + 3H, —> CH:NH, + 2H,0

Although this route is very selective to aniline $9%), the nitrobenzene is generally
produced by nitration of benzene using a nitridtsid acid mixture, which itself requires
the oxidation of ammonia to produce the nitric d8idIt is evident that current methods
which incorporate nitrogen into organic moleculspgcifically in the production of
aromatic amines, proceed via an indirect procegsinag a number of intermediate
nitrogen inter-conversion reactions. This has s#vdifferent cost and environmental

implications including the energy intensive proessshat are required, the inability to
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recover catalysts and the use of acids on an iridustale®®! An attractive path for the

synthesis of aniline is the direct amination of teme, as shown below:

This type of process has attracted much attengoantly as it avoids the use of acids on
an industrial scale. Most of the efforts in thisahave concentrated on the identification,
development and optimisation of effective catal{f8f&®”! The direct synthesis of aniline
by this route has been documented since 1917¢eiwtnk of Wibaut, in which aniline was
synthesised by passing benzene over a nickel/iatalyst at moderate temperatures and
atmospheric pressul@® This reaction, however, is thermodynamically lieditdue to the
co-production of hydrogen. Various approaches Hasen employed to overcome this
limitation including the use of gaseous oxygen al s reducible metal oxide systems in
order to remove the hydrogen as water, and thwe dnie equilibrium forward. However
the inclusion of @can seriously impair the selectivity of the reacti The most successful
system reported to date is based upon a reducxude system. This is Du Pont’s NiO/Ni
cataloreactant system for which, reportedly, a mamn aniline selectivity of 97% is
observed, at a maximum benzene conversion of dBilg.1 Hence this process was not
commercialised and a number of serious problemsted the stability of the
cataloreactant upon multiple reduction and re-diddecycles 72682721

5.2 Proposed Direct Routes to Aniline.

Direct approaches to aniline formation by reactiotihh ammonia have been limited by the
need to remove the co-product hydrogen. An alteragdotential route to aniline that has

been investigated in the study presented in tisishs shown below:
CegHe+ N(a)+ »H — GHsNH»

where N(a) = lattice or adsorbed nitrogen species

In this method the thermodynamic limitations magtemtially, be overcome as hydrogen

is a reactant, rather than a product of the reactio

Despite literature that documents the high actietysome metal nitrides for ammonia

synthesis, there have been very few studies wimeéstigate the use of metal nitrides as
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aminating agents. Studies by Thompsaral have shown that early transition metal
nitrides are successful in the amination of etham@thylamine with ammonia resulting in
high selectivities and activities comparable tosthavhich are observed for supported
platinum and nickel catalyst$! with activities being ranked as VN > Md> W,N > TiN

> NbN. Additionally a study by Mck&y" and co-workers investigate the potential use of
CaosMosN for nitrogen insertion into benzene accordingh® scheme outlined above. The
current study is effectively an extension of thieyious work and extends it to investigate

a greater range of nitride materials.

The reactivity of lattice nitrogen, as probed bgluetion with H/Ar mixtures, for a range
of different nitride materials has been discusse€lhapter 3. The materials which have
been further investigated in this chapter demotesirathe ability to de-nitride at
temperatures at, or below, 460 which is the maximum temperature for the envidage

process based upon the probable stability of benzen

The aim of the work reported in this chapter wapedorm initial investigations into the
application of nitrides as potential nitrogen censi that would facilitate the direct
activation of nitrogen to the synthesis of indudly desirable products, in particular the
direct conversion of benzene to aniline. Oncehe hitrided state, if direct nitrogen
activation and incorporation of pathways becomesibs, there could be a reduction in
the requirement for the use of ammonia via its rioteversion to derivatives, as a
reactant. This would be significant since comnar@mmonia synthesis reportedly
accounts for 1% of the global energy demand, asdstarlier.

Figure 5.2-1 shows the materials, highlighted meblwhich have demonstrated the ability
to act as a possible nitrogen transfer sourceanirfestigation as outlined in Chapters 3
and 4. These materials have subsequently beeactedjto treatment with benzene and a

3:1 H/N, gas mixture, as detailed below.

Two different reaction methods were employed iringsof benzene and hydrogen over
the metal nitrides, which will be discussed in tuBoth of these methods were conducted

according to the procedures outlined in the relet@sting sections in Chapter 2.
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Figure 5.2-1 Metal nitrides to be investigated with in this chapter are highlighted in blue.

It should be noted that no aniline was observethereaction products of any of the
reactions subsequently described in this chapDespite this, evidence of products other
than aniline were observed using some of the nadgewhich have been investigated.
Identification of these compounds has proved tovee/ problematic due to the low

concentrations observed and no definitive assigmtsrigave been made.

Several methods were employed in an attempt totifgethe compounds which were
observed. These included the use of ninhydrincatdr to ascertain whether primary or
secondary amines were present in the compoafitiSamples were spotted onto a TLC
plate and subsequently dipped into a ninhydrintewiy dried and heated with a heat gun
to visualise the spot. Typically alpha amino a@ds primary amines give a blue- purple
whereas proline gives a yellow product and secgndanines produce a red orange
coloured staiff’*?® However this proved an ineffective method as yiim itself

colours to an orange/pink colour upon uncontroliedting.

Attempts to analyse samples using Fourier transforfrared spectroscopy was also
ineffective due to the low concentrations involvehd no difference was observed
between the un-reacted benzene and the reactiduogiso

This subsequently led to samples being analysedighrthe use ofH NMR spectroscopy
and mass spectroscopy. This helped to a certa@miei the fact that they helped to rule
out the formation of aniline. Small peaks, othearttbenzene, were evident in sofhe
NMR spectra and the mass spectra obtained foreti&ion products did not correspond to

the mass fragments expected for aniline.
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From the pulse reactions that were undertaken, WB/sgectroscopy was attempted for the
coloured reaction products, in the understandiraj ithmay be possible to work out the
conjugation, if any, in the event of the synthedigpolycyclic aromatics and subsequently

partially identify the compound or any functionabgps present.

Additionally, samples were sent to the EPSRC Nalidiass Spectroscopy Service where
GCMS was undertaken. However again, the concémsabf reaction compounds were
so low that problems were encountered in the ifleation of compounds, which involved

using their search and match library facility amddefinitive assignments could be made.

Although a wide range of materials have been ingatdd, and some materials screened
appear to be active for the synthesis of certaimpmunds, no definitive product
identification has been possible other than the ttaat the target compound, aniline, has

not been synthesised in any of the reactions paddr

5.3 Benzene-Flow Reactions.

The first method which was investigated involvedgiag a continuous flow of benzene
over the reaction material in a feedstream @MNg and was conducted according to the
procedure described in the testing section in Gltapt The reaction temperatures were
employed based upon the performance determineldeiprevious chapter. In addition to
this, the temperature at which the material dec@ag@do the corresponding metal was
also taken into consideration for the more unstalitedes. Table 5.3-1 gives an overview
of the reaction temperatures used for each material

Products from the reaction were condensed usingearbath at the exit stream of the
reactor and subsequently analysed by mass spemyosad'H NMR spectroscopy. The
concentration of benzene flowed over the materad @stimated using the vapour pressure
of benzene at room temperature, and determined &pproximately 9% by volume at the

ambient laboratory temperature (13).



Anne-Marie Alexander Chapter 5 153

, Reaction Temperature
Material

300°C 400°C

CosMosN
MgsN2

VN

FeN

CuN

NisN

CwsN

Zn3N>

TagNs5
B-Mo2No 7¢
Felﬁ-M02No_73
CU/B-MOzNojg
W>N

ResN X

Co-4Re X

X X X X

X X X

XX X X X X

Table 5.3-1 Overview of reaction temperatures used  for each specific material.

The 'H NMR spectra of benzene and aniline are preseimegigures 5.3-1 and 5.3-2
respectively. Benzene occurs as a singlet betwegppm in the spectrufi’’ 2% and can
be seen to occur at 7.92 ppm in the spectrum befomall impurities are also evident at
2.49 ppm and 1.45 ppm. Mono-substituted benzefies appear as a doublet and in the
case of aniline a broad signal is also apparer®.d2 ppm, corresponding to a AH

coupling.

Lk
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Figure 5.3-1 "H NMR spectrum of benzene in CDCI .
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Figure 5.3-2 '"H NMR spectrum of aniline in CDCI .

5.3.1 CoszMo;N.

CosMosN has attracted much attention recently as annaltee catalyst for ammonia
synthesis and reports by Aika and Kojima have denied that doping GMozN with
Cs' results in ammonia synthesis activities which hheen claimed to be higher than
those of commercial iron-based cataly&t§3¢7-%®! Jacobsen and co-workers have
rationalised this activity in terms of a volcantat®nship between the ammonia synthesis
and nitrogen binding eneré%?:%] The combination of Co (with a low,Nbinding energy)
and Mo (with a high B binding energy) produces a CoMo alloy with an mati nitrogen

adsorption energy similar in strength to that ahemium, as shown in Figure 5.3-3

As described, Jacobsehal. identified CoMo as a potential high-activity alloatalyst by
simple interpolation between the corresponding jme¢al components on the volcano
curve (Figure 5.3-3), which was subsequently coménl using first principle DFT
calculations. They also calculated that the d@Nssociation energy on this alloy is
intermediate between the dissociation energieh@ptre metal components. It was also
concluded that the bulk nitrogen of the ternaryishét did not appear to affect the activity
of the alloy and that the main role of nitrogennasowas to induce ordering to give the
required (111) surface containing both Co and Mongt This would therefore imply that

the bulk nitrogen was inert in this resp&gt.
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Figure 5.3-3 Calculated turnover frequencies for am  monia synthesis as a function of the
adsorption energy of nitrogen for various transitio n metals and alloys. [6e)

However, more recently G®losN has been shown to reversibly take-up and release
nitrogen. In studies by Mckag al, it has been demonstrated that it is possiblenoorve
50% of the lattice nitrogen under/Mr at high temperature (70C) with the remaining
nitrogen shifting to a new crystallographic positioesulting in a phase change from the
CosMosN (331) phase to the @dogN (661) phas&'?¥ This was subsequently
confirmed by powder neutron diffraction studi€s! In these studies it was also shown
that it was possible to replenish the lost nitrogea reverse nitrogenation process, which
can be achieved under & Meedstream, therefore enabling the material temdally
participate in a Mars-van Krevelen procB88. For this reason GMosN was the first
material to be investigated as a potential candidiat the direct reaction of benzene to

aniline.

Reactions with CéMosN and benzene have previously been documented lkaywand
co-workers in which a temperature profile similarthat which was described for the
temperature programmed,Mr studies used for the early transition metakidéds in
Chapter 3. However it was found thats®@l@sN underwent carburization to edosC, due

to the high reaction temperatures and hence a loeaction temperature has been
employed in this study. Initially studies were danted using chlorobenzene rather than
benzene itself, primarily due to the fact that gt @asier to cleave the C-CI bond in
chlorobenzene than the C-H bond found in benzene.

5.3.1.1 *H NMR Spectroscopy.

Figure 5.3-4 shows th#H NMR spectrum of chlorobenzene taken from the kerbprior
to reaction, so as to directly compare the produotkected from the exit stream of the

reactor, Figure 5.3-5, with that of starting matkri
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Figure 5.3-4 "H NMR spectrum of chlorobenzene in CDCI .

It is evident that additional peaks appear in hecgum of the reaction products obtained.
The most obvious change is a broad peak occurtidg82 ppm, which is highlighted in
this spectrum. The shape of the peak is consistethat would be expected from an
R,CHZ group where Z = O, N or a halogen and it i® afsthe region of the spectrum
where this would be expected to oc&f 2% There is a small multiplet at 0.83 ppm, and
a tiny singlet at 3.30 ppm. These peaks are withenhydrocarbon region of the spectrum
and may possibly be a saturated hydrocarbon spenigs CH group respectively. The
large peak at 1.42 ppm corresponds to water ant¢htge singlet in the aromatic region
arises due to benzene, which characteristicallyscat 7.37 ppm. As this observed peak
is a singlet, and different to the doublet as saghe’H NMR spectrum of the unreacted
chlorobenzene, it may be possible that some of dhierobenzene has undergone
hydrogenation forming benzene. The small peak(Gat @pm also appears in the unreacted

chlorobenzene and so is concluded to be an impurity
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Figure 5.3-5 'H NMR spectrum of products collected after reaction of CoszMosN with H »/N,
and CgHsCl at 400 °C for 1 h (CDCI 3).

Following these results, analogous reactions waderaken with benzene to investigate
whether or not it was possible to aminate the beaabrectly. From Figures 5.3-6 and
5.3-7 it is apparent that a broad peak observe®.52 ppm, more clearly presented in
Figure 5.3-7 which is an expansion of the spectruhich is again within the same region
as the broad Nfistretch observed in the aniline spectrum, FiguB25(3.72 ppm). In
addition there is a small peakat 0.91 ppm. Again there appears to be some impsiriti
giving rise to small features at 2.20 ppm and Ippéh. These are also present in the
spectrum of benzene prior to reaction. It shouldhbeed that the TMS signal was shifted
to 0.10 ppm.
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Figure 5.3-6 'H NMR spectrum of products collected after reaction of CoszMosN with H »/N,
and CgHgat 400 °C for 1 h. (CDCI 3)
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Figure 5.3-7 Expansion of Figure 5.3-6.

These reactions have been repeated several tingey timle same conditions and the

resultant products have given the simftdrNMR spectrum on each occasion.

5.3.1.2 XRD Patterns.

The XRD patterns of the post-reactionsMosN samples show the same characteristic
reflections to that of the pre-reaction materidlowever, upon close inspection, the shifts

resulting from the reaction under chlorobenzenesaigent.

The post-reaction chlorobenzene XRD pattern shoslsfato a higher angle62 which is
indicative of a decrease in the unit cell volunidais can be seen clearly in the comparison
of the pre- and post-chlorobenzene reaction patténnFigure 5.3-8, and the shifts
correspond to a decrease in d-spacing from 2.125tBe pre-reaction sample to 2.117 A
in the post-chlorobenzene reaction. This effecsduo# occur in the post-benzene reaction
XRD pattern where no apparent shift is observetioalyh a small decrease in the

intensities is possibly evident.
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Figure 5.3-8 Pre- and post-chlorobeneze and benzene  XRD patterns of Co 3;MosN.

Similar shifts, to a higher Bragg angle, have baeleserved in HAr studies and have been
attributed to the loss of almost 50 % nitrogen frilvi@ material resulting in the formation
of CasMogN, which has been previously documertét. CHN microanalysis, Table 5.3-
5, confirmed that only 1/3 of nitrogen was lostnfrahis material when reacted under
chlorobenzene, compared to almost half reporte@muHgAr. It has been reported that on
the transformation from GMosN to CgMogN under H/Ar only two line phases are
observed with no intermediate stoichiometry beinglent™®® The cause for the shifts,
documented here, remains unclear and is currenthgminvestigation. It may be possible
that a chloronitride forms, which may explain whys@aller shift is observed in the
diffraction pattern and also why only a third ofragen is lost. However it is unlikely that
the Cl atoms replace the N atoms in a 1:1 rati@ K ion has an ionic radius of 1.71 A,
although it is anticipated that the radius of N niysmaller in the GMosN structure
(since it will not be in the K form), whereas Cis slightly larger at 1.81 X*! On this
basis, if chlorine were to replace nitrogen in & hasis the shift to a lower Bragg angle
would be expected. Shifts to lower Bragg angleseweported in a study by Mckayal,

in which the formation of GiMo3;C was observed as a direct result of the reacitwden
CosMosN and GHe at 700°C, in which the carbon atoms replaced all nitrogémms
within the crystal structuré™ In both chlorobenzene and benzene reactions thete i
evidence of carbon species being deposited on therial, either as graphite (which
would have a signature (002) reflectioncat 26 ° 26 or as another carbide species. This

was subsequently confirmed by CHN analysis.
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As discussed in Chapter 3, Ley and co-workers tedothat MgN, releases ammonia
upon reaction with protic solvents such as meth&ffbI This in turn was demonstrated to

function as an alternative nitrogen source forahmnation of esters to primary amides.

In the current study it was found, from the studiescribed in Chapter 3, that M
produces a significant amount of ammonia at 400 the upper limit to the proposed
reaction, under both #N, and H/Ar suggesting that the material undergoes a fofm o
decomposition. This was confirmed by post-reactminogen analysis. Consequently

MgsN2 has been studied in the envisaged reaction withdyen

5.3.2.1 'H NMR Spectroscopy.

It is evident that there is a large peak at 7.8&hpwhich can be ascribed to benzene.
However upon closer inspection the presence oftiaddi weaker peaks can be observed,
which are different to those previously describeBxpanded versions of the original
spectrum, which is shown in Figure 5.3-9, are pre=ein Figures 5.3-10 and 5.3.11.

user Anne—Marie Alexander - .
PROTON.GLA CDCI3 fu anneal 23 [ niversity
.:.

of Glasgow

ASEYIANYEITEY ARARTARYS

. @, _;@
2 = 20 S 1.0

a 78 7.0 55 6.0 55 5.0 as an 25

B B B

— 7

Figure 5.3-9 '"H NMR spectrum of products collected after reaction of Mg 3N, with H /N, and
CgHs at 400 °C for 1 h. (CDCl 5)

From Figure 5.3-10 it is evident that there seveledrly defined peaks at the lower end of
the spectrum indicative of either allylic or vinylhydrocarbon chains. In addition to this
there is a singlet and quartet which appears withéaromatic region of the spectrum.

These peak positions, descriptions and possibigrasent are presented in Table 5.3-2.
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Peak Shift Description Possible Assignment
(ppm)
1.48 triplet CH-CH
1.57 broad singlet RN
1.89 doublet CH-CH
1.95 sextet CHCH-CHs
2.19 quintet CHCH-CH or R-CH-CH-CH,
4.80 septet R-(CHCH-CH;
5.64 broad singlet RCO-N+br ArOH
7.30 singlet aromatic RC-CH
8.19 double doublet aromatic CH-CH-CH (Ar-R group)

Table 5.3-2 Table of chemical shifts from the ~ 'H NMR spectrum, Figures 5.3-10 and 5.3-11.

From the possible fragments, assigned to eachabpiissible structure may be:

NH,

X

The mass fragments which obtained via mass speopygsare relatively high and are

presented below:

71, 87, 105, 113, 127, 141, 147, 159, 175, 194, 229, 233 m/z.

The overall mass of the above compound is 219. Kewinis mass is not observed in the

mass spectrum. The 175 m/z mass fragment isvehattlose to the mass which would be

obtained from the above compound if the propyl grexere to be removed (176). As

previously mentioned, Mg|, is sensitive to oxidation in air, it may be possithat the

material is slightly oxidised upon loading into theactor, which may subsequently

account for the presence of oxygen in the propssedture.
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5.3.2.2 XRD Patterns.

The pre- and post-benzene reaction XRD patternprasented in Figure 5.3-12. There is
no observed shift in the reflections of the postdene sample and the pattern is directly
comparable to that of the pre-reaction sample, witkh samples matching the cubic

MgsN> phase.

Mg;N,
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Figure 5.3-12 Pre- and Post-benzene XRD patterns of  MgsN,.

5.3.3 VN.

Vanadium nitride, amongst others, has been repdagethompson and co-workers to be
active in the amination of ethart! It was shown that vanadium nitride, like platimu
and supported nickel, was selective towards thglathine but only in the presence of

ammonia, since otherwise ethene was observeddoreant product.

Vanadium nitride was shown to be active for thedpiaion of ammonia, as described in
Chapter 3, whilst it was also revealed, by subseigpest-reaction nitrogen analysis, that
although a significant amount of nitrogen is logbn reaction, only 1.8 % of the total
nitrogen that was lost contributed to the formatioinammonia, with the remaining
probably being lost as N Vanadium nitride has subsequently been invesiibas a

possible aminating agent by reaction with benzene.
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5.3.3.1 'H NMR Spectroscopy.

There was no apparent difference in tHeNMR spectra of the unreacted benzene and that
for the products collected at the exit of the regcand so it is concluded that no products

were formed.

5.3.3.2 XRD Patterns.

As with the lattice nitrogen studies, documenteQimapter 3, the XRD patterns of samples
before and after reaction with benzene were comefiito be cubic VN. Although there is
a limited amount of nitrogen lost from the materad confirmed by CHN analysis, it may
be possible that only loosely bound surface,Npecies are removed at 4@ which may
not be a sufficient temperature to activate thecktnitrogen for it to then subsequently
react with benzene. However, above 4QD0it is possible that benzene will decompose
into carbon and hydrogen and so the temperatur@geatis value were considered to be
outside the target range of the desired direct anaun process as stated in the introduction
to this chapter.
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Figure 5.3-13 Pre- and Post-benzene reaction XRD pa tterns of VN.

5.3.4 TazNs.

In Chapter 3 T&Ns was shown to be active for the synthesis of ammani4é00°C under
H2/N2. It was found that under these conditions a Vieriged amount of nitrogen was lost

from the material, when compared to the sampletedaender isothermal #Ar. It may be



Anne-Marie Alexander Chapter 5 165

possible that the Npresent in the HIN, feed gas suppresses the hydrogenation of the
lattice N in TaNs. Another possible explanation is that thg iN the feed gas fills the

voids created upon hydrogenation of lattice N.

It was also demonstrated through a A¥Ad switching experiment, that although a small
degree of ammonia was produced under an Ar only tiee presence offtaused a much
more significant drop in the conductivity value, ialh consequently demonstrates the

reactivity of the lattice nitrogen in this material

To the writer's knowledge there is currently ne@déture available which has reported the
use of TgNs as an aminating regent or in nitrogen transfee tgpplications. From the
data presented in Chapter 3, summarised abowsTaay be an interesting potential

candidate for nitrogen transfer applications.

5.3.4.1 "H NMR Spectroscopy.

Again, no obvious change was observed in the masttion’H NMR spectrum of the

reactant benzene. It was therefore concluded thataction occurred.

5.3.4.2 XRD Patterns.

The XRD patterns of the pre- and post-benzene igmctare essentially the same,
indicating that the phase remains unchanged. Hemm\is evident that the reflections
which correspond to TaN (indicated by a star) pregethe pre-reaction sample, samples
do not appear in the post-benzene sample. This alsas observed in the diffraction
patterns of the post4Ar reaction samples (reported in Chapter 3), aag bre attributed
to the samples becoming more reduced upon reactimthermore, some reflections
appear slightly broader in the post- benzene sanspleh as those at approximately 30
and 35° 20, possibly indicating that there is a slight ingean the disorder within the
sample, which is also consistent with the apparerease in intensity of the background.
This could possibly arise due to the loss of nérodrom the sample, as confirmed by
CHN analysis, giving rise to a post-reaction stmaietry corresponding to 39 NO
evidence of any additional carbon containing spgeaias found after reaction.
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Figure 5.3-14 Pre- and Post- benzene reaction XRD p atterns of Ta 3Ns. TaN reflections are
indicated by a

535 B'M02N0.78-

5.3.5.1 'H NMR Spectroscopy.

In the spectra obtained of the benzene reactanthange was observed upon reaction for
the un-doped and dopdiMo,Np 75 samples. Hence it was concluded that no product

formation occurred.

5.3.5.2 XRD Patterns.

After reaction with GHs and H/N it is evident, in the case of the un-dogeto,No 78
sample, that there are some shifts to a lower Bi@agge present in the post-reaction
diffraction pattern with respect to that determimped-reaction, Figure 5.3-15. This would
generally be indicative of an increasing unit eellume. In the instance of reactions with
benzene it may be possible that some of the nitrageeplaced by carbon which may
induce a shift to a lower2value due to the increased size of the carbomisg®i®1.71 A,
atomic N radius 0.65 A and2.60 A, atomic C radius 0.70 A® The presence of
carbon in the sample was subsequently confirmedpdist elemental analysis which
revealed that both nitrogen and carbon was preBeimg 3.31 wt.% and 1.32 wt.%
respectively. Aside from the shift to a lower angho significant difference in the phase

composition and no evidence of graphite was obslerve
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Figure 5.3-15 Pre- and Post-benzene reaction XRD pa tterns of B-MosNg 7g.

The pre- and post-benzene diffraction patternstfer~e dope@-Mo,Ny 7sare presented in
Figure 5.3-16. It is apparent that there are spfa@hges in the intensity of the reflections
atca. 82° 20. In addition there is also a small reflection ethcan be observed in both
diffraction patterns at approximately 229 in the pre-reaction sample and®2® in the
post-benzene sample. The reflection is more appareithe post-benzene diffraction
pattern, which may indicate the presence of grapkhich would correspond to a
reflection at 26 20.
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Figure 5.3-16 Pre- and Post-benzene reaction XRD pa tterns of 1.5 wt.% Fe/ B-Mo,Ng 7s.

The post-reaction XRD pattern of the Cu dofeMo,Ny s sample resembles the pre-
reaction sample, although the Mo reflections areenapparent. In addition it is clear that
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the intensities of the reflections decrease anddfiections become slightly broader with
respect to those observed in the pre-reaction samphis may be a result of the material
becoming slightly more disordered upon reactionhwienzene. No apparent graphite
reflections are observed in the post-reaction aedsample and the absence of carbon in
the sample was subsequently confirmed by elemantdysis, Table 5.3-5.
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Figure 5.3-17 Pre- and Post-benzene reaction XRD pa tterns of 1.5 wt.% Cu/ B-Mo02sNg 78

5.3.6 W;N.

There are several examples of tungsten nitridegoesed for amination reactions. Within
the patent literature, Bowmaesh al reported on the use of WN and,My amongst others,
for the amination of primary and secondary alcoh®s example the amination of
monoethanolamine by diethenetriamine which resulted a mixture of
polyethlenepolyaminéé®? More recently Thompsoet al also reported on the synthesis
of ethylamines, as discussed in section 5.3.3gushN.*®

W:N was shown to be active for the production of amimgas demonstrated in the studies
described in Chapter 3, and is subsequently iryetstd in this chapter for the envisaged

reaction with benzene.

5.3.6.1 'H NMR Spectroscopy.

From the'H NMR spectrum of products which were collectedrirthis experiment, it was

evident that no reaction with the benzene had tpkasre.



Anne-Marie Alexander Chapter 5 169

5.3.6.2 XRD Patterns.

The diffraction patterns of the pre- and post-beezeactions are very similar, with a very
small shift to a lower @ angle observed in the post-benzene reaction XR2mpa This
shift corresponds to a lattice d spacing of 2.406cfpared with 2.394 A observed in the
pre-reaction sample. The shift to a lower anglendicative of an increasing unit cell
volume. However it was shown by post-reaction eletal analysis that a small amount of
nitrogen was lost upon reaction (0.56 wt.%), whwbuld normally result in the shift
moving to a higher Bragg angle, and there was mwmlication of carbon present. The
explanation for this effect is currently uncleat Bample displacement effects in the XRD
sample holder cannot be ruled out.
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Figure 5.3-18 Pre- and Post- benzene reaction XRD p atterns of W ,N.

5.3.7 Fe,N.

Iron catalysts have been long known for their aigtiftor ammonia synthesf{&'*?*¥! |n the
present investigation, k¢ was found to be active for Niynthesis at ambient pressure as
detailed in Chapter 3. It was shoy XRD analysis that upon reaction,Redecomposes
to lower nitride phases such aszlReand FgN as well as Fe metal, demonstrating the
evolution of nitrogen upon reaction. This has besl documented and is described in
much detail by Goodeve and J&t%:%*!

Although there is an abundance of literature rel&bethe structure and ammonia synthesis

activities of iron nitrides, there is very littlelated to amination type reactions.
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5.3.7.1 *H NMR Spectroscopy.

FeN was reacted with benzene at 400 Upon analysis of the reaction products'Hy

NMR spectroscopy, no evidence of any product foionatould be found.

5.3.7.2 XRD Patterns.

The post-reaction XRD pattern of J/Ae Figure 5.3-19, is clearly different to the pre-
reaction sample. It is also evident that thereaisbroad reflection occurring at
approximately 26° 20, this is a signature reflection of graphite (irededd by a star).
Additional weaker reflections at 34and 77° 20 also match graphite. The broad reflection
at 26° 20 possibly indicates that the graphite in the sanwpleery disordered or it may
also be possible that there are very few layergraphite present in the sample. The
number of layers in the sample can be estimatetjubkie Scherrer equation. Taking the
inter-planar spacing of graphite to be 3.35 A, #mat the apparent crystallite size of the
reflection was calculated to be 63.50 A, this cgpands to 19 layers of graphite present in
the post-reaction sample. The presence of carb@ceafirmed by CHN analysis to be
2.13 wt.%. It may be possible that graphite isthetonly reflection which occurs at 26
20, a weak FgO; reflection (JCPDS 039-1346) also occurs at thisitmm. The larger
reflections at 44 and 65 20, correspond to Fe metal; however identificatiorotifer Fe
metal peaks is difficult due to the overlap of eetflons which may correspond to lower
iron nitride phases, such as;Neand FeN. The pre-treated sample was confirmed to be
pure phase KBl by XRD, with a small impurity at 4120, which could possibly

correspond to Ral.
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Figure 5.3-19 Pre- and Post-benzene reaction XRD pa tterns of Fe ,N. unambiguously
assigned reflections are represented as the followi ng, Fe metal Q Fe 3N ographite

5.3.8 ResN.

From the studies conducted in Chapter 3NRleas shown to be active for the production
of ammonia, and had a greater ammonia productienbetween 1-6 hours on stream than
most of the other nitride systems which were ingeséd, with the exception of gNo,
TagNs, MgsN, and CgMosN. As was mentioned in Chapter 3 the catalyterditure for
ReN is scarce, although it has been shown to beeafbivcatalytic hydrodenitrogenation
reactions”™ There is no evidence within the literature to ssjghat Rg\ has previously
been investigated for amination of organic compeuadfor its potential use in nitrogen

transfer applications.

5.3.8.1'H NMR Spectroscopy.

Upon reaction, weak product peaks can be observéldei spectrum, as shown in Figure
5.3-20. Expanded spectra are presented in Figudeal and 5.3-22.
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Figure 5.3-20 'H NMR spectrum of products collected after reaction of Re 3N, with H »/N, and
CeHs at 400 °Cfor1h. (CDCl 3)

It is apparent that most of these additional pexsicar at the upfield end of the spectrum,
and a small peak is apparent at 7.39 ppm occumrtge in the aromatic region of the
spectrum. The peaks at the upfield end of the tgpac are indicative of small
hydrocarbon species. These peak positions, desoisptand possible assignment are
presented in Table 5.3-3.
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Figure 5.3-21 Expansion of shifts from 0-2.7 ppm in Figure 5.3-20.
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Figure 5.3-22 Expansion of shifts from 2.7-5.3 ppm  in Figure 5.3-20.

Peak Shift Description Possible Assignment

(ppm)

1.11 singlet C-CH

1.67 multiplet ?

1.87 quartet CH-CH

2.02 triplet CH-CH

2.39 doublet CH-CH

3.38 quartet CH-CH

5.15 multiplet CH-CH-CH,-R

7.29 singlet Aromatic CH

Table 5.3-3 Table of chemical shifts observed in ~ *H NMR spectrum presented in Figures 5.3-
21 and 5.3-22.

From the possible fragments, with the exceptiothefmultiplet at 1.67 ppm, assigned to
each shift a possible structure may be:

\/1/\

Again some of the mass fragments which were obddreen the spectrum were relatively

high, with respect to the target molecule anili®®)( and are presented below:

71,78, 43, 51, 50, 83, 121, 149, 167, m/z
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As observed previously the mass at 71 is agaireatjdvhich as described may be a result
of a dehydrogenated benzene ring and the mass & Ui@eacted benzene. The mass
observed at 43 m/z may be attributed tozCBH,-CH, whilst the mass at 83 m/z may
correspond to the hydrocarbon chain which is olexeim the proposed fragment; &H
CH,-CH,-CH,-CR=CH-CH;

5.3.8.2 XRD Patterns.

The XRD pattern which was obtained for the postzleee reaction sample demonstrates it
to have partially de-nitrided, as shown by the grag presented in Figure 5.3-23. A
mixture of Re reflections (again shifted) and theioal broad reflection are evident.
Additional sharper reflections are also apparenttha diffraction pattern. These
reflections at 17, 26°, 28°, 30° and 35° 20, as indicated by a star, correspond to ReO
(JCPDS 040-1155), may possibly be a result of diadaof Re metal on discharge from
the reactor.

Re;N

Pre Flow
1600
1400
, 1200
£ 1000 |
3 800 < * A
© 600 e fox % Y O Yy
400
200 Y
0 Me—— apepictes oty

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85
2 Theta

Figure 5.3-23 Pre- and Post- benzene reaction XRD p atterns of Re 3N. ReQO; reflections
indicated by %

5.3.9 CoyN.

Cobalt nitride was shown to produce only a limisedount of ammonia from thefr
and H/N, studies conducted in Chapter 3. However it waswshthat although a
significant amount of nitrogen was lost from thetenal upon reaction, only 5.6 % of the
total nitrogen lost from the material contributexthe formation of ammonia, with the
remainder probably being lost as. NCobalt nitride was also shown to rapidly decosgo
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upon reaction to Co metal and, as mentioned in @hap, was difficult to prepare

requiring very narrow synthesis conditions.

However as the decomposition temperature of thedaitis well below that of the
maximum temperature for the envisaged process {@5nd 400°C respectively) it may
be possible to react the nitrogen with benzene rogl@ying high ramp rates and short

reaction times (108C min* and 1 hour respectively).

However in a study by Rausch and co-workers, aagg Co catalyst was shown to be
active for the amination of ethardt®! In that investigation it was shown that gas phase
hydroamination of ethanol and ammonia over a supddCo metal catalyst yielded a large

range of reaction products including ethylamines diethylimine.

5.3.9.1 'H NMR Spectroscopy.

From the'H NMR spectrum of products which were collectedrirthis experiment, it was

evident that no reaction with the benzene had takace.

5.3.9.2 XRD Patterns.

Again, as described for thextAr and H/N, studies presented in Chapter 3, identification
of phases proved difficult by XRD, as Co metal,@nd CoG (JCPDS 044-0962) all
have reflections centring on similar Bragg anglétowever, a small shift to a higheé 2
angle was observed ed. 44°20. On the whole there is no significant differehedween
the pre- and post-reaction diffraction patternshe Tpost-benzene carbon and nitrogen
analysis can be used to determine if this matéaal decomposed to Co metal or whether
the transformation to a carbide has occurred, fiteerCHN data presented in Table 5.3-5 it
is evident that the nitride has decomposed to Cialraed no carbon is present in the post-

benzene reaction sample.
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Figure 5.3-24 Pre- and Post- benzene reaction XRD p atterns of Co 4N.

5.3.10 NizN.

As previously discussed, N decomposes to Ni metal upon reaction. As wasrols in
the studies in Chapter 3 a significant amount ofmama is produced within the first half
hour on stream. However, this ceases almost imredgiwith very little or no ammonia
produced thereafter. As the material decomposksvhibe desired reaction temperature
for the benzene reactions it may be possible, asritbed in the case for ¢ and CuyN,

to react the nitrogen with benzene, upon decortipasof the nitride to Ni metal, by

employing high temperature ramp rates.

5.3.10.1 'H NMR Spectroscopy.

NisN was reacted with both benzene and chlorobenzsdsfat 300C. However there
was no indication that amination or any other rieadhad occurred in these instances. The
'H NMR spectra of post-reaction trapped samplesesponded to the respective reaction

solvents, demonstrating the absence of detectattkripts of reaction.

5.3.10.2 XRD Patterns.

Upon inspection of the post-reaction XRD pattefigure 5.3-25, it is clear that there are
some differences between the pre- and post-reastamples. In the case of the reaction
with chlorobenzene, the nitride decomposes to thmétal, which is confirmed by CHN

analysis, whereas in the case of the reaction Wwé&hzene, under the same reaction
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conditions, there is evidence of very weak reftati occurring ata. 26 © and 48° 20
arising as a result of reaction. These reflectemesconsistent with graphite, although very
weak. The presence of carbon is confirmed in thet-peaction sample by CHN analysis.
From this it was found that the post-reaction saguntained a mixture of carbon and
nitrogen at levels of 2.4 wt.% and 1.1 wt.% respetf. The percentage of carbon in the
sample is much lower than the value for stoichiometlisC which is 6.77 wt.%. It is
difficult to ascertain whether or not the carbidashformed due to the similarity in
reflections which are observed in the XRD. Howetare is a possible shift to a higher
20 value which is indicative of a decreasing unit gelume. This shift corresponds to a d
spacing of 2.317 A compared to 2.324 A (which isnid in the pre-reaction BN sample)

or 2.280 A (which relates to the (110) reflectidrttee NiC phase as given by JCPDS file
number 026-1080). It may be possible that in th&gance a carbonitride has formed.
Similar shifts are also observed in the Ni meteations present. It is also apparent in the
post-benzene diffraction pattern that although Iditand NgN reflections are evident, the
intensities of these reflections are also comparabkize to the reflections in which only
Ni metal reflections are observed, as in the pbkirobenzene sample, or those in which
only NisN reflections are evident, as in the pre-reactam@e. This indicates that both

products are present in the sample.
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Figure 5.3-25 Pre- and Post-chlorobenzene and benze ne reaction XRD patterns of Ni  3N.
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5.3.11 Cus;N.

Copper itself is a good aminating agent with exasleing found in the patent literature
and documented in organic synthé&ig1’32%23¢|n 3 study by Burgers and van Bekkum
it was found that copper exchanged zeolites wegklfiactive for the direct conversion of
chlorobenzene to aniline in the presence of amajonhere isolated Cu atoms were
thought to be the active sitt&” More recently Xu and Wolf reported that aryl Hak
could be aminated in the presence of catalytic artsoof copper salts to form anilines and
their derivatives at low temperatufés! However there are no literature studies

documenting that G has been used for this purpose.

Copper nitride along with some of the other morstainle nitrides such as4Ni, Co;N and
ReN, as was previously shown in Chapter 3, decompakasrelatively low temperature.
It was for this reason that a high ramp rate (200 min') was employed in the
experiments for this material described in thisptea Copper nitride has been reacted
with both chlorobenzene and benzene in flow reastilnowever, an additional study in
which CyN was refluxed with chlorobenzene was also investid, primarily due to the

lower stability of CyN.

5.3.11.1 'H NMR Spectroscopy.

In the reflux reaction with chlorobenzene andsGuthe resultanfH NMR spectrum,
matched chlorobenzene, and even after expansithe dfaseline, no additional peaks were
observed. From previous literature studies, itlheen shown that GM is fairly stable up
to temperatures of 258C beyond which it starts to decompose, so it ish@es not
surprising that no apparent reaction occurred durifluxing (at temperature 20T).
Therefore it could be concluded that there was ctove nitrogen to participate in the

reaction at this temperature.

The 'H NMR spectrum of the products obtained from thacten of CyN with
chlorobenzene and,HN, at 400°C, is shown in Figure 5.3-26, and on first inspmctiloes
not appear to be different from that of benzenelafge peak can be observed at
corresponding to unreactedsHzCl, however there is also evidence of additionalyve
weak peaks. Upon expansion of this spectrum, EiguB-27, these peaks correspond to a
small doublet at 6.17 ppm, two broad singlets 884pm and 1.95 ppm, which may
possibly be attributed to either CI, NH or an Ol attached to CH-R group, and a

triplet at 1.68 ppm, which may correspond to a CH@roup!*’"22%



Anne-Marie Alexander Chapter 5 179

User — Annc—Marie Alexander

exp153 culn
FROTON_C_A3.gla CDGI3 u anneal 120

T i [ N

Figure 5.3-26 'H NMR spectrum of products collected after reaction of Cu N with H ,/N, and
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Figure 5.3-27 Expansion of the upfield region of th e *H NMR spectrum in Figure 5.3-26.

Further investigations employed a flow of benzemerche material and th#H NMR
spectrum obtained from the reaction products aesgmted in Figures 5.3-28 and 5.3-29.
It is clear that there are several very weak pedakbe upfield end of the spectrum which
correspond to the production of hydrocarbons. eRpansion of this spectrum it was
found that the peak at 1.05 ppm is a triplet, whagkuld suggest the presence of a,CH
coupling and a further peak is apparent at 3.67,pims is split into a quartet and
indicative of a CH coupling. There is an additional peak which canobserved at

approximately 4.70 ppm, but this peak is much lafian those described above and
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probably corresponds to water in the solvent. &l&mno indication of the presence of any

aromatic species other than unreacteldsC
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Figure 5.3-28 'H NMR spectrum of products collected after reaction of Cu 3N with H ,/N, and
CgHs at 400 °C for 1 h (D ;0).
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Figure 5.3-29 Expansion of Figure 5.3-28.

5.3.11.2 XRD Patterns.

As can be seen from Figure 5.3-30 the samples wiaek been reacted with benzene and
chlorobenzene in the flow reactions have decompadse@Gu metal. Subsequent CHN

analysis confirmed that all the nitrogen had besnaved from the material. In the case of
the chlorobenzene reflux reaction, the post-readiiffraction pattern corresponds to that
of the copper nitride, which would again suggelsat tthe reaction temperature has not

been high enough to cause the nitride to losegetrpas discussed earlier.
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Figure 5.3-30 Pre- and Post-chlorobenzene and benze ne reaction XRD patterns of Cu 3N

5.3.12 Zn3Ns,.

As was demonstrated in Chapter 3, zinc nitride shaw initial high activity for the
production of ammonia at 480, which subsequently ceases after 6 hours omnstrdais
result was surprising as it was anticipated thafNZmay behave similarly to GN. As
the catalytic literature for Zh, is scarce, and mainly concentrates on the straiciund
optical properties rather than catalytic aspetts, again unclear whether A will be a
suitable candidate for the amination of benzenendeed for similar Mars-van Krevelen

type related processes.

5.3.12.1 'H NMR Spectroscopy.

ZnzN, showed significant activity in the studies whiclerey described in Chapter 3.
Further to this, it was also one of the few matenehich also exhibited additional peaks
in the™H NMR spectrum of the post-benzene reaction prodascshown in Figures 5.3-31
and 5.3-32.

Expansion of théH NMR spectrum highlights the presence of a tripke1.03 ppm and a
quartet at 3.53 ppm, these are indicative of g @htd CH group respectively. These
peaks are similar to those which were observedhértl NMR spectrum of the GM
reaction with benzene. In addition to these, thegevery broad peak which is apparent at
approximately 6.78 ppm, which was not observechendase of the GN reaction. This

peak may correspond to a N or O containing hetetechiowever this remains unclédf:
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280] These types of compounds, i.e. pyridine, pyrafid furan have a characteristic broad
peak between 6.7 and 7.2 ppm. NH and OH groupschwhiave a similar broad
appearance, occur at lower or higher shifts of @do3.6-4.8 ppm and 7-9 ppm

respectively?’ 28
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Figure 5.3-31 'H NMR spectrum of products collected after reaction of Zn 3N, with H »/N, and
CgHs at 400 °C for 1 h. (D ,0)
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Figure 5.3-32 Expansion of Figure 5.3-31

5.3.12.2 XRD Patterns.

Although pre-reaction ZiN, has a relatively high nitrogen content, it is Istlg lower than
expected from stoichiometric gM,, as was discussed in Chapter 3, and this may be

attributed to the presence of ZnO in the sampleoaiirmed by XRD analysis with a ZnO
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reflection observed ata. 36° 20. In addition, a small Zn metal impurity was de¢ecat
ca. 39 ° 20. However, the remaining reflections matched thofseubic ZnN,. The Zn
reflection becomes more apparent in the post- benzeaction pattern, which would be
expected in the case of decomposition of the mitridhgain, as was seen in/Ar studies
reported in Chapter 3, the formation of ZnO is ewidin the post-reaction XRD patterns,
as has been previously discussed this may be dtieetincreased susceptibility of Zn

metal to oxidise on discharge due to its increasadtivity.
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Figure 5.3-33 Pre- and Post-reaction XRD patterns 0 f Zn,N3; The symbols used show
characteristic reflections Zn metal ( ) &d ZnO (o) that can be clearly identified without
ambiguity. (JCPDS 035-0762 Zn ;,Ns3).

5.3.13 Co-4Re.

Co-4Re is a relatively unstudied material and hesahstrated good potential as an
ammonia synthesis catalyst, as reported in theiegtutdy Aika and Kojima and
subsequently in the #N, reaction performed in Chapter®3. Initially this work has
centred solely on nitride based materials, howevef4Re has been investigated as a
nitrogen transfer reagent based upon the signifiaemmonia synthesis activity exhibited
in Chapter 3. This material has a much highervagtithan the other materials
investigated, with the exception of the Ru basedenss and ZgN,. However ZgN,
appears to decompose to Zn metal upon reactiortheng@roduction of ammonia ceases
after 6 hours on stream. Co-4Re, on the other hlaasl,been tested for 16 hours under
ammonia synthesis conditions with no apparent deserén activity. It is for this reason

that Co-4Re is being investigated under benzeraiomaconditions.



Anne-Marie Alexander Chapter 5 184

5.3.13.1 'H NMR Spectroscopy.

Only upon expansion of thBH NMR spectrum obtained from the products of reacti
between Co-4Re andsBs with Ho/N, are very weak product peaks observed. As with the
other reaction products, the sample mainly consistm-reacted benzene, which swamps
the trace compounds which have been observed ie sdrthe proton spectra. This was
one of the main reasons that these experimentsamtyeun for one hour, in an attempt to
prevent any reaction products being diluted withess un-reacted benzene. Figures 5.3-
35 to 5.3-37 illustrates the peaks which were oleskron expansion of the proton
spectrum of Co-4Re.
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Figure 5.3-34 'H NMR spectrum of products collected after reaction of Co-4Re with H ,/N, and
CgHg at 400 °Cfor1h. (CDCl 3)

Again, it is evident that most of the peaks areceotrated at the lower end of the
spectrum, indicating the possible presence of toattion species. Additionally there are
some peaks which are also present in the aronegion of the spectrum, aside from the
large benzene peak. However, it is obvious thasetheaks overlap with benzene peak,
making identification or possible assignment diffic Table 5.3-4 provides an overview

of the peak shifts along with a possible protongassent to the respective shifts.
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Figure 5.3-35 Expansion of shifts from 0.0-3.5 ppm in Figure 5.3-34.
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Figure 5.3-36 Expansion of shifts from 3.5-6 ppm in Figure 5.3-34.
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7.2 [ppm]

Peak Shift Description Possible Assignment
(ppm)

1.28 triplet of doublets CHCH-CH

2.99 quartet CkiCH

3.67 singlet C-CH

4.26 singlet C-CH

4.63 triplet CH-CH

5.30 broad singlet R-Nt+br R-OH

7.29 singlet Aromatic CH

750 possible doublet Aromatlc CH-CH-CH (protons in same
environment)

760 possible triplet Aromatlc CH-CH-CH (protons in different
environments)

7 88 multiplet may be GHs-R (overlapping signals from

each proton)

Table 5.3-4 Table of chemical shifts observed in
3510 5.3-37.

'"H NMR spectrum presented in Figures 5.3-

It may be possible that one of the compounds pteserthe reaction products is
nitrobenzene. As can be seen from the diagramnabeittobenzene has similar shifts to
that observed in thiH NMR spectrum, and would have a similar splittpajtern with the
Ha protons splitting into a doublet at 8.2 ppm, ppfotons splitting into a triplet at 7.6 ppm
(as H and H, protons are in different chemical environmentsyl &t splitting into a

doublet at 7.8 ppm. As protons a and c are ortitbpara, respectively, to the N@roup
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(electron withdrawing) this results in a downfiedtift and consequently signals may
overlap resulting in the appearance of a multipfethe resolution is not high enough to

completely separate the sign&lg:%

NO,
Ha .
8.2 ppm
b Hp 7.6 ppm
He
7.8 ppm

5.3.13.2 XRD Patterns.

The post-benzene reaction diffraction pattern & @o-4Re material is similar to that
obtained for the pre-reaction sample with no obsishifts to indicate changing unit cell
volume. As seen in the N, and H/Ar studies, the intensities of reflections in {hest-
reaction sample increase in intensity, which asiptsly mentioned may be as a result of
the material becoming more crystalline upon apfibca As mentioned in Chapter 3, the
pre—reaction samples contain both Co and Re mb&ags, which are indicated by a star or
circle respectively in Figure 5.3-38. As has beeaviously discussed in Chapter 3,
Co-4Re becomes more crystalline upon reaction wisatvident in Figure 5.3-38. This
appears to be the only significant difference whighapparent between the diffraction
patterns of the unreacted and post-benzene reasdimples. Additionally there was no
evidence of graphitic species on the surface ofthgerial which was consistent with the

post-reaction CHN analysis.
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Figure 5.3-38 Pre- and Post-benzene reaction XRD pa tterns of Co-4Re (Co #Re .

5.3.14 Post-Reaction Carbon and Nitrogen Analysis.

The post- reaction carbon and nitrogen contenthehitrided materials were determined

by combustion microanalysis, and are shown in Tal8e6

It is apparent that all of the materials which h#desn investigated in this section lose
nitrogen, to varying extents, from their structun@on reaction with benzene and/MNb.
However it is also evident that certain materidé® @ontain carbon after reaction.

As can be observed from the data presented in TaBlé MgN, loses a significant
amount of nitrogen upon reaction, however no appaeflection shifts were observed in
the diffraction patterns between the pre- and pesizene reaction samples. Additionally,
as mentioned previously, M- is air and moisture sensitive and the sample malgrgo
oxidation prior to elemental analysis, which isaatbr that needs to be considered upon

analysis of the elemental data.

Elemental analysis confirmed the fact that carqmecies were present in the post-benzene
FeN, NisN and Fe dope@-Mo,No7s samples. Both carbon and nitrogen are evident in
both the NiN and Fe dopefl-Mo,Ny 7 samples. It is interesting to note in the casthef
Fe doped3-Mo2Ng 7ssample, the same wt.% of carbon is also apparethieifreN. Fe is

known to be an active catalyst in the cracking ydrbcarbons and is frequently used for
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Fischer-Tropsch reactiof§! It may be possible that the Fe metal causes theee to

decompose and thus deposits accumulate on theiahataface.

As mentioned above, both carbon and nitrogen ardeev in the post-benzene JNi
sample but not in the chlorobenzene sample in wigdebomposition to Ni metal is
apparent. As was discussed in section 4.3.1G5 difficult to ascertain whether both
carbide and nitride phases are present within angpie due to the close proximity of the
reflections, although the presence of a tiny réibecat approximately 2620 is present,

which would be charateristic of graphite.

From the table overleaf it is clear that both carbad nitrogen are present in the sample,
although these are both much lower than the cakullstoichiometric values for nitrogen
and carbon in NN and NC (7.36 wt.% and 6.38 wt.% respectively). As maméd, it
may be possible that a carbonitride phase existgether this is remains unclear.
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Nitrogen and Carbon content (wt.%)

Nitride -
Material Calculated Pre- Post-reaction
Stoichiometric reaction Observed N Observed C
(400°C, Content wt.% Content wt.%
0 N Content N Content

*300°C) N O CeHs CeHsCl  CeHg  CeHsCl
CosMosN 2.92 2.93 2.55 1.97 - -
MgsN; 27.74 23.50 18.73 -
VN 21.55 17.39 14.86 -
FeN 11.13 7.86 0.90 2.13
CoN * 5.60 3.68 0.40 -
NisN * 7.36 6.58 1.10 0.09 2.40 -
CuN * 6.84 6.05 0.00 - - -
Zn3N, 12.49 9.80 5.45 -
TagN5 11.42 11.23 9.11 0.07
ﬁ-MOzNojs 5.38 541 3.31 1.32
Fe/

5.38 5.58 2.73 2.13
B-Mo2Ng 7
Cu/

5.38 4.39 2.29 -
B-Mo2Ng 7
W>5N 3.66 6.13 5.57 -
ReN * 2.44 2.50 1.31 -
Co-4Re n/a n/a n/a n/a

Table 5.3-5 Pre- and Post-benzene reaction nitrogen  and carbon content of materials
investigated using a flow of benzene and H  ,/N, at the reaction temperature specified in the
text.

5.4 Benzene-Pulse Reactions.

The second method investigated as a potential sgistinoute to aniline adopted a series of
alternate benzene and ammonia pulses into a cgagewhich were subsequently passed
over the reaction material. These pulse studeare undertaken with the ultimate aim to
overcome the limitation posed by direct reactionashmonia and benzene. Direct

amination of benzene is equilibrium limited by tloss of hydrogen as discussed in the
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introduction to this chapter. By pulsing ammorhia tiehydrogenation stage can possibly
be separated from the amination stage. x K#$idues adsorbed onto the surface of the
reagent may react with the following pulse of bewmzeln doing so, this lifts the
equilibrium limitation by the potentially separaginydrogen loss from nitrogen addition in
the reaction and potentially enables increaseddsenzonversion to aniline.

Pulse reactions were conducted as described inestang section in Chapter 2. The
materials which were investigated in the benzeoe-ffeaction have also been studied
within this section and, as with the benzene—fleactions, different reaction temperatures
were applied taking into account the thermal siighaf the materials. The temperature at

which each material was studied is summarised bieTa4-1 below.

Nitride Material Reaction Temperature/N,

(Ar and HY/Ar for specific materials *)

250°C 350°C 400°C

CosMosN * X
MgsN2*
VN
FeN
CuN X
NisN
CwN * X
ZngNy*
TagNs
B-Mo2No.78
FepB-Mo2No 75
CuB-Mo2Nop 78*
W>N
ReN * X
Co-4Re *

X

X

X X X X X X X X X X X X X X
X X X X X

Table 5.4-1 Overview of reaction temperatures used  for each specific material. * indicates
samples reacted in a H ,/Ar feed stream.

Of the materials presented in Table 5.4-1, it was# that the only materials to present
indication of reaction, either in the form of apgr coking in the post-reaction bed
packing granules or bH NMR spectroscopy, were the same materials whisplayed

changes in the proton spectra of the benzene-fleactions. These materials are
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CosMosN, MgsN2, CwsN, ZngN,, RegN and Co-4Re. For this reason, these are the only

materials which will be described in this section.

The other materials studied showed no indicatiorea€tion with benzene other than small
amounts of carbon being evident in the post-reacélemental analysis. These CHN
results have also been included in Table 5.4-hatend of this section. TH&l NMR
spectra of these materials were found to matchahtite controfH NMR spectrum which

is shown in Figure 5.4-1, along with a small additil peak between 7.89 and 8.05 ppm

consistent with benzene.
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Figure 5.4-1 Control "H NMR spectrum used for benzene-pulse reactions.

The contro'H NMR spectrum was obtained as a result of soakigacted silica packing
granules in THF, which was the only solvent thasdlved the ‘coked’ material observed
in some of the post-reaction packing granules afage materials investigated. This
solvent was therefore used for consistency. Thelange peaks 0.79 ppm and 1.85 ppm
correspond to THF with TMS referencing to O ppm.

Figure 5.4-2 illustrates the colours which wereeslaed from the products obtained from
the coked post-reaction bed packing granules. Taking’ was only observed in the
reactions which employed axl, feed gas for certain materials. It was not olesn
the reactions which were conducted under an Ar onli/Ar feedstream. It is apparent
that most catalytic aminations occur in the present hydrogen, and it has been
documented that its presence improves the yieldroines and prevents the catalyst

deactivating by preventing the formation of nitsde.e. during disproportionation of
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reactants and products which may consequently tieaacorporation of nitrogen into the
metal lattice, instead of the formation of the amdif> 24 It is therefore surprising that no
apparent reaction products are observed when asidgAr feed, and that they are only
evident when using a 5 %M, feed, especially considering all other reactionditbtons
remain the same this may be indicative that a sowfcgas-phase Nis required to
generate them. Furthermore, the order that Aittl GHe were pulsed into the reactor did

not appear to make a difference.

! GLAHR F e |
Poe rj V
~ i S S ‘

Figure 5.4-2 Products obtained from H /N, pulse with C ¢Hgand (from left to right) Mg 3N,
ResN, CusN, Zn3N, and Co-4Re.

Similar colours were reported in a study by Schudayhich the deactivation of a zeolite
catalyst during methanol conversion was investjat@ It was shown that during the
reaction ‘coke’ forms on the surface of the zeditdsequently blocking pores and hence
deactivating the catalyst. It was reported th#fecBnt at different temperatures different
types of ‘coke’ were observed. For instance, iswated that between 270-300 the
catalysts had attained a yellow colour, which opasxre to air turned pink, which was
reported to indicate the presence of highly unsédar organic compounds, such as ethyl-
trimethly-benzene and isopropyl-dimethyl-benzen&t higher temperatures (above 400
°C) the catalyst had been found to have three disisinable zones; black, grey and blue in
colour. The blue zone was thought to be associatgdminor coking by olefins, such as
ethene and propeff&®!

5.4.1 CoszMo;N.

5.4.1.1 *"H NMR Spectroscopy.

It is evident that the obtained spectrum, Figude3.is very different to that of the control,
which is presented in Figure 5.4-1. Two large ipldts at 1.62 ppm and 3.51 ppm
correspond to THF and appear to mask some of ther ghifts. However it is clear that
there is an abundance of peaks at the lower endeo$pectra, indicative of small chain
hydrocarbons. This spectrum is very difficult erpret and may possibly be due to the
fact that multiple components are present withia fample. Attempts to purify the

mixture were undertaken through use of thin laygomatography. A variety of different
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solvent systems were investigated to try and aehgegood separation, and clearly identify
the number of compounds within the sample. Howetes proved difficult as the TLC

spot appeared to either ‘run’ on the silica or renuen the baseline as a ‘whole’ spot. This
would possibly be due to the sample either beimgcmncentrated or that the polarity of
the compounds are in fact very similar to each mgkhem difficult to separate. Figure

5.4-4 shows an expansion of Figure 5.4-3.
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Figure 5.4-3 'H NMR spectrum of products collected after pulse re  action of Co sMo3zN with
H/N, and CgHg at 400 °C for 3 h (THF-d8).
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From the spectrum, below, it is apparent that tlaeeseveral triplets, occurring at 0.91
ppm and 2.38 ppm which would possibly be indicatbfea CH coupling; whilst it is
difficult to assign the multiplets at 1.65 ppm,2pm and 2.20 ppm.
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Figure 5.4-4 Expansion of the chemical shifts from -1.0-3.0 ppm in Figure 5.4-3.
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The region which is covered in spectrum a) in Fegbird-5 is generally associated with
protons that are coupled to either N, O or halogfems and often exhibit a broadening of
mark up areatheir peak shap€2®! The two multiplets at approximately 3.58 ppm and
3.75 ppm are difficult to identify, it is eviderttdt a triplet occurs at 3.38 ppm; a triplet of
doublets corresponding to a gEH=CH group at 3.95 ppm and a quartet at 4.12 ppm,
which may possibly be a CH or Ggroup coupled to a GHgroup. This is slightly higher
than would be expected from standard ethyl groughvivould generally appear between
1-2 ppm, and it may be that a more electronegatioen, such as an O or N atom, is in

close proximity.
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Figure 5.4-5 Expansions of Figure 5.4-3 at differen  t shifts in the spectrum where peaks are
observed a) 3.2-4.4ppm b) 4.6-5.8 ppm ¢) 6-8.5ppm d ) 9-11ppm.

Spectra b-d indicate that a OH or Ngroup may possibly be present within the sample,
which is identified by a broad peak occurring &14ppm, characteristic of the presence of
a RNH or ROH groupfurther reflections can also be observed at thédriggnd of the
spectrum. Peaks which appear at higher chemicéisshie usually indicative of the
presence of either a CO or COOH gréip2e”

5.4.1.2 XRD Patterns.

It is evident that small shifts to higher Bragg k@sgoccur in both post-reaction samples, as
shown in Figure 5.4-6. This type of shift in theaBg reflection is indicative of a decrease
unit cell volume and thought to be, in this ins@nas a result of loss of nitrogen from the

sample. The shift which is observed under.gAHfeed gas is consistent with that which
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has been previously documented by Mckay and co-everk In the case of the M,
sample, the observed shift from 42%4® 42.68° 20, is not as significant as is in the case
of Hu/Ar, however it is clear that a degree of loss fogen has occurred. This was
subsequently confirmed by post-reaction CHN angl]ysa which it was found that
nitrogen had been removed from the sample in andio the addition of 0.70 wt.% of
carbon. This is much lower than the stoichimetr@due for carbon in GMozC which
would be 2.52 wt.%. However there are no appasdigations in the diffraction pattern to
indicate the presence of carbon species such phitga Consequently, it may be possible
that this shift is attributed to the formation of@bonitride phase.
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Figure 5.4-6 Pre-and Post-H ,/N, and H,/Ar XRD patterns of Co 3sMosN from benzene/ammonia-
pulse reaction.

5.4.2.1 '"H NMR Spectroscopy.

The reaction products which were obtained from tk&ction, coating the post-reaction
packing granules, were light yellow in colour arigsdlved in chloroform unlike most of

the other reaction products which appeared to dislsolve in THF. It is apparent from the
spectra that there are no peaks in the aromaticrregpart from a small peak at 7.21 ppm,

which can possibly be attributed to unreacted besze
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Figure 5.4-7 'H NMR spectrum of products collected after pulse re  action of Mg 3N, with H /N,
and C¢Hg at 400 °C for 3 h (CDCI ).

On expansion of this spectrum the splitting pattegnomes more evident, Figure 5.4-8 a-
c. However as the spectrum is relatively comptes difficult to accurately determine the
compound or compounds within the sample, altholghdompound or compounds are
most likely to be unsaturated hydrocarbon(s) duéhéonumber of peaks within 1.5-2.5
ppm and 3.5-5.5 ppm, which are typically regionerehallylic or vinylic proton peaks are
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Figure 5.4-8 Expansions of Figure 5.4-7 at differen  t shifts in the spectrum where peaks are
observed a) 1.2-2.8 ppm b) 3.3-5.2 ppm ¢) 4.6-5.8 p pm.

5.4.2.2 XRD Patterns.

Again as has been found in both lattice (Chaptear8) the benzene flow studies, Mg,
does not appear to undergo any significant bulksphehange upon reaction, with no
apparent shift in Bragg angle to indicate an ineeear decrease in the unit cell volume,
nor does the material appear to decompose to Mglnast has been seen with some other
nitride materials which have been investigated! tiidee samples match to cubic g,

and it is apparent from the XRD patterns that @iftections are sharp and indicative of

well crystalline material.
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Figure 5.4-9 Pre-and Post-H ,/N, and H,/Ar XRD patterns of Mg 3N, from benzene/ammonia-
pulse reaction.

5.4.3 ResN.

5.4.3.1'H NMR Spectroscopy.

Figure 5.4-10 shows th#d NMR spectrum which was obtained for the reactéiRe;N
and benzene. As is evident, the spectrum is vemptex making identification of
compounds difficult, and although relatively simita that which was observed in the case
of CosMosN, differences can be observed. The most appdiffatence is a small broad
peak at 4.91 ppm, which could possibly be RNifoup, which has an approximate

chemical shift of between 5-8 pHii2®” and a collection of very weak peaks in the

aromatic region at approximately 7.32 ppm, and @@, which have been expanded in
Figure 5.4-11.
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Figure 5.4-10 'H NMR spectrum of products collected after pulse re  action of Re 3N with H ,/N,
and C¢Hg at 400 °C for 3 h (THF-d8).
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Upon expansion of the aromatic region, Figure 3.4a), it is evident a substituted

aromatic fraction is present in the reaction prasluwith a small triplet and two doublets

being apparent. However, the remaining peaks apdd such an extent that it is unclear
which positions a substitution may occur and howynarotons are associated with this
aromatic species. A small doublet is also evidest24 ppm

Furthermore the peak which can be observed at gpdd may possibly be unreacted
benzene and additional peaks at approximately 9p#d, and at 9.67 ppm, Figure 5.4-11
b), comprise a doublet of doublets and a doubldtiplets respectively. Due to the peak
position, it may also be possible that this coroesls to substituted benzene which has an

oxygen atom present in the structure.
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Figure 5.4-11 Expansions of Figure 5.4-10 at differ  ent shifts in the spectrum where peaks are
observed a) 6.3-7.4 ppm b) 7.9-10.0 ppm

From the above spectra it is probable that therease than one compound present in the

reaction products.

5.4.3.2 XRD Patterns.

As seen in previous studies the 3Re& starting material appears to be largely amorghou
with a very broad reflection centring upon420. Under H/N, at 350°C for 3 h, almost
total de-nitridation is apparent resulting in cajghe Re metal, with similar shifts which
have been previously reported in Chapter 3, Figudel2. The HAr pulse sample only
partially de-nitrides and can be seen in the Figuth a mixture of Re reflections (again

shifted) and the original broad reflection beingdewt in the post-reaction XRD pattern.
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Figure 5.4-12 Pre-and Post-H »/N, and H,/Ar XRD patterns of Re 3N from benzene/ammonia-
pulse reaction.

5.4.4 CusN.

5.4.4.1 '"H NMR Spectroscopy.

The reaction product obtained from the pulse reactif C4N and benzene with N,
was bright blue in colour, which was a visual iradion that a reaction had taken place.
The'H NMR spectrum for these reaction products was semjlar to that obtained for the
products of the GiosN reaction, and is shown in Figure 5.4-13. Itngeresting that

both colours were also similar; however the cololuthe products acquired in the pulse



Anne-Marie Alexander Chapter 5 203

reaction with CeN was much more intense than that observed in #s® ¢drom the
CaosMosN pulse reaction. It may be possible thagXlis more reactive towards benzene
than C@Mo3N thus leads to increase in the concentration ofiygets which may result in
the more intense colour.

The two characteristic THF peaks are apparent gtoapnately 1.61 and 3.49 ppm. As
with the C@MosN reaction product, a number of peaks are condewtrat the lower end
of the spectrum, some of which appear to be mabkethe THF signals. Additionally
there is a peak centring around 9.59 ppm, as veermther at 7.95 ppm, which can be
attributed to un-reacted benzene. It is probakdettie spectrum presented in Figure 5.4-13
is compiled of several different compounds and @inehich may potentially have a CHO
group in its structure, this would give rise tolemical shift between 9 and 10 ppm, and

hence account for the peak observed at 9.59 ppm.

Furthermore the two singlets centring on 4.80 ar&b Sopm may possibly be protons

attached to a tertiary C=C bond, or it may als@bssible that these peaks correspond to
CONH, or ROH group&’"-280)

It is not possible to accurately determine whicimpounds are in this sample by the
spectrum alone as it is too complex. As previousbntioned it is most likely that the
sample contains more than one reaction product.

Figure 5.4-13 'H NMR spectrum of products collected after pulse re  action of Cu 3N with H /N,
and C¢Hg at 400 °C for 3 h (THF-d8).
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5.4.4.2 XRD Patterns.

In the case of the pulse reaction under.fAHfeedstream, copper nitride decomposed to
the copper metal as expected due to the reactiog benducted at 35, which is above
the sample decomposition temperature. Howeveremum#/N,, it is clear from the
diffraction pattern shown in Figure 5.4-14, thae thitride did not undergo complete
decomposition, with a mixture of copper nitride aswpper metal phases being evident.
This was surprising due to the fact that coppendatapparently decomposes to copper

metal at temperatures above Z80) as was observed in the other studies documémted

this thesis.
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Figure 5.4-14 Pre-and Post-H ,/N, and H,/Ar XRD patterns of Cu 3N from benzene/ammonia-
pulse reaction.

5.4.5 Zn3No.

5.4.5.1 *H NMR Spectroscopy.

As for the CgMo3N and the CgN samples the reaction product, once dissolvedhaff
post-reaction packing material, was blue in coldikewise a similatH NMR spectrum
was obtained with the same chemical shifts to dbaerved in the G reaction products.
Chemical shifts greater than 9 ppm are generafipaated with elements that have a high
electronegativity, such as oxygen. The resulta@kpat 9.61 ppm is indicative that an
oxygen atom may be present in one of the reactiodyets. This may have arisen due to

the fact that trace amounts of ZnO are presenthe fdre-reaction ZMN, sample, as
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confirmed by XRD anaysis in Figure 5.4-15, and sgobently the benzene may have

reacted with these oxide species to produce oxggetaining products.

Figure 5.4-15 'H NMR spectrum of products collected after pulse re action of Zn 3N, with H /N,
and CgHg at 400 °C for 3 h (THF-d8).

5.4.5.2 XRD Patterns.

As was observed for the M\, and H/Ar studies, the presence of ZnO is apparent in all
samples. It is thought to occur as a result oblaier oxidation of zinc metal upon
discharge of the sample. It is also apparent thdhe case of the #Ar pulse reaction, the
characteristic ZgN, peak at approximately 2320 is significantly diminished so that it is
very weak in comparison to other reflections. Ho&rethere does not appear to any
significant shift in the reflections, despite thgmsficant loss of nitrogen upon reaction,

confirmed by post-reaction CHN analysis.
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Figure 5.4-16 Pre- and Post-H /N, and H,/Ar XRD patterns of Zn ,N3; from benzene/ammonia-
pulse reaction. The symbols used show characteristi c reflections of Zn metal ( )#nd ZnO
(o) that can be clearly identified without ambigui  ty.

5.4.6 Co-4Re.

5.4.6.1 *H NMR Spectroscopy.

The reaction product obtained from the post-reactbed granules was red/brown in
colour, and as with the other spectra that have blescribed in this section, thd NMR
spectrum is very complex, Figure 5.4-17, and tloeeefidentification of species is
problematic. However unlike the other spectras ievident that two large peaks in the
aromatic region corresponding to a triplet at 7ppn and a multiplet at 7.08 ppm, as
benzene is generally represented by a singlet leetwe8 ppm, and within this body of
work has been generally observedcat 8 ppm, the presence of a triplet and multiplet
within the aromatic region would be indicative odubstituted benzene. Due to the upfield
shift, with respect to the previously observed leerezpeaksca. 8 ppm), this may indicate
that the substituent group is electron donatinghsas NH or OCH;. If an electron
withdrawing group were attached, for instance OHN@», a shift to a more downfield
position would be expected. Additionally a broaghlp can be observed at 3.78 ppm,
which is slightly masked by the neighbouring TH&nsll at 3.62 ppm, and another at 5.00
ppm. These may potentially correspond to a NH p Nroups. The peak at 3.78 ppm is
slightly larger than that at 5.00 ppm and may eitieea result of the two peaks belonging
to different compounds or that there is more pretassociated with the peak at 3.78 ppm.

When these are peaks are compared to those obdartled aniline spectrum in Figure
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4.3-2, there is a relatively good match. Howeasrmentioned previously, it is difficult to

establish if this is a compound present in thetreagroducts.
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Figure 5.4-17 *H NMR spectrum of products collected after pulse re  action of Co-4Re with
H.,/N, and CgHg at 400 °C for 3 h (THF-d8).

It is also evident that there are additional smaleaks observed in the aromatic region,

which have been expanded for clarity in Figures1®B4nd 5.4-19. It is apparent that the

very weak peaks centring at 6.46 ppm, appear teespond to a triplet and a doublet,

however the resolution of these peaks is relatilaly
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Figure 5.4-18 Expansions of Figure 5.4-17 at differ  ent shifts in the spectrum where peaks are

observed a) 6.4-6.7 ppm
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The peak centring at 7.96 may be attributed toaotesl benzene, whilst the two doublets
of doublets at 7.43 ppm and 7.72 ppm may be thdtres a di-substituted phenyl, with
one substituent being very electron withdrawingchsias a N@ group, this would
subsequently cause two doublet of doublets to fserebd in thedH NMR spectrum, a

consequence of the resonance within the aromaty ri

As previously mentioned the presence of electrothdwawing substituents result in
downfield chemical shifts of the proton signalshisTwould therefore explain the presence

of peaks observed at 9.28 ppm and approximatety ©oén, Figure 5.4-19 b).
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Figure 5.4-19 Expansions of Figure 5.4-17 at differ  ent shifts in the spectrum where peaks are
observed a) 7.4-8.0 ppm b) 9.2-9.8 ppm
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5.4.6.2 XRD Patterns

As with the previous studies investigating Co-4Be,discussed in Chapter 3, the post-
benzene diffraction patterns match to the pre-reaatliffraction pattern, although the
system again appears to become more crystallin@ weaction. Both pre- and post-
reaction samples contain a mixture of Co metalR@adnetal phases which are indicated in

Figure 4.4.6- 2, by a star or circle respectively.
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Figure 5.4-20 Pre-and Post-H ,/N, and H,/Ar XRD patterns of Co-4Re from benzene/ammonia-
pulse reaction— (Co *Re O

5.4.7 Post-Reaction Carbon and Nitrogen Analysis

The post-reaction carbon and nitrogen contente@benzene pulse reaction samples were
determined by combustion microanalysis, and areigea in Table 5.4-2. The nitrogen
content of the pre-reaction sample and the stomchtac value for each material are also

presented for comparative purposes.

As was observed in the benzene flow-reactions, BefN and Fe dope@-Mo,Nq 7s show
an increased carbon content when compared to Hes otaterials investigated, and again
the presence of graphite was evident in the pa@sitien XRD, although this may not be a
true graphitic reflection in the case of Fe doeMo;Ny7s as has been previously
discussed. The presence of carbon is also evidetiitei post-reaction GblogN sample,

which have given rise to the small shift to incexh®8ragg angle apparent in the post-
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reaction XRD pattern, this may also explain whyyoh3 of the nitrogen is lost from the
material instead of a loss of almost 50 % previpusported under a #Ar atmosphere;
ZnzN, and un-doped-Mo2Ny 7 samples. Trace amounts were also observed 4N, Ni
CwN, TaNs and Cu doped3-MozNoy7s samples, however were undetected by XRD
analysis.

It is apparent that both BN and CyN do not fully reduce to the corresponding metal as
has been previously observed, despite the reatgioperature being above that in which

decomposition has been previously observed in #ezdne flow reactions and in the

studies conducted in Chapter 3. It may be ptessitat by pulsing the Nisequentially

the nitrides are regenerated to an extent.

Again ZngN, displays a significant loss of nitrogen upon reagtand is comparable to

losses which have been previously reported inghetions investigated in Chapter 3.

When the nitrogen contents of thesKa post-flow and post-pulse reactions are compared
it is clear that the nitrogen content is lower hie fpulse reaction sample (being 5.45 wt.%
and 3.14 wt.% respectively). However it is alspapnt, as mentioned earlier, that carbon
is present within the post-pulse reaction samgidpagh the presence of carbon is not
apparent by XRD analysis. It may possibly thatdhdon replaces some of the nitrogen

in the metal lattice.



Anne-Marie Alexander Chapter 5 211

Nitrogen and Carbon content (wt.%)

Material Calculated ) Post-reaction
(350°C) Stoichiometric ~ Pre-reaction —zp rre g Observed C

N Content wi% N Content Content wt.% Content wt.%

wtd% Ho/N2  HoAr Ho/Np  Ho/Ar

CosMogN * 2.92 2.93 1.79 1.63 0.70 0.54
MgsN> * 27.74 23.50 18.73 17.41 - -
VN 21.55 17.39 14.92 -
FeN 11.13 7.86 3.71 0.92
CoN 5.60 3.68 - -
NisN 7.36 6.58 1.72 0.05
CwN * 6.84 6.05 0.92 0.21 0.02 -
ZngN, * 12.49 9.80 3.14 2.36 0.21 0.37
TasNs 11.42 11.23 8.43 0.02
B-Mo2Np 78 5.38 5.41 3.48 0.35
FeB-MozNp 78 5.38 5.58 4.12 0.75
CuB-MozNp 78 5.38 4.39 1.10 0.04
W;N 3.66 6.13 5.48 -
ReN * 2.44 2.50 0.52 0.38 - -
Co-4Re * n/a n/a - - - -

Table 5.4-2 Pre- and Post-benzene reaction nitrogen  and carbon content of materials
investigated by a series of benzene and ammonia pul  ses in H ,/N, and H,/Ar gas feeds.

5.4.8 Summary

The work which was conducted in this chapter waslewiaken to investigate the

possibility of direct synthesis of aniline from lzeme. Initial studies involved passing a
flow of benzene over the material and condensiegeffiuent gas, which subsequently led
on to reactions whereby benzene and ammonia weprgesally pulsed into a feed gas

and over the reaction material. Although it isaclehat some of the materials, which have
been investigated in the current study have pratlsoee interesting results with respect
to the organic species in which have been prodtloese currently remain unidentified, it

is evident that these materials have not syntheé¢rsetarget molecule, aniline.
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Further studies need to be conducted in orderawotity the compounds produced from the
pulse reactions; it may be that there is scopeeteldp these new and novel syntheses

routes in the preparation of organic compounds.

From the results presented in this chapter sevetalle based systems appear to be of
interest, these include B¢, CusN ZngN,, CosMosN and Co-4Re.

As was discussed in the introduction to this champbeich effort has been done in an effort
to characterise these unknown products. Sevedfataht characterisation techniques were
used, all of which provided little if no informatioregarding structural characterisation.
This as has been mentioned may be a result obthebdncentrations of products, which

were obtained.

In the initial studies with the benzene flow reant a ninhydrin stain was used in order to
identify whether primary amines were present ingample, which stain blue-purple upon
reaction with ninehydrin. This colour was not abveel in the spotted TLC plates however
a pink/orange spot was observed in some instandesias been reported that some
secondary amines stain this colour with ninehydnioywever it was also discovered that
ninehydrin itself also dries, on the TLC plate, ttte same pink/orange colour with

prolonged heating and therefore this test was disckbas being unreliable.

Additionally, infrared and UV-Vis spectroscopiesr@ealso undertaken. It was thought
that the infrared spectroscopy would provide infation regarding the presence of NH
groups in the reaction products. The spectra wivere obtained matched that of the un-
reacted benzene despite the presence of addipiesaéts in théH NMR spectra. UV-Vis
spectroscopy was employed so as to assess thedkewehnjugation, if any, within the
coloured pulse reaction samples. Benzene hasraatbastic band at 295 nm and on the
basis that coloured compounds generally have aorladasce between 400-700 nm it
would therefore be possible to assess the levebwojugation, and identify any functional

groups present in the product reaction sample.

This subsequently led to samples being analysedighrthe use ofH NMR spectroscopy
and mass spectroscopy. Although these methodsusefal to a certain extent the spectra
which were obtained were often very complex makgngduct identification difficult.
Samples were also purified in the event that mbam tone compound was present in the

reaction products. This involved initially spotifLC plates and finding an appropriate
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solvent system in order to achieve a good separaitween the components, however it
was found that the spots streaked on the TLC réggsaf the solvent system investigated.
The most efficient system that was investigated avds% methanol: chloroform system,
which was subsequently used in a drip column t@rsgp the reaction products. It was
found that most coloured reaction products had ntbeen one component. It proved
difficult to completely separate them, and as ailtesomplexH NMR spectra were

subsequently observed.



Anne-Marie Alexander Chapter 6 214
6. Conclusions

In this thesis, a series of nitride-based matehalge been screened and the reactivity of
lattice nitrogen present within them was assessHuroughout this research project, the
experimental work was conducted with the aim ofal@ping a potential nitrogen transfer
reagent in order to synthesise aniline via thectlioconversion of benzene and has been
split into three distinct sections. The first seotof work investigated the hydrogenation of
lattice nitrogen in order to assess the possibiityproducing reactive species. It was
necessary at this point to establish which materiedre reactive and lost nitrogen from the
metal lattice at or below 40U, the maximum temperature for the envisaged reasti
with benzene. From the data presented, the remwivaitrogen from some of these
materials and its potential for reaction was evidenin order to truly act as a nitrogen
transfer reagent in a process akin to the Marska@avelen process, observed in metal
oxide based reactions, it was necessary for theogah deficient material to be
regenerated, and hence this was the second sexteomined. Finally the reaction of
benzene and hydrogen over bulk binary nitridesnnatiempt to trap the reactive NH
species, for the production of aniline was invedeg. To the author's knowledge, this is
the largest systematic study which has been undartiaa this area. Valuable insights into

all the different processes were obtained andwarersarised in this section.

* On moving left to right along the first row tratish metal series, the corresponding
nitrides became more thermally unstable, which dom theory prove to be

advantageous in the development of a novel nitrogersfer reagent.

» Correspondingly, upon moving across the first didon metal series, it was found
that ammonia production increased during the 8&minutes on stream with gNI
exhibiting the highest ammonia production ratesrduthe first half hour of reaction.
However, with the exception of VN, B¢ and ZnN, which exhibited an almost
steady state ammonia synthesis after 30 minuteyrtieer ammonia production was

observed.

* On descending a group, the ammonia productionigcof the corresponding nitride
also increases, which is subsequently sustainedofger than the 30 minutes

observed in the case of the first series.
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* On comparing the ammonia synthesis activities inaly metal nitrides with Ru
based systems, it was found that onlyNnhas a ‘comparable’ activity to Ru.
Although RgN has an initial rate which is similar to that obv&sl by Ru based
systems, whilst GIN and NN have an initial ammonia production rate which is

more than double that observed by Ru.

» Hydrogenation of lattice nitrogen in the binaryridie systems has been shown to be
a function of temperature. Increasing the tempeeatuunder HAr appears to
differentiate between weakly and strongly boundogien species. Despite the vast
excess of hydrogen in the gas-phase, the nitrogsh from these materials

predominantly occurs in the form otN

* The loss of nitrogen, and therefore its potertbabe employed in nitrogen transfer
reactions, is evident. Nitrides of the later trédpnsi metals, CgN, NisN and CyN,
and alsop-Mo2Ng 7, are found to decompose fully to the parent metath Wweat
treatment. All other nitrides retained nitrogen.

* It was demonstrated that that the nitrogen corntembost of the nitrogen deficient
samples investigated, with the exception o§lCand CaN, could either be partially
or wholly restored under the nitriding gas usegriepare the original nitride phase,
thereby confirming the possibility that the matkrianay potentially function as

nitrogen transfer reagents.

* Reactions investigating the possibility of direginthesis of aniline from benzene
were undertaken over materials which either disggday loss of nitrogen or
demonstrated the ability to synthesise ammonia08tCtor below. Initial studies
involved passing a flow of benzene over the mdtemal condensing the effluent
gas, which subsequently led on to reactions whelsnzene and ammonia were

sequentially pulsed into a feed gas and over theti@ material.

» Certain materials produced interesting resultsmeig ZrgN,, CwN, ReN,
CosMosN, MgsN, and Co-4Re, and further work is required in ortdecharacterise
the products obtained primarily due to the fact firaduct identification byH NMR
spectroscopy, mass spectroscopy and GCMS, provicullias a consequence of
the low concentrations of products within the saaaplThe main focus of this screen

was to produce aniline and this was not achieved.



Anne-Marie Alexander Chapter 6 216

« Nitrides such as NN, FeN, un-doped and Fe dopgeMo,Ng 7s and Ca@MosN show
a higher tendency for carburisation as benzeneassqa over the material. XRD
analysis of the NN, FeN and Fe dopefi-Mo,Ny 7 post-reaction samples indicate
the presence of an extra reflection, attributegrégphite, and provides an explanation
for the excess carbon present in the post-reastamle, whilst the XRD diffraction
patterns of un-dopefgtMo,No 7zsand C@MosN exhibit small shifts to either higher or
lower Bragg angles respectively. This may arisenftbe insertion of C atoms into

the crystal structure and consequently formingraaratride phase.

Below is diagram of the Periodic Table to illustrétte range of materials which have been
investigated. Those which are highlighted in lhugse nitrides (or elements in the case of
Co-4Re and CsMosN) exhibit some interesting features, in termshaf teaction products

which were observed, and are worthy of further stigation.

1 2
H He
3 4 Atomic Number 5 6 7 8 9 10
Li Be SYMBOL B C N o F Ne
11 12 13 14 15 16 17 18
Na | Mg Al Si P S Cl Ar
19 | 20 21 | 22 | 23 | 24 | 25 | 26 | 27 | 28 | 29 | 30 | 31 | 32 ( 33 | 34 | 35 | 36
K Ca Sc Ti \'} Cr | Mn | Fe Co Ni Cu | Zn | Ga | Ge | As Se Br Kr
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
Rb | Sr Y Zr [ Nb | Mo | Tc [ Ru [ Rh | Pd | Ag | Cd In Sn [ Sb [ Te | Xe
55 | 56 * 71 | 72 | 73 | 74 | 75 | 76 | 77 | 78 | 79 | 80 | 81 | 82 | 83 | 84 | 8 | 86
Cs Ba | 57- | Lu Hf Ta w Re | Os Ir Pt | Au | Hg Tl Pb Bi Po | At | Rn
70
87 88 ** | 103 | 104 | 105 | 106 | 107 | 108 | 109 | 110 | 111 | 112 114
Fr | Ra | 89- | Lr Rf | Db | Sg | Bh | Hs | Mt | Uun | Uuu | Uub Uuq
102

This is the first study to screen such a large eaafyboth binary and ternary nitride
systems in this manner. By assessing the nitragsorption properties of each binary
nitride, both with respect to across the Periodibl&, it is therefore possible to potentially
develop a more suitable second-generation catdgsed upon the periodic trends
identified.

In terms of this ¥ generation screening process it is possible tablsh possible ¥
generation ternary and quaternary nitride candidatstems, based upon the lattice
nitrogen reactivity and also the thermal stabilitl the binary nitrides. It would be
interesting to continue this work and possibly grabe effect and activity of mixed

systems to either increase activity or increasettieemal stability of the material. For
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instance, if it were possible to make a ternaryiZ&ystem, the combination of an unstable
system (Zn) and a stable system (Ti) would be &eldie Another system which may prove
interesting would be a Ta based ternary nitridehges involving Cu or Ni. Thls was
very interesting in the fact that it had very dalsie ammonia synthesis properties, was
relatively stable in a MIN, atmosphere and could also be regenerated to thearphase
after being depleted of N. However, no reactiors whserved with benzene. {Suand
Ni3N on the other hand decompose to the correspondetgl at low temperatures; they
are difficult to restore to the original nitride gde, and GIN appears to be active in the
synthesis of organic based compounds. These camdpomay have a similar valence
electron count as CoMo (1%el5€ (ZnTi), 16€ (CuTa) and 15e(NiTa) which may
potentially influence the properties of the materiaith respect to their activity and

performance as a nitrogen transfer reagent, itreleic parameters are of significance.
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