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The application of nanostructured materials with ordered morphologies and properties to
electrochemical capacitors (ECs) is being studied in order to provide enhanced energy
density without comprising their inherent high power density and excellent cyclability. In
this study we have synthesised some metal nitrides through various routes using non-oxide
precursor sources and studied their structure, composition and morphology. As synthesised
materials were made in to electrodes and their capacitances were measured using cyclic
voltammetry.

Manganese nitrides were obtained in a solvothermal synthesis by reacting MnCl, and LiNH,.
Nanotubes at 350 °C or spherical shape particles were seen at higher temperatures.
Capacitances were seen to drop with scan number when run for longer periods at higher scan
rates. Molybdenum nitride samples were obtained by solution phase ammonolysis of MoCls
or Mo(NMe,), to obtain the polymers. Annealing the choloroimide polymer yielded
hexagonal MoN at 500 °C, rock salt Mo,N at 700 °C and above and a mix of both the phases
at 600 °C. Imide derivatives yielded distorted cubic up to 800 °C and a mix of hexagonal
and rock salt at high temperature. Nanotubes were obtained from imide derivatives up to
900 °C, while spherical particles above this temperature and for chloroimide derivatives at
any temperature. CVs obtained for chloroimide derivatives show to double layer
supercapacitors dominating over redox reaction, while imide derivatives were found to be
redox in nature. Chloroimide samples show high capacities up to 247 F g* at 2 mV s™ and
long cycling lifetime for both the derivatives through 1000 cycles.

Vanadium nitride samples were obtained by solution phase ammonolysis of V(NMe,),.
Annealing the polymer at various temperatures under NH; produced VN with standard rock
salt structure at 500-1000 °C while distorted rock salt in the samples obtained at lower
temperature. Particles were found to be spherical in shape. Highest capacitance of 128 F g
was seen for the sample obtained at 600 °C at lower 2 mV s™. Capacitance was found to be
stable through 1000 scans only when a short potential window was used. TiN samples were
produced by obtaining a precursor from solution phase ammonolysis of Ti(NMe,), and
annealing the precursor under ammonia or through sol-gel route using long chain amines as
the templating agents. PXD patterns showed rock salt TiN with broad peaks at 500 °C or
highly crystalline at 800 °C. TEM images suggested particles to be spherical in shape. A
fairly high surface area of 319 m” g was observed for the sample obtained from annealing
the HDA/PrNH; polymer at 500 °C. Cyclic voltammograms showed poor charge storage and
most of the samples tend to oxidise rapidly in agueous KOH. VN/C samples were obtained
carrying an overnight reaction of V(NMe,), with NH; in a hydrothermal bomb at various
temperature. PXD reviled rock salt VN, some distortion was in the structure was found in the
sample obtained at lower temperature. TEM images show vanadium nitride nano particles
with carbon nanotubes. Specific capacitances were observed to be decreased with scan
number through 100 cyclesin 1 M KOH.
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1.1 Introduction

Transition metal nitrides (TMNSs) and carbides have wide applications in many
industrial sectors. TMNSs such as TiN, NbN, HfN, and TaN serve as highly corrosion-
resistant materials, barrier layers for the semiconductor industry, good electrical
conductors and low temperature superconductors as well as hard coatings.! ? Some
early transition metal nitrides behave like noble metals (Pt, Pd, Rh and Ru) in the
catalysis of some chemical and electrochemical reactions, including oxidation of
hydrogen, CO, alcohols and reduction of oxygen.® Some of the metal nitrides have also
shown hydrogen gas storage capabilities e.g. LisN based compositions.*

There are numerous reviews on the chemistry of nitride materials including those
focused on structure,” ° catalysis,” high pressure phases,® hard materials,” phosphors,*

s-block nitrides®* and silicon nitride ceramics.'?

Application of nitride materials in electronics, opto-electronics, wear resistant coatings,
sensors and high temperature ceramics are facilitated by synthesis methods that yield
the material in the appropriate form. As a general rule nitrides sinter less readily than
oxides due to their high lattice energies, hence nitrides with small particle sizes have
long been studied. There is an increasing interest in the size and shape dependent
properties of these materials to understand existing properties and develop new ones,
e.g. for semiconductors such as GaN, catalytically active compositions like CosMo3sN

and hard materials such as TiN.*®

In this chapter some of the important applications and the synthesis routes for

nanocrystalline transition metal nitrides will be discussed.
1.2 Applications of metal nitrides
1.2.1 Catalysis

The interest in binary or ternary metal nitrides as catalysts is due to the similarity in

14,15

activity of the transition metal nitrides to noble metals and their high surface areas

which typically have been obtained through ammonolysis of metal oxides by

16-19

temperature programmed reaction and in some cases have higher activity than
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commercial catalysts.?’ The morphology of the nanocrystalline material could be varied
by changing the flow rate and the heating and the cooling rates.?! In catalysis, porous
nitrides not only offer a large accessible surface area with minimum mass transfer
issues.?” The introduction of nitrogen atoms into the early transition metal leads to the
increase of the d electron density of the metal at the Fermi level and induces noble metal
like properties to the nitrides.?* #* Furthermore during the passivation step following
nitride preparation and before exposure to air, oxygen is incorporated into the lattice and
as a result an acidic nature can appear.?! Catalytic studies of nitrides obtained through

precursor decomposition are few.?> %

Catalysis with metal nitrides has mainly centred around the transition metal nitrides
with special emphasis on groups 5 and 6. These nitrides have been particularly
successful with reactions in a hydrogen environment like hydrogenation,
de-hydrogenation, hydrodenitrogenation, hydrodesulphurisation, hydrogenolysis,
ammonia synthesis, amination, hydride activation and also in photocatalysis.’
Transition metal nitrides W,N, Mo,N, and VN, along with vanadium oxynitride, have
been found to be active catalysts for ammonia synthesis.?**° N, and H, are activated on
the surface of the nitrides, followed by ammonia synthesis and desorption of NH3 gas.
The phase of the nitrides as well as the acid/base nature of the nitrides becomes
important to have facile activation and desorption steps. A ternary nitride CosMosN
doped with Cs has proven to be more efficient than the commercial Fe/K,0 catalyst in
NHj; synthesis. The effect of doping has not been particularly dependent on the amount
of loading and Cs doping on Mo,N has not been effective.®* NHj; synthesis via
hydrazine decomposition on Al,O3 supported molybdenum nitride shows activities
comparable to the traditional Ir/Al,Oj3 catalyst.** The catalytic properties of
nanocrystalline TiN in hydrogen transfer reactions with complex hydrides like NaAlH,4
has also been reported.®® The reaction between diphenylethyne (DPE) and NaAIH, is
faster in the presence of TiN and decomposes the alanate to AIH3; and NaH. The AlH;
then reduces the DPE to stilbine forming an unknown intermediate, which then is

further reduced in H; to reproduce the alanate.
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1.2.2 Photcatalysis

The photocatalytic properties of nanocrystalline TazNs have been recently reported.
Because of its absorption in the visible region of the solar spectrum, it is potentially
more efficient than the more traditional TiO; or oxynitrides based on TiO,. Zhang and
Gao* studied the photocatalytic properties of TiO,.xNy in comparison to TasNs of
different crystallite sizes in the decomposition of methylene blue and observed that the
nanoparticles of TasNs showed better activity than large particles and exhibited a much
higher photocatalytic activity than TiO,.xNy of the same size. Yang and co-workers®
recently reported on the increased efficiency of CNT/TasNs monocomposites in
photocatalysis compared with TazNs nanoparticles. Ta,Os was impregnated into the
CNT’s and was nitrided in NH3 to form the composites. The better activity of the
nanocomposites may be due to the high conductivity of the nanotubes, which helps in
scavenging the photogenerated electrons.

1.2.3 Supercapacitors

Energy has become a primary focus of most of the world powers and scientific
community due to changing global scenarios. It has created great interest in developing
and refining more efficient energy storage devices.*® The demand for more sustainable,
efficient energy storage has provoked a renewed scientific and commercial interest in
advanced capacitor designs in which the suite of experimental techniques and ideas that
comprise nanotechnology are playing a critical role.*” Electrochemical capacitors (ECs)
are also known as supercapacitors, or ultra-capacitors because of their higher power
and energy density (20-200 times greater specific capacitance) compared with
conventional capacitors.®® EC stores electrical charge in the electric double layer
capacitors (EDLC) at a surface-electrolyte interface, primarily in high surface area
carbon. Because of the high surface area and the thinness of the double layer, these
devices can have very high specific and volumetric capacitances. This enables them to
have very high energy density for capacitors and essentially unlimited charge/discharge
cycle life.* In addition to high surface area carbons, even higher capacitance can be
achieved by using redox-active materials such as metal oxides and conducting polymers.
These materials store electrochemical charge using highly reversible surface redox

reactions, commonly described as “pseudocapacitance” in the literature.*® The energy
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density of an electric double layer capacitor (EDLC) is small compared to that of
rechargeable batteries; one needs to increase the capacitance of EDLC. The double layer
capacitance is correlated to the morphological properties of the porous electrodes, which

is the surface area and pore size distribution of the electrode material.** *2

1.2.3.1 Models of the EDLC

The complexity of the EDLC models used to describe the interfacial region at an ideally
polarized electrode has increased with time. Figure 1.1 shows the models for the case
when potentials are negative to the potential zero charge.*®

The first model was proposed by Helmholtz, who envisaged that all the charge on the
metal is balanced by a mono-layer of ions of opposite charge immediately adjacent to
the surface. As a result, the potential changes steeply and linearly over the thickness of
this monolayer. Outside this layer, the solution will have the composition of the bulk
with equal concentrations of anions and cations moving randomly through the solution.
Somewhat later, it was noted that the ability of ions to move freely through an
electrolyte solution at ambient temperatures should be taken into account. In
consequence, a second model was suggested. Again the surface charge is balanced by
ions in solution of opposite charge but the ions are now free to move in solution rather
than bound to the surface; close to the surface there is a large excess of cations over
anions and this difference decreases smoothly over a few nanometers until the
composition of the bulk solution is reached. In such a model the potential will drop
smoothly across the whole of the layer with a composition different from the bulk, most
rapidly at the surface and with a decreasing gradient across this layer. The final model
combines the two concepts. This model envisages a compact layer of ions with a
gradual change to the bulk solution composition with distance from the surface. Now, a
significant fraction of the potential change will occur linearly with distance across the
compact layer with the rest dropped as a smooth function of distance across the diffuse

layer.
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Figure 1.1: (a) Helmholtz model (b) Gouy-Chapman and (c) Gouy-Champan-
Stem model

Capacitance C for EDLC can be measured by the equation given below. C is directly
proportional to absolute permittivity, relative permittivity and surface area of the
electrode, while indirectly proportional to the distance between the electrodes.

€& A
- d
where C  : is capacitance in farads
g . absolute permittivity of free space (vacuum permittivity) which is
8.85 x 10

g . relative electrical permittivity of the dielectric material between the layers

A : Alsthe area of capacitor plate
d : dis the distance between the electrodes

1.2.3.2 Transition metal oxides and nitrides for redox supercapacitors

Redox ECs use redox process at the surface to enhance charge storage capacity,
similarly to a battery. Ruthenium oxide (RuO,) and hydrous ruthenium oxides (RuO, *
0.5H,0) have been intensively studied to be used as redox ECs, as they have shown
high theoretical specific capacitance of ca. 2000 F g™ in a wide potential window of 1.4

V, and electrical conductivity of the order of 10° S cm™. However, commercial
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applicability of RuO is so far hindered by its high cost. ***? Other metal oxides e.g.

manganese,® titanium®® and vanadium®? have been investigated as alternative to RuOs.

Transition metal nitrides like VN,>*** TiN,>*" WN,*® MoN,>** and have also been
found to be potential replacements for RuO, as supercapacitor electrode materials
because of their high conductivity, low cost and high chemical resistance. Further,
careful surface oxidation would expose the different oxidation states of the metal for
Faradaic reactions leaving the conducting properties of the nitrides under the surface
intact.>> % % Nano-structured VN synthesised by a two-step ammonolysis reaction of
metal halide has also been studied as the electrode material for supercapacitors. Specific
capacitance of 1340 F g™* was obtained at a scan rate of 2 mVs™®, with554 Fg*

reported at a high scan rate of 100 mV s

Specific Current (I/g)

] m— e
20 n—2mifa

12 1.0 08 08 0.4 02 a0

Potential ¥ (vs. Hg/HgO)

Figure 1.2: Cyclic voltammograms for VN in 1 M KOH at various scan rates.®

TiN synthesised by two-step ammonolysis of TiCl, was tested for ECs. A specific
capacitance of 234 F g™ at 2mV s or 23.7 F gt at 100 mV s was measured.>®

A mixture of y-Mo,N and CosMosN of different Co/(Co+Mo) molar ratios has been
synthesised by the reaction between cobalt (111) nitrate and ammonium heptamolybdate.
The specific capacitance increased from 30 F g™* to 109 F g™* when the Co/(Co+Mo)
ratio was increased from 0 to 0.25 after which the capacitance decreased. The voltage
stability window at 0.8 V remained the same as pure nitride, but the kinetics of the

redox process became faster with a corresponding increase in the current.
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1.2.4 Ultrahard materials

Coatings of high hardness and low coefficient of friction are in demand for applications
under severe conditions like high vacuum, high temperature, high loads and low
temperatures. Diamond, with hardness of 70-100 GPa (gigapascal), has been used for
such coatings. But diamond is expensive, is difficult to form as thin smooth coatings,
and alloys with carbide-forming metals like iron and steel at high temperature. Nitrides
like c-BN, TiAIN, TiZrN or TiCN are good hard coating materials with hardness in the
range of 20-30 GPa, which could further be improved by varying structure and

composition of the film.®""

Patscheider’® examined the hardness of TiN:SisN, nanocomposites. In the absence of
silicon nitride, the TiN nanocrystals are elongated particles in the range of several
hundreds of nanometres with a hardness of approximately 27 GPa. The hardness
increases to ~35 GPa with the addition of less than 10 atomic percent of SizNy,
increasing the amount of SizNg, there is an increasing coverage of the TiN crystallites by
SizN4 which impedes the growth of the TiN crystallites and forces them to renucleate.
Due to this disturbed growth, the particle size of the TiN crystallites decreases with the
increase in hardness and continues till the size of the TiN particles is small enough to
prevent any dislocation activity. Such small crystallites are only deformed upon moving
single undeformed TiN nanocrystallites against each other and that requires a much
higher energy than dislocation movements, hence this increases the hardness. The
nanocomposites at this stage consist of grains of nanocrystalline TiN separated by a few
monolayers of SisN4. At higher SisN4 concentration, the grain separation becomes such

that the hardness of the material becomes similar to that of SizNa.

1.3 Synthesis Routes to TMNs

The distinguishing factor in nitride synthesis over the oxides is the strong N=N triple
bond that requires twice as much energy as the O=0 double bond to dissociate, and

sensitivity to oxygen/moisture, especially at high temperature. As a result of this the
reports on oxides are many more than those on nitrides. Recent developments in the

field include on the synthesis of spinel nitrides (e.g. SisN4), and morphologies like
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nanorods, microporous and mesoporous nitrides (SisNg, Si-Al-N, Si-B-N), nanocrystals
of high surface area (Mo;N, VN, WN, TiN etc.) and self-standing colloids of different
band gaps (GaN, AIN, Ga-In-N) to name a few. The TMNSs are synthesised using
different techniques depending upon the required materials properties for a particular

application.

1.3.1 Mechanochemical milling

TMNs are traditionally synthesised via the direct nitridation of metal in N, carried out
at high temperatures.” These high energy processes give rise to the product with
metallic impurities and large particle sizes due to fast sintering of the metal. These
problems have been solved to some extent in the mechanochemical milling process.
This process has been quite successful in synthesising metal nitrides sometimes at RT
and sometimes through post-synthesis annealing.”* ™ The problem with this method is
that long reaction times (several days) and a high pressure of N,/NH3. Often products
are found to contain Fe impurities that have leached out from the metallic balls due to
constant grinding of the hard materials. Furthermore the nanocrystals have defect-rich
structures due to the constant beating. Modifications have been made to the process to
hasten the reaction and hence reduce cost and improve purity of the product. Some
TMNSs have been reported through enhanced mechanochemical milling techniques,
such as synthesis of TiN using an electrical discharge,” SiN via combustion synthesis,”’
AIN improving pulverisation by using LiOH.H,0, and liquid-solid reaction for
synthesis of TiN."

There are also reports on the synthesis of ternary nitrides via ball milling of the ternary
carbides in nitrogen or via the ball milling of the second metal with the binary nitride.
The advantage of the latter method is that it is independent of the availability of the
ternary carbide. Ternary nitrides of FesMo3N and CozsMo3N have been synthesised this

way. &

1.3.2 Gas-Solid Reactions

Nanoscale metal nitrides are often synthesised via the ammonolysis of nanoscale metal

particles, metal chlorides, oxides or sulfides. The nature of the precursor dictates the
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nature of the product. This method involves high temperature reactions, which can
result in agglomerated products with very low surface area. Tsai et al®* synthesised
TMN nanoparticles by reducing the metal halides with a sodide, [K*(15-crown-5),Na7].
The purified metals or bimetallic nanoparticles were then heated under N, or NH3 to
obtain the nanocrystalline nitrides. They synthesised y-Mo,N (800 °C in N), TasNs
(650 °C in NH3) and NbNjg g5 (800 °C in NHj3) along with the ternary nitrides FesMozN
(>650 °C, Ny) and some previously unknown phases of Ba-Nb-N, Fe-Nb-N and
Cu-Nb-N. Organic impurities from the alkalides were found, especially when Ba was
used as the metal precursor because of its higher reactivity. Li et al.®? synthesised
0-Mo;N and y-Mo;N by reacting MoOs in a Na/H, mixture and NH3 at 697 and 737 °C,
respectively. The latter is formed due to a pseudomorphic relationship to the MoOj3

whereas 6-Mo:N, is the thermodynamically more stable phase.

Nitridation of aminomolybdate precursors (NH4)sM07024+4H,0, (NH4),M0QO, and
H.MoO; has also been studied because of their layer structures similar to MoO3.% A
molybdenum oxynitride intermediate is formed in NH; at lower temperature (325°C).
The ammonium paramolybdate and MoOj3 produce oxynitride intermediates when
heated in ammonia at 450 and 510 °C, and ultimately produce a mixture of MoN and
Mo:N respectively. High surface area nitrides are produced from the paramolybdate and
MoOj3 as they both lead to pseudomorphous products.

Porous crystalline TazNs has been synthesised by the ammonolysis of Ta,Os at

850 °C.%* The surface area increased from 1.8 m*g™ in Ta;Os to 11.4 m*g™ in TasNs.
This was due to the generation of pores in TazNs owing to the void created by the
replacement of 30% ions with 2 N*. Zhang et al.** used Ta,Os to obtain TasN3zwith
complete nitridation at the lower temperature of 700 °C. Using Ta,Os reduced the

reaction temperature of TazN3 synthesis.

Sulfides have also proved to be good precursors for nitride synthesis and have produced
phases which are normally not achieved with the oxide precursor. Ammonolysis of
MoS, has been shown to produce 5-MoN selectively over y-Mo,N.2 WsNg has been

obtained by the ammonolysis of the high surface area WS,.%
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1.3.3 Solid state metathesis reaction (SSM)

Solid state metathesis reactions have been particularly effective in generating TMNs.
The method has been claimed as a more energy efficient and cost effective synthesis
route compared with the classical methods of nitride synthesis through repeated
grinding, heating and cooling steps. The method involves the reaction between metal
halides and alkali or alkaline earth metal nitrides as nitrogen sources of which Li3N,
MgsN2, CazN, and NaN3 have been most popular. The method, being a solvent free
solid state reaction, involves large activation energies to overcome the diffusion barrier.
This initiation is achieved either through igniting the reagents at room temperature,
grinding reagents together, heating samples in a furnace or igniting the reagent mixture
with a filament. After initiation at room temperature, these reactions often reach
temperatures well over 1000 °C in seconds or even less.?® #” The reactions are highly
exothermic and become self-propagating once initiated. The whole process is very brief,
with a duration usually of less than 5 s, which keeps the nucleation and growth process
very short, resulting in small crystallites and occasionally some metastable phases.®® %
The method is effective in generation of early transition metal mono-nitrides (TiN,*
ZrN®") and partially successful with the group 5 mono-nitrides like TaN and NbN,
which are contaminated with the sub-nitrides,* with particle sizes in the range of 20-50
nm. Metal nitrides such as Mo,N, W-N, CusN (decomposition temperature less than
790°C), main group nitrides like AIN, GaN (decomposition temperature 877 °C), and

Zn3N, (decomposition temperature around 500 °C).

1.3.4 Solvothermal synthesis

Solvothermal methods for synthesis of metal nitrides can overcome some of the
problems involved in solid state metathesis reactions. The solvothermal method may be
seen as a modified SSM reaction where the metathetical reaction is carried out in a
solvent at a temperature higher than the boiling point of the solvent.*®* This method has
been particularly successful in synthesis of metastable phases. Nanocrystalline GaN
has been reported via the reaction between GaCls and LisN in benzene at 280 °C.%* The
product was mainly hexagonal with some rock salt phase. The formation of the rock salt
phase at this low temperature is intriguing as rock salt GaN is normally produced only

at high temperature and high pressure. CusN,*® InN,* and BN®*"*® have also been

10
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reported from solvothermal methods. Recently nanoparticles of ZrN, HfN, NbN, TasNs
and TaN have been formed via solvothermal reactions of early transition metal chlorides
and dialkylamides with LiNH, in mesitylene and benzene.?” All preparations were
carried out in autoclaves. The formation of TaszNs takes place via stepwise substitution
of chloride groups and condensation with the elimination of NHs. The TaCls was found
to be a little more soluble in benzene than in mesitylene, but is fully consumed in
reactions carried out in either solvent. Reduction of NbCls was carried in a similar kind

of reaction. Reactions below show the synthesis of TasNs and of NbN:

5LiNH,, -5LiCl
TaCls ¥Ta(NH,)s” — Y5 TasNs + %5 NH;

5LiNH,, -5LiCl

NbCls » NbN + 4 NH; + Y3N, + S5LiCl

Reactions of metal (Zr, Hf or Ta) dialkylamides with LiNH, led in all cases to
crystallization of the MN phase. These reactions suggested that solvothermal reactions
are not as clean in mesitylene as they are in benzene. However the main disadvantage of
this method is the decomposition of solvent during the nitridation reaction, which can

incorporate high level of carbon in the crystal lattice of the final product.

1.35 Precursor decomposition

Precursor-based synthesis of metal nitrides has been particularly successful in the
synthesis of films via CVD, because of properties like volatility and solubility of
precursors in normal organic solvents. Synthesis of colloidal nanocrystalline nitrides via
precursor decomposition has also been gaining momentum over the last decade due to
the new requirements of the optoelectronic industry that the feature size be reduced
from 130 nm in 2002 to 22 nm in 2016.% Film development methods based on CVD
may also not be able to provide acceptable film coverage in etched trenches and other
such reduced features. This prompts different deposition methods like spin

coating.'%% 1%

The precursor decomposition methods can be divided into two broad categories. One is
the use of metal inorganic precursors involving M-N-H atoms and the other is metal

organic precursors containing M-N-R linkages, both of which lead to MN particles. The
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advantage of the former is that it can produce pure metal nitrides with little or no C
contamination. The disadvantage is that the decomposition of these precursors happens
at a higher temperature and the lack of organic groups renders the precursors insoluble
in all organic solvents preventing the possibility of any reaction in the solution phase.
Metal-organic precursors, on the other hand, are soluble in organic solvents and have
the potential of producing a colloidal dispersion of nitrides. Ideally the precursor has

clusters or a molecular structure similar to that found in the desired final product.

Brown and Maya'® used the inorganic route to synthesise ZrN, TiN and NbN. They
treated metal dialkylamides with NHj3 to obtain a precipitate. The precipitate was then

1'% reacted

pyrolysed to obtain pure nitrides in the +3 oxidation state. Baxter et. a
transition metal dialkylamides or hexamethyldisilyl amides with condensed NH3 in THF,
which resulted in a hydrocarbon-insoluble product that showed a remarkable reduction
in the carbon content compared to the starting material. The method can be looked upon
as an extrapolation of the sol-gel method, except that the end product is a precipitate.
The reactions proceed via transamination of the dialkyl amide. The precipitate was then
pyrolysed under He to temperatures of 650-800 °C to obtain nanocrystalline (~30 nm or
less) metal nitrides for the early transition metals and lanthanides. The late transition
metals like Fe, Co, Cu produced the metals after heating. Reactions with mixed metal
amides either produced a solid solution (Nb: Ta) or a mixture of the two nitrides (Ti:V).
Kaskel et. al.'® synthesised TiN nanocrystals by heating different TiCl, complexes with
ligands like aliphatic amines, ethers and bipyridines in NH3 to temperatures between

700 and 1000 °C, depending on the nature of the precursor. This method is an easy and
simple way of producing TiN nanocrystals of different morphologies and high surface
area (>200 m?g™*) with very little impurity.

ZrN has also been reported by using tris(hexamethyldisilylamido)zirconium.®! The
precursor was pyrolysed under NH3z or vacuum to obtain pure crystalline ZrN at 1075 °C.
Advantages of this method are that the precursor is soluble in organic solvents and
therefore has the potential for applications producing films and coatings.

105
l.

Wolczanski et al.™ used a single source metallorganic precursor designed to have the

correct ratio of atoms needed to form TaN, (Fig. 1.4). They synthesised the precursor

12
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[(‘BUCH,),;TaN]s in three different ways, via reactions of (‘BuCH,);Ta=CH'Bu with
NHs, (‘BUCH,),Ta(NMe,)s with NH3, and (Me;N)s-Ta=N'Bu with NHs.

Hp }Tp Np, }‘Tp
5.0 NH; no by N—Ta—N —Ta—N
("BuCH;);Ta=CH'Bu @ » T|| bl T| hlr |T|
o a a a
,20°C, 11k Mo g . S~y
Ny Hp HNp Np
MNP = neopentyl
MHz
hv | ambient
)] seec.iin
lion=c aio=C 400 lin [TaCy 41 Hz 0 Migln
Ta 4—o Tal —— TaN —
24h 3d  amorphous  24h Green orange

oligomer

Figure 1.3:  Precursor methods for preparation of cubic TaN

Heating the precursor to 400 °C and 800 °C produced amorphous and nanocrystalline
TaN, respectively. Formation of the kinetically driven cubic phase in preference to the
thermodynamically stable hexagonal phase was related to the structural similarities of
the precursor and cubic TaN. Both the precursor and cubic TaN have corner-sharing
structures whereas the hexagonal phase has TaN3 and TaNg units, which makes its
synthesis infeasible at this temperature.

d*® by heating two different

Nano-crystals of &-MoN and y-Mo,N have been reporte
Mo precursors, nitridotris(neopentyl)molybdenum(V) and its oxo-bridging bis(imido)
derivative, in NH3 to 700 °C. The C content was reduced from 2 to <0.1% by varying
the temperature ramp rate between 100-200 °C/min. Nitrogen deficient Mo,N was
obtained when NH3 was replaced by N, between 500 and 700 °C, but the carbon
contents were higher than the ammonolysed product suggesting that the hydrocarbon

removal was not complete at 500 °C in NHs.
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1.3.6 Non-oxide sol-gel method

The sol-gel method is well known for producing solids of different morphologies.
Though the method has traditionally been used for the synthesis of oxides, it has now
been successfully extrapolated to nitrides and chalcogenides, especially for formation of
highly porous materials. The interesting morphologies produced by sol-gel chemistry
(Figure 1.4) have largely contributed towards applications in catalysis and ceramic
materials.'®” Sol-gel processing takes place through a series of steps: controlled
hydrolysis and condensation, gelation, aging and drying.'%® ' It is based on the
formation of a stable suspension of colloidal particles (amorphous or crystalline) or
polymer in a liquid, a sol.**° This is subsequently linked up to immobilise the liquid
phase in a porous, three dimensional solid network; this is referred to as a gel.™" **? The
rate of condensation is controlled by various parameters, such as the properties of the
starting material, e.g. diffusivities, reactivities, etc., their concentrations, reaction

temperatures, solvent, and possible additives.*

Powder l FILMS
‘\ ® (Gelation as solvent evaporates,
. .
3 S o then Fire)
Fibres
(Drawn from the gel or / * °
spun) SOL

Stable Suspension

\)é
Dense Monolith GEL Aerogel

) (Solid Network Supporting Solvent)

(solvent evaporation then fire ( Supercritical solvent extraction)

Nanostructured Materials

(Gelation with Templates)

Figure 1.4: Processing route to materials using sol-gel methods

Non-oxide routes have largely developed around silicon nitride. Kaskel*** and
co-workers have demonstrated the possibility to engineer the pore size of amorphous

14
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silicon nitride from a microporous framework. The NH and NH, groups, especially
around the inner surface of the solid, have been functionalised to introduce other metals
into the framework and in the process have produced nanocomposites of metal nitrides

and silicon nitride. Such materials find use as hard materials and also as gas filters.**®

Jansen et. al."*® introduced transition metals into the silicon nitride framework. Three
metal dialkyl amides, Ti(NMe,)s, Ta(NMe,)s and Zr(NMe,)4 were chosen as they had
similar ammonolysis rates to Si(NHMe), which was considered essential to having a
homogeneous distribution of metal and Si in the gel. The reaction can produce tertiary
silicon nitrides by dissolving the two amides in a common solvent at low temperature
and ammonolysing the solution to create a polymetallosilazane precipitate. The aim of

these reactions is described below:
MY-NRR’ + NH; —— M%“NH, +HNRR’ (Ammonolysis)
M-NH, + M:NRR® —— M-NH-M? + HNRR’ (Condensation)

Note that well balanced reactivities of M* and M? will lead to a statistical mixture of
M-NH-M?, M*-NH-M* and M-NH-M? linkages.

Heating the dried gels to 1000 °C in NH3 produced composites of nanocrystalline metal
nitrides in an amorphous Si/M/N matrix. The aim of this study was to synthesise a
material with improved fracture strength and resistance to oxidation and thermal shock
by incorporating transition metals into SizN,. Cheng et al*!” have similarly developed
nanocomposites of TiN nanocrystals in an amorphous mesoporous Si/Ti/N framework
using the bis(dimethylamino)silylamino-p-bis[(dimethyl-amino)silylimino] titanium as
a precursor. Those composites are of interest as hard materials because of the
combination of a nanocrystallites and an amorphous phase.

High surface area silicon aluminium nitride based xerogels have also been reported.'*®
A solution of [EtAl(u-NHEt)(u-NEt),Si(NHEL)], in pentane was placed in a 100 ml
autoclave and ammonia was condensed on to it. The mixture was heated to 413 K

(P = 170 bar) for 12 hrs. The resulting solid had a high surface area (795 m*g ™) and

|119

was mesoporous. Cheng et al™ produced mesoporous Si-Al-N xerogels by
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ammonolysis of the alanate (C4HgO)AI[HNSi(NMe,)s]s in the presence of triflic acid as
a catalyst. The inorganic gel so formed was dried and pyrolysed in NH3 to 200, 600 and
1000 °C. This procedure did not increase the basicity as intended but did provide an

easy way of incorporating another element into silicon nitride.

1.3.6.1 Advantages and limitations of sol-gel processes for nitrides

Sol-gel reactions are low temperature processes and therefore a large degree of control
over morphology and composition can be achieved. These processes can produce highly
porous nanocrystalline materials or dense ceramic bodies. Pore size can be tailored by
the modification of reagents or the control of initial nucleation and/or condensation. The
casting of complex shapes can be achieved without the need for melting or machining
due to synthesis via a gel. Amorphous materials can be produced if the synthesis is

carried out below the material’s crystallisation temperature.

There are a number of challenges to be met in order to make sol-gel processing as useful
in nitride synthesis as it is with oxides. The obvious precursors are amides, and these are
often expensive, difficult to synthesise and very oxygen/moisture sensitive. Reactions
with ammonia often also occur very rapidly and lead to precipitation. The control
measures to control hydrolysis and condensation in oxide sol-gel chemistry are not
obviously applicable to the amide-based equivalent, though some controlled
preparations do exist.'* Reactions of chlorides or amides with ammonia offer an
interesting way to control synthesis of metal nitride powders and potentially to target
high surface area or new compositions. These have been explored only superficially to
date.

1.4  Objectives

Solution phase ammonolysis for precursor synthesis presents itself as an effective
technique for the synthesis of nitride nanoparticles based on molecular precursor
decomposition. This technique could access a variety of morphologies and particle sizes
which would be of great interest for their use in catalysis. The use of an oxygen-free

precursor source avoids contamination by oxygen and the reactions are carried out at
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relatively low temperature and over short time scale to produce the metal nitrides,
saving energy and reaction time.

This thesis describes the use of solution phase ammonolysis to synthesise polymeric
precursors which are decomposed by heating under ammonia to a give amorphous or

crystalline products.

The incorporation of transition metals into silicon nitride using a sol-gel approach has
previously been used to produce metal/silicon nitride nano-composites aiming for use as
hard materials, with improved resistance to oxidation or thermal shock.***> **° Both
binary nitrides with small particle sizes and well controlled compositions, and silicon
nitride with incorporated metal atoms or supported metal nitride nanoparticles, could be
of interest for catalysis. Hence this work has concentrated on tantalum and molybdenum

nitrides, and the incorporation of these metals into silicon nitride.
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Chapter 2

2 Instrumental techniques

2.1  Powder X-Ray Diffraction (PXD)

Powder X-ray diffraction is a widely used non-destructive technique that is used to
obtain the information about the crystallographic structures and composition of natural

and synthetic materials.

The diffraction pattern is obtained from the powder of material rather than a single
crystal. Incident X-rays are reflected by the powder sample with a set of diffraction
angles that is unique to the elemental composition and structure of the material, and are
collected by the detector. After indexing the reflection positions the information about
elemental composition of the material and crystal structure can be retrieved by refining
the patterns.

X-rays are generated by a cathode ray tube, a crystal monochromator is used in a
diffraction experiment to obtain the desired single X-ray wavelength. The
monochromator is placed in series between the radiation source and the powder sample
under investigation. The monochromator is usually mounted in the correct orientation to
diffract only X-ray photons of the desired wavelength (e.g. Cu K, at 1.5406 A). The
incident X-ray after contact with the sample is then scattered and produce constructive
interference (diffracted ray) to give rise a diffraction pattern, when conditions satisfy the
Bragg diffraction. Bragg diffraction occurs when the X-ray of comparable wavelength
with atomic spacing are incident upon a crystalline powder sample, scattered by the

atoms in the system and undergo constructive interference in accordance to Bragg’s law.
n\ = 2dsinf (2.1)
where A is the X-ray wavelength
nis an integer (1, 2, 3, ..)

d is the inter-planar separation in the crystalline material

and 0 is the angle of incidence (Bragg angle)
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Angle of diffraction measured as 20, is related to the inter-planar spacing d. The specific
atomic arrangement of the crystal structure defines the relative intensities of the

diffracted waves.

dSW

Figure 2.1:  Schematic diagram of X-ray diffraction
2.1.1 PXD instrumentation

Powder X-ray diffraction (PXD) data were collected using a Siemens D5000
diffractometer or a Bruker D2 Phaser. X-ray photons for diffraction experiments are
produced by bombarding a copper target with a beam of electrons emitted from a heated
filament. X-ray of wavelength, A=1.5406 A (copper K,;) are selected using a
germanium single crystal monochromator. The monochromator beam is collimated by
aperture slits and directed onto the sample, while a second set of slits is placed just
before the detector (Fig. 2.2).

The relative position of incident beam, sample and detector is described as Bragg-
Brentano geometry. Detector is rotated at an angular velocity double than the rotation
velocity of the sample to keep a fixed relationship between the incident angle 0 and the
diffraction angle 20 during the experiment. The diffractometer is controlled by an
external PC for D5000 or built in with Bruker D2 Phaser and the software collects and

stores the diffraction data.
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Figure 2.2: Schematic representation of the powder X-ray diffractometer

Air sensitive samples were mounted in an air sensitive sample holder and sealed inside
a nitrogen filled glove box to avoid any oxidation. Various phases present in the powder
samples were identified by comparison with the JCPDS' database through the Bruker
“EVA” software package. The structure fitting of the data was performed using the
General Structure Analysis Suite (GSAS).2

2.1.2 The Rietveld method

Structure factor extraction from the PXD data is often difficult due to many overlapping
peaks in the diffraction pattern. In order to increase the amount of the information that
could be extracted from powder data, H.M. Rietveld realised that although many
reflections did overlap and thus could be modelled as single entities, the total intensity
and the peak shape of a cluster of reflections could be determined by using simple peak

shape parameters.® *

The typical procedure for the refinement of a structural model with X-ray powder

diffraction data involved:
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e Determination of an approximate model of the structure (e.g. using the ICSD
database )

e Refinement of the lattice parameters and zero point

e Refinement of the atom positions in the structure

e Refinement of the isotropic thermal parameters

e Full refinement of peak shape parameters, in addition to any asymmetry or

preferred orientation parameters which might be necessary.

A detailed description about the Rietveld structure refinement with solved examples is

given in the GSAS manual.?
2.1.3 Particle size estimation from GSAS Refinement

Particle size can be related to peak shape for a diffraction pattern. For constructive
interference to produce a strong peak the number of lattice planes contributing needs to
be large. Destructive interference just off the Bragg angle is the reason why peaks are
sharp, and reducing the correlation length also weakens this effect, hence with small
particles the peaks become broader. GSAS? uses a treatment that incorporates the
broadening into the Lorentzian terms, resulting in a modified version.

Information on particle size can be extrapolated from the complex expressions derived
to model the Gaussian and Lorentzian contributions of the peak shape. Mathmatically

particle size can be calculated using a modified form of the Scherrer equation.

_ 1800KA

p= (2.2)

L,

where K is the Scherrer constant, A is the X-ray wavelength (1.54 A) and L, is the value

of the Lorentzian component extracted from GSAS refinement.

The equation 2.2 has been used to calculate the particles size of all materials prepared in
this work. PXD patterns were collected with a Siemens D5000 using a sample holder
for air sensitive material for (chapter 3 and 4) while Bruker D2 Phaser (chapter 6 and 7)
and high intensity diffraction patterns and PDF data was obtained using synchrotron

radiations at Diamond Light Source, Oxfordshire (chapter 5). The PXD data was refined
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using GSAS® and standard patterns were obtained from the inorganic crystal structure
database (ICSD).® Most of the powder samples obtained at lower annealing temperature
presented poor crystallinity. To obtain good resolution of the peaks the patterns were
collected overnight using low scan speed of 0.2 and 0.02 step size to obtain maximum
data points. The diffractometer peak shape was refined using a-quartz (SiO,) as
standard. This material was selected primarily because of its availability in pure form

and also because its crystal structure is well characterized.

2.2  Pair distribution function (PDF)

X-ray atomic pair distribution function (PDF) is an X-ray scattering technique that can
be used to study the local structure of materials at the atomic scale. The technique
requires scattering data to be collected to very high scattering angles using high energy

powder diffraction coupled with Fourier transform to produce the PDF data.

PDF data was collected at beam line 115 at ambient pressure and temperature at
diamond light source Oxfordshire UK. The beamline provides monochromatic high-
energy X-rays from 20 to 80 keV. These X-rays focussed and collimated down to <20
um can penetrate into complex sample assemblies permitting detailed mapping of
structural order or disorder, chemical fingerprinting, or single crystal structure
determination. The sample environment for acquiring X-ray PDF data initially has to be
compact but very versatile to be able to accommodate high-throughput including
variable temperature experiments at ambient pressure. The flexibility of the sample
station should facilitate the development and installation of more complex sample
environments. Pair distribution function data was collected for the vanadium nitride
material to find out the structural variations in the samples obtained at various
temperatures. Sample preparation procedures are given in chapter 5. Schematic diagram

of the beam line 115 section is given in the figure 2.3.
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Figure 2.3:  Schematic representation of the beam line 115; image obtained from

www.diamond.ac.uk

The high resolution opens the possibility of novel studies of phase transitions in large
macromolecules as a function of temperature, leading to improved methods for the

preparation of large single crystals. The high intensity X-rays can probe more deeply
into the sample than laboratory techniques, and the use of resonant diffraction allows

complex structures with low "normal” electron contrasts to be studied.

PDF data is initially obtained in the form of an image which is integrated to the
diffraction pattern using software Fit2D to obtain a .Chi file. The .Chi file is then
processed with a software PDFgetX2 software to subtract the background and to obtain
the Fourier transform G(r) of the total structure factor S(Q) obtain from the diffraction
pattern as .Gr file. Final PDF data .Gr was refined using software PDFgui, a brief

description is given below.

2.2.1 PDFgui

PDFgui is a graphical interface built on the PDFfit2 engine, which is a program as well
as library for real-space refinement of crystal structures based on the atomic pair
distribution function (PDF) method. PDFgui organizes fits and simplifies many data
analysis tasks, such as configuring and plotting multiple fits. PDFfit2 is capable of

fitting a theoretical three dimensional structure to atomic pair distribution function data
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and is ideal for nanoscale investigations. The fit system accounts for lattice constants,
atomic positions and anisotropic atomic displacement parameters, correlated atomic
motion, and experimental factors that may affect the data. The atomic positons and
thermal coefficients can be constrained to follow symmetry requirements of an arbitrary

space group.’

2.3 Thermogravimetric analysis

Thermogravimetric analysis (TGA) is a thermal analysis technique in which the change
in sample mass can be followed over a period of time during heating under an inert or
reactive gas. It was used herein to determine the thermal stability of the material and the
fraction of the volatile components. TGA was carried out in Mettler Toledo
TGA/SDTAS85Ie instrument (Fig. 2.4) under flowing N, (chapter 4) or Ar (rest of the
chapters) with flow rate of 65 ml/min and temperature ramp rate of 10 °C/min.

Due to the high air sensitivity of the amide precursors and nitride products, the
equipment was mounted inside a glovebox filled with nitrogen. Hence the risk of partial

oxidation of the sample during handling, which would result in inaccuracies during

analysis, was minimised.
A N, or
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Figure 2.4: A schematic diagram of the Mettler Toledo TGA851e
Pre-programmed heating regimes were adopted for the TGA samples heated under a flow
of very high purity nitrogen (Air Products BiP grade). The sample (between 10-30 mg)
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was loaded in a dry alumina crucible (vol: 150 pL) and then placed onto the balance arm
within the analyser. It was held at 25 °C for 10 minutes before gradually heating to 800 °C
at a heating rate of 10 °/min under a flow of gas (50 mL/min) for the whole procedure. At
800 °C the sample was then held for 20 or 60 minutes before allowing it to cool back to
25 °C. The balance assembly measures the initial sample mass and then continuously
monitors any change in mass as a function of temperature and time throughout the

procedure.

2.3  Microanalysis

Microanalysis was carried out on precursor materials and annealed nitrides. Information
of the quantities of carbon, hydrogen, nitrogen and chlorine were collected. This
information can be used as a guide to sample stoichiometry compared to calculated
percentage composition based on ideal materials. Around 5-15 mg of sample was sealed
inside the glovebox and sent to MEDAC Ltd., Egham, Surrey, who handled samples in the
glovebox. Different precursors as well as the annealed products were analysed to compare

the C, H and N concentration.

2.4 Infrared spectroscopy

Infrared spectroscopy is a straightforward method for identification of chemical bonds
(functional groups) within molecules. It is concerned with changes in the dipole
moment that are produced from vibration or rotation. The absorption of IR radiation
depends on increasing the energy of vibration or rotation associated with a covalent
bond. This increase results in a change in the dipole moment of the molecule or solid.
Nearly all materials containing covalent bonds will show absorption in the IR. The only
exceptions are homonuclear diatomic molecules because no mode of vibration or
rotation produces a change in the electric dipole of the molecules. Generally, the
absorption of IR photons may be due to either change in the bond length (stretching) or
alteration of the bond angles (bending). The former one is usually denoted by the
symbolism v and the later as 6. Stretching can involve symmetric and asymmetric
stretching modes.

IR experiments are typically based on passing IR radiation through a thin sample of

compound and measuring which energies of the applied IR radiation are transmitted by
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the sample. IR spectra can be recorded for solids, liquids and gases using different
sample arrangements. The absorption by a specific group occurs in a characteristic
region of the spectrum. These absorptions appear as a series of peaks and are referenced
by simply comparing them with tables of known compounds.? Similar frequencies occur
in different molecules, therefore a vibration is considered as reflecting the atoms

involved and the strength of bond holding them together.

Infrared spectroscopy was performed using a PerkinElmer spectrum One FT-IR
spectrometer in conjunction with PerkinElmer’s analytical software Spectrum v3.05.
Solid samples were prepared by incorporating them into a pressed pellet of cesium
iodide or potassium bromide for analysis. Due to the sensitivity of the precursor, the
samples had to be prepared inside a nitrogen filled glovebox. A weighed portion of
sample, approximately 0.2 mg, was mixed with 20 mg, of highly purified Csl or KBr
using a pestle and mortar. The sample and Csl or KBr were ground well to reduce the
particle size; otherwise the large particles would scatter the infrared beam causing a
sloping profile in the baseline of the spectrum. Csl or KBr does not absorb in the region
studied so will not interfere with the spectrum. The mixture was placed in an evacuable
die and subjected to a pressure of 10 MPa for two minutes. The amide precursor
samples, due to higher air sensitivity, were sealed between two Csl plates using a
sample holder for air sensitive materials, while the nitride samples obtained at higher

temperature were run quickly after taking out of the glove box, using a standard holder.

2.5  Raman spectroscopy

Raman spectroscopy involves the inelastic scattering of monochromatic radiations after
contact with the molecular media. A spectrum is obtained due to exchange of energy
between the photon and the molecule, where scattered photon can be higher or lower in
energy than the incident photon. It gives information about the difference in energy by
measuring the change in rotational or vibrational energy of the molecule and gives
information of its energy levels. Raman was carried out for the manganese nitride
samples (chapter 3) with the aim to test for the presence of graphitic carbon. Raman
spectra were collected on Renishaw 2000 microscope in the frequency range of 2000 to

400 cm™, using He-Ne laser beam, 2.7 mW (power) with a wave length of 632.8 nm.
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2.6 Electron microscopy

Electron microscopy (EM) uses electrons to create an image of the sample. Smaller
objects and details can be detected than with a light microscope since the wavelength of
the electrons is much shorter than that of visible light photons. Furthermore it has much
higher magnification that reaches up to two million times which can be used to examine
metals and crystalline structures and the characteristic morphologies of the various

surfaces.

Transmission electron microscopy (TEM) has been utilised throughout the study for this
thesis. TEM employs a beam of electrons which are directed to the specimen. The

working of an electron microscope is discussed below.

The thermoionic gun, as shown in figure 2.4, is the most widespread system for
generating electrons. The filament, acts as a cathode; it is heated and the electrons
emitted from it are accelerated by a positive potential applied down the gun column
toward the anode and a beam of electrons is generated. A negative potential is applied to
the “Wehnelt Cap’ so that any emitted electron from the filament is repelled by that cap
toward the horizontal centre. The electrons are collected in the space between filament
tip and Wehnelt Cap, called a space charge. Those electrons at the bottom of the space
charge nearest to the anode can exit the gun area through a small hole moving down the

column be used in imaging.
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Figure 2.5:  The electron gun in electron microscope

Once the stream of electrons departs the gun, it is passed through the first condenser
lens that is used to form the beam and limit the amount of current in the beam. The
beam is constricted by a condenser aperture which is used to eliminate the high-angle
electrons from the beam. The second condenser lens forms the electrons into a thin,
coherent beam and the objective lens focuses the scanning beam onto the desired part of

specimen to be analysed, Fig. 2.5.
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Figure 2.6: A schematic representation of the SEM focussing process
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2.5.1 Transmission Electron Microscopy

In transmission electron microscopy TEM, a thin specimen is irradiated with an electron
beam of uniform current density. Electrons are emitted from the electron gun and
illuminate the specimen through a two or three stage condenser lens system. The
objective lens provides the formation of either an image or a diffraction pattern of the
specimen. The electron intensity distribution behind the specimen is magnified with a
three or four stage lens system and viewed on a fluorescent screen. The image can be

recorded digitally by a CCD camera.

TEM was carried out on a Hitachi H7000 with accelerating voltage of 75 kV at
Biomedical Imaging Unit, Southampton General Hospital. High resolution transmission
electron microscopy and electron diffraction was performed with JEOL JEM-3010 with
accelerating voltage of 300 kV (chapter 3). Samples were prepared by ultrasound
dispersal using dry toluene as the solvent and were deposited on carbon coated Cu grids.
The technique was used to obtain images of the morphology of the nanostructured

particles and nanotubes, and approximate particle sizes.

2.7 N physiosorption analysis

The adsorption of N, gas is widely used for determining the surface area and pore size
distribution of a variety of different solid materials. As a result specific surface area and
pore size distribution can be estimated.

2.6.1 Adsorption isotherms

When the adsorption of N gas is applied to a solid (degassed under vacuum or in flow
of inert gas at ~ 150-200 °C) at 77 K, the amount of N, gas is physically adsorbed and
increases with the pressure. As a result, plots of adsorbed gas as a function of relative
pressure are gained with different shapes. These plots are called adsorption isotherms.
There are six types of adsorption isotherms (Fig. 2.7) according to IUPAC
classification®. The relationship between the adsorbed gas volume V and the relative

pressure P/P, can be represented as:
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V=F (ﬁ) T (2.3)

where V is the volume of adsorbed gas with a pressure P, P, is the saturation pressure

and T is the absolute temperature.

Type | isotherms are characteristic of microporous solids. Type Il and 11 represents
macroporous solids with strong or weak adsorbate and adsorbent interaction
respectively. Type IV and V are the characteristic isotherms with hysteresis loop. These
types represent the mesoporous materials where capillary condensation takes place in
the adsorbate pores.

Specific volume adsorbed (n)

Relative pressure P/P,

Figure 2.7 Types of adsorption/desorption isotherms

2.6.2 Pore size distribution (PSD)

Porous solids are materials having pores, cavities and channels and may vary from one
solid to another in their shapes and sizes. Porous materials on the basis of pore size are

classified in to three different pore-size regimes according to their average width i.e.

microporous < 20 nm, mesoporous < 50 nm and macroporous < 50 nm.

35



Instrumental techniques

The pore size is expressed either in terms of diameter (or radius), or with width of the
slits. This distribution of the pores can be homogeneous, bimodal or heterogeneous

according to the number of distinct pore maxima of the solid being analysed.

2.6.3 BET method

The Brunauer, Emmett and Teller method is widely used with N, physisorption analysis
for measuring surface area of a given solid Sger.*° This method is based on the

following equation:

(2.3)

where P and P, are the equilibrium saturation pressure of the adsorbate, V is the volume
of the adsorbed gas, Vy, is the unimolecular volume of the adsorbed gas (i.e volume of
the gas, covering the solid surface, with the thickness of one molecule) and c is a

constant depending on the nature of the adsorbate and adsorbent material.

The BET surface area is determined by using the following equation,

Vi X Ny X ap,

Sper = 2.4
BET m, (2.4)

where Np is the Avogadro’s number, ar, is the cross sectional area of an adsorbed N,
molecule (16.2 A) and m, is the molar volume of N, at 77 K. is the cross sectional area
of N,. BET surface area measurement and pore size distribution measurements were

carried out using micrometrics gemini 2375 V5.01.
2.8 Cyclic voltammetry
Cyclic voltammetry (CV) is an electroanalytical technique used to characterise the

electrochemical behaviour of material surfaces, through different interfacial

mechanisms occurring between the electrode and the electrolyte at the contact surfaces.
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CV applies a cycled potential to an electrochemical cell and measures the current flow
through the cell that results.*! The potential is measured against a known reference
electrode. The electrochemical curve represents Faradaic or/and non-Faradaic processes
that occurred during the potential sweeping.” CV can provide quantitative observations
of surface behaviours such as adsorption/desorption, reduction/oxidation of an electrode
surface or dissolved electrolyte, and electro catalytic changes such as oxygen reduction
or hydrogen evolution.™* A rectangular box shaped curve is observed if capacitance is
the main process occurring at the electrode, sometimes with extra peaks in the case of

pseudocapacitors. A typical CV profile of a rectangular shape is shown in figure 2.8.

0.3
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Figure 2.8 Cyclic voltammograms i vs. E profiles for a MoN, film electrode™

The capacitance for synthesized materials (MoNy, MnsN, or TiN) was measured by
carrying out CVs on composite electrodes. Electrochemical cells were assembled with
three electrodes: (i) a working electrode in which the active materials were the
synthesised binary and ternary nickel nitrides, (ii) the counter electrode was a high
surface area Pt mesh, (iii) a reference electrode which was Hg/HgO containing 1M
KOH, Hg/HgSO, containing 0.5 M K,SO,4 or Hg/HgSO4 containing 0.5 M H,SO,.
Reference electrodes were chosen depending on the electrolyte, either acidic (H,SO,),
basic (KOH) or neutral (K,SO,) solutions. The Potentiostat controlled the potential
between the reference electrode and working electrode, and measured the current

between the working electrode and counter electrode. During the CV experiment the
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potential was scanned through the cell and then the current flow through the working

electrode was measured by the potentiostat.

For electrochemical capacitor devices, cyclic voltammetry gives a useful overall basis
for the characterization of the performance of the system in terms of (a) the reversibility
of the charge and discharge processes, (b) the distinction between any distinguishable
stages in the charging and/or discharging processes, (c) the accumulated charge as a
function of potential through the integration of the voltammograms, (d) the range of
potentials between which the electrodes can be operated for charge acceptance and
disposal, and (f) the dynamical behaviour of the electrode for charge acceptance and
disposal derived from the dependence of the current-response regime. Electrochemical
charge/ discharge measurements were carried out using Bio-logic SP-150 Potentiostat.
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3 Solvothermal synthesis of manganese nitride and charge storage

3.1 Introduction

Four stable intermediate phases (e,n,£,0) in the Mn-N binary system exist. The ¢ phase
(Mn4N)* has a face-centred (f.c.c) structure, and the ¢ phase (MnsN,"? Mn,N,* and
Mn;Nogs)* a hexagonal closed packed (h.c.p) one, while 1 (MnsN,)*  and 6 phase
(MnN, MngNs)* © exhibit the face centred tetragonal structure with NaCl-type.
Manganese nitrides have previously been studied as magnetic materials with unique
magnetic properties. MnN, Mn3N, and Mn,N are antiferromagnetic, while MngN is
ferromagnetic. >’ Antiferromagnetic Mn,N has a magnetic structure with four
sublattices with the same orthorhombic unit cell as the chemical one.® Eddine et al.®
studied the crystallographic and magnetic structures of Mn,Ng gs by means of powder

neutron diffraction.’

Manganese powder was nitrided in flowing ammonia gas and the specimen heated with
manganese metal at 600 °C for one week to obtain Mn,N.% The Mn;N crystals grown
were hexagonal platelet or pyramidal. MnN was prepared as a single phase by dielectric
(DC) reactive sputtering in a mixture of gas Ar-N,.> Deposited film of MnN of 130 pm
was stripped off and powdered. The powder sample was stress relieved by annealing in
vacuum at 510 K for 4 hrs. Nanocrystalline MnsN and Mn;N were prepared by
homogenization and nitrogenation of as-milled Mn powders under different conditions
through mechanical alloying of the powders.'® n-MnsN, has been reported® by heating a
mixture of manganese powder and NaN3 in an autoclave at 750 °C for 6 days. In an
autoclave nitriding of Mn-In and Mn-Sn alloys or heating the mixture of MnsN and
substituent metal produced MnyN.*

To prepare MnNyx manganese powder was mixed with sodium azide and heated in an
autoclave for 3 days at 750 °C under inert atmosphere.*? Neutron diffraction showed
one or two manganese nitride phases and in some cases MnO is found as well.
Manganese nitrides have been reported via a Solvothermal method.** MnCl, and NaNs
is grounded to fine powder inside the glove box and loaded in to a high pressure, high

temperature stainless steel reactor partially filled with toluene. The temperature was
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raised to 70 °C (4 h hold) and then raised to 220 °C (20 °C/h, 1 day hold) and then
gradually increased to 280 °C (20 °C/ day) and finally to 290 °C (1 day hold). Total
reaction time was about 6 days. The reaction was carried out in two different ways
yielding different products. A stirred loose powder reaction of metal halide and metal
azide yielded MnN while a pellet-based reaction yielded a mixture of tetragonal Mn3N;
(75 %) and cubic Mn4N (25 %). Crude product was washed with degased methanol to
remove sodium salt. Crystals of 3-MngNs and n-Mn3N; have been prepared in high
pressure autoclaves by reaction of Mnl, with NaNH, (I:2) in ammonia at 6 kbar and
temperatures from 400 to 450 °C and 450 to 600 °C, respectively.** Another
solvothermal route reporting tetragonal MnN as a reaction was sodium azide and
MnCl,."® Reactants were ground separately and loaded into a high-pressure high-
temperature stainless steel reactor. Slow heating ramps were chosen to avoid rapid
exothermic degradation of metal azide intermediates, which could lead to product
decomposition. A maximum temperature of 290 °C is achieved to obtain the final
product. Reactions required several days and the product was aggregated
nanoparticulates, with lower nitrogen contents. Mn4N has been reported™ through solid
state metathesis reaction of Mnl, and LiN3. The reaction was carried out by heating the

mixture at 400 °C in a conventional oven.

Electrochemical supercapacitors of manganese nitrides have not yet been reported
elsewhere, however a rich literature of manganese oxide has been published in the
recent past. The charge storage mechanism in manganese oxide is mainly due to
pseudocapacitive reactions occurring on the surface and in the bulk of the electrode. It

involves the surface adsorption of electrolyte cations on the manganese oxide:*®*®

(Mnoz)surface+ C+ +e © (MnOOC)surface

The redox reaction relies on the intercalation or de-intercalation of electrolyte cations in

the bulk of the manganese oxide:

(Mn0,)+ C* + e~ & (Mn00C)
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Where C* is the electrolyte cation (H*, Na*, and K*). In the above mechanism the redox
reaction occurs between the 111 and IV oxidation state of Mn ions.

Hydrated manganese oxides exhibit specific capacitance within the 100-200 F g™ range
in alkali salt solutions, which are much lower than those for RuO, ECs. Current MnO,
based supercapacitors have limited use due to low specific capacitance, lack of
structural stability, long cyclability, and low rate capacity.'® An oxide layer can develop
during cycling of metal nitride electrodes™ in aqueous electrolytes and that created our

interest in making nanoparticulate manganese nitrides.

In our current study we report Mn3N through a solvothermal reaction of MnCl, and
LiNH,. Standard solid state metathetical (SSM) synthesis of metal nitrides involves
reaction between metal halides and nitrogen sources including LisN, LiNH;, NaNs;, or
CasN,."> %4 SSM are extremely exothermic reactions, and fast heating leads to product
decomposition. Solvothermal conditions are desirable for metathesis reactions because
the heat produced can be absorbed by the solvent, resulting in more controlled growth

of small-scale crystallites.”®

In our current study we report MnzN, through a solvothermal reaction of MnCl, and
LiNH,. Efforts are made to synthesise the product using different precursors and
methods. The purpose of this study is to obtain a phase pure manganese nitride of
various compositions and morphologies of the material, and use the material to analyse

its electrochemical properties. Capacitance is measured using cyclic voltammetry.
3.2 Synthesis of manganese nitride

Synthesis of manganese nitride was initially attempted by solution phase ammonolysis
of manganese acetate Mn(CH3COO), and annealing the polymer under NH3. PXD
patterns showed green colour manganese oxide (MnO).?® Solvothermal reaction
between MnCl, and NaNj3 yielded nitrogen deficient (> 4%) Mn3sN, with a high level of
carbon (9 to 44 %) contamination. Carbon contents increased with increase of reaction
temperature. This could be due to the high temperature and fast heating ramps which
may have caused rapid exothermic degradation of metal azide intermediates, and

solvent decomposition. Reaction between MnCl, and LiNH, yielded phase pure
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tetragonal Mn3N,. The sample preparation and characterization using the LiNH,

reaction is discussed in this chapter.

3.2.1 Solvothermal reaction of MnCl, with LiNH,

Solvothermal synthesis whether using NaN3 (mentioned above) or LiNH; as nitrogen
sources was carried out in a 75 cm® stainless steel autoclave (Parr 4740CH) provided
with a pressure gauge arm. Typically MnCl, (0.5g, 0.004 M) and LiNH, (0.19 g, 0.008
M) were weighed and ground together and transferred into a silica bomb liner. 20 ml of
dry benzene was added to the mixture and stirred with a spatula. The liner was
transferred to the bomb and this was sealed. The bomb was heated at 350, 400, 450, 500
or 550 °C for 15 hrs and then left to cool to room temperature. The black sample and the
solvent were transferred to a Schlenk tube inside the glove box. It was washed and
filtered three times using 20 ml of dry methanol to remove lithium salts and finally the
black solid product was dried under vacuum and collected inside the glove box under
nitrogen. Yield of the products after washing and drying the powders is ~ 200 mg at
each temperature. No pressure in the autoclave was observed at any temperature during

the reaction. Reaction scheme for the process can be written as below:

MnCl, + 2LiNH, » "Mn(NH,)," + 2LiCl

3"Mn(NH,)," - Mn3N, + 4NH,

3.3  Analysis of manganese nitride samples obtained from the reaction of MnCl,
with LiNH,

PXD data (Fig. 3.1) for the samples obtained from the reaction of MnCl, and LiNH, has
shown phase pure tetragonal MnsN; up to 500 °C, while at 550 °C low intensity peaks
for Mn,N were observed at 40 and 42° 26 with the d-spacing of 2.2 or 2.15 A,

respectively. Mn;N peaks at 550 °C can be indexed using the Fe;N lattice with the

phase group Pbna® (Fig. 3.3). PXD patterns were refined using GSAS.? Standard

patterns were obtained from the inorganic crystal structure database (ICSD).?® All the

patterns were refined with the reported tetragonal phase 14/mmm for 7-MnsN,.%° The fit
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to the crystalline Mn3N; obtained at 350 °C is shown in figure 3.2. The average of
refined lattice parameters for all the #-MnsN, are a = 2.975 A slightly higher than the
standard value of a = 2.966 A. Similar lattice parameters a = 2.975 A are reported with
some MnO impurities.® Crystallite size was refined using Scherrer equation given in
the GSAS manual.®* Refined lattice parameters and crystallite sizes of the manganese
nitride samples obtained under solvothermal conditions are given in table 3.1. Refined
lattice parameters were obtained by refining the background for the patterns, scale

factor, atomic occupancies, thermal parameters and the peak shapes for each sample.

550 C
* *
500°C
e
S .
> 450°C
5
= 400 C
” 350°C
30 40 50 60 70 8
20(°)

Figure 3.1:  PXD patterns for Mn3N, samples prepared under various conditions at

various temperatures. Reflections due Mn;N at 550 °C labelled with asterisks.
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Intensity (a.u.)
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Figure 3.2: Fit to the crystalline Mn3N; obtained at 350 °C. Crosses mark the data
points, upper continuous line the calculated profile and lower continuous line the
difference; tick marks are the positions of allowed reflection positions for MnzNo.

¥

Intensity (a.u.)

260

Figure 3.3: Fit to the crystalline Mn3N; obtained at 550 °C. Crosses mark the data
points, upper continuous line the calculated profile and lower continuous line the

difference; tick marks are the positions of allowed reflection positions for MnzNo.
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Table 3.1: Refined lattice parameters for MnsN, obtained from solvothermal reaction

of MnCl, and LiNH; at given temperatures.

Sample Phase  a(A) b(A) c(A) Rwp/Rp  Crystallite
temp. °C (%) size nm
350 Mn:N,  2.9733(3) 12.1258(12) 46/36 71

400 Mn:N,  2.9774(3) 12.1422(14) 7.2/57 53

450 MnsN,  2.9771(2) 12.1417(10) 5.4/47 80

500 MnsN,  2.9754(14) 12.1341(7) 48138 75

550 Mn:N,  2.9728(4) 12.1238(6) 6.6/52 87

550 MmN 5.6609(2) 5.0574(4) 4.4449(7) 68

n-Mn3N, model in 14/mmm from Hasegawa Yagi,”> who reported a = 2.994(1) and ¢ =
12.499(5) A. ¢-Mn,N in pbna from Mekata et al,® who reported a = 5.668(3), b =
4.909(5) and ¢ = 4.537(2) A.

Elemental analysis (Table 3.2) for the samples obtained through LiNH; nitrogen source
showed small amounts of carbon. Hydrogen was found in all the samples in the range of
1.34 to 1.73%. Nitrogen was found in the range of 7.93-10.80 % in the samples
obtained through the LiNH, route. The theoretical percentage of nitrogen in MnzN is

14.5%. So the observed compositions were all nitrogen deficient.

Table 3.2: Elemental analysis for the samples obtained through LiNH,

Temperature (°C) %C %H %N Composition

350 <0.10 1.46 10.33 Mn3N1.45Co05H2.7
400 0.32 1.34 10.80 Mn3N1.45Co.05sH2.51
450 0.31 1.31 10.68 Mn3N1.43Co.05H2:5
500 0.79 1.41 9.78 Mn3N;.3Co.12H26
550 2.02 1.73 7.93 Mn3N;Co.95H3.24

Thermogravimeteric analysis (Fig. 3.4) shows two step mass losses. During the first

step at temperature below 400 °C the mass loss could correspond to residual amide

group elimination. Mass loss above 700 °C corresponds to nitrogen loss from nitride
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samples.®* The mass loss in the first step is greater in the samples obtained at 350 °C
due to the presence of amide groups in the samples; the samples heated at higher
temperature showed less mass loss at this temperature. As the sample anneals and
crystallises the NHy groups are lost. A rapid mass loss above 700 °C in the sample

obtained at 550 °C could be attributed to carbon loss that is higher in the sample.

100
% \
£ 90| —350
2 —400
= 85 450
—550
75

0 100 200 300 400 500 600 700 800 900
Temperature ( °C)

Figure 3.4: TGA curves for the samples of Mn3N, produced at given temperatures.

IR spectra (Fig. 3.5) show absorption peaks at 3480-3490 cm™ that correspond to
residual v-(NH) 3 and 1650-1700 cm™ §-(NH,).%> % Stretching for v-(C-H) is found
at 2890 to 2980 cm™, 1440 to 1270 cm™ v-(C-N). Ammonia is clearly evident in such

reactions; hence solvent/nitride surface reaction may occur at higher temperature. Metal
nitrogen peak is observed at ~ 650 cm™. C-H stretching is more prominent as the
solvent decomposition increases at higher temperature that is consistent with higher C

content seen in analytical data.
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Figure 3.5: IR spectra for Mn3N, samples obtained at the given temperatures (°C)

Samples for TEM (Fig. 3.6) were made by 4 hours ultrasonic dispersion in dry methanol
in a sample vial and deposition on a carbon coated Cu grid. Two grids for each sample
were prepared in a way that two drops from the top region on the first or two drops from
the bottom region of sample suspension were poured on the 2" grid with the help of a
pipette to ensure the random sampling. Further the images were taken from various
parts of the grid for each sample. Nanotube structures 20 to 120 nm in length and ~20
nm in diameter were found in the sample synthesised at 350 °C, while spherical
particles of ~ 30-40 nm size were observed at 400 °C and above. Images show the
particle agglomeration at higher temperature. Increasing the surface area and electrical
conductivity of the desired material (e.g. nanotubes or nanorod morphology) may
increase the specific capacitance of the material.** Calculated crystallite size from the
Rietveld refinements (Table 1) are higher than the particle sizes seen in the TEM
images. That could be due to the change in the peak shape from uniform strains in the

manganese nitride grains.
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100 nm

Figure 3.6: TEM images for Mn3N, samples at the given temperatures

High resolution images and electron diffraction (Fig. 3.7) were also carried out to
analyse the detail morphology of one of the Mn3sN, samples obtained at 350 °C. The
image taken for the tube like MnsN, structures on 20 nm scale (Fig. 3.7 A) shows the
network of interconnected of manganese nitride tubes. The selected area electron

diffraction pattern of a region containing only this type of structure showed rings
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corresponding to the major diffraction peaks of MngN,. These are broad due to overlap
between more than one reflection and not all the reflections are observed, presumably
reflecting the partial alignment of the particles that are lying flat on the TEM grid. A
single crystal of manganese nitride (Fig. 3.7 B) of ~ 3 um in size is also found to exist in
the sample; no such a crystal was found in any other TEM grid after multiple repeats in
the sample or looking the at the other parts of the grid. Carbon nanoparticles were also
observed (Fig. 3.7 C) in some parts of the TEM grid; the HRTEM shows the d-spacing
is consistent with graphite fringes.*

206/109/213
006/110

/4101

‘1 51/nm

Figure 3.7: TEM image of Mn3N, obtained at 350 °C; tube like structure and electron
diffraction (A); manganese nitride single crystal and its electron diffraction (B); carbon
nanoparticles and (C); HRTEM.
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Surface area analysis shows the surface area (table 3.3) of the material decreasing with
increasing reaction temperature, as the agglomeration of the particles occurs due to fast
reaction of LiNH, and MnCl; at high temperature. The hysteresis loops (Fig. 3.8) show
type 1V isotherm, typical of the existence of randomly connected spherical pores. The
loop is narrow in the samples with less surface area. At higher pressures the slope
shows increased uptake of adsorbate as pores become filled. Pore diameter of all the
samples lies in the mesoporous range. Samples obtained at 500 °C and below have an
ordered mesoporous texture, while multiple pore sizes are observed at 550 °C (Fig. 3.9).
Studies of activated carbons with different pore sizes in various electrolytes, show the
capacitance increase was limited even for the most porous samples with no linear
relationship between the SSA and the capacitance.*® *" It was identified that the pore
size distribution larger than the size of two solvated ions could be a way to improve the
energy density and power capability. Error estimation for the surface area values was
found to be + 1 m? g™* and PSD was +1 A.

N W A o o N
o O O o o o

Volume absorbed (cm3g?t)

-
o

Figure 3.8: N, adsorption/desorption isotherms for the MnsN, samples obtained at
the given temperatures (°C)
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Figure: 3.9: N, BJH pore size distribution for the Mn3sN, samples obtained at the

given temperatures (°C)

Table: 3.3:  Surface area Sger measurement and pore diameter (PD) of Mn3zN,

samples.

Temperature (°C)  Sger (MgY) PD (A)

350 44 34
400 46 36
450 32 37
500 31 33
550 13 20 to 54

Raman spectra (Fig. 3.10) were collected in the frequency range of 2000 to 400 cm™,
using an He-Ne laser with a wavelength of 632.8 nm. Raman was carried out to look for
the presence of graphitic carbon that is seen in the TEM studies. Raman spectra for
graphitic carbon show peaks for D or G band at 1350 or 1580 cm™, respectively.*® %
The single peak at ~ 650 cm™ can be referred to Mn-N stretching as has been observed
in high pressure studies of TiN, MoN and VN.*° The peak is more broad and intense as
the temperature increased suggesting the increasing structural stability. The optical

intensity of the spectrum increased with decreasing of nitrogen content while could be
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due to less vibration of the lighter N atom in the nitrogen deficient samples, as observed
in case of TiN.** A He-Ne laser with a wavelength of 632.8 nm was used for species

excitation.
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Figure 3.10: Raman spectra obtained for the Mn3N, samples obtained at the

temperatures (°C) given in the figure legend, the inside graph show the whole range data
for a sample obtained at 350 °C.

3.4  Capacitance measurement

The capacitance of the material was measured through cyclic voltammetry using a three
electrode cell. A Hg/HgO electrode was used as a reference electrode, while a thin
platinum gauze of 0.005 mm thickness was used as a counter electrode. A high surface
area counter electrode is used to ensure it has a higher capacitance than the working
electrode capacitance that limits the current passed. The working electrode was made
by disc or ink electrode method. The procedures of making electrodes are discussed in
their respective section. The cell used for electrochemical analysis is given in figure
3.11. The electrolyte was degassed to remove excess oxygen by bubbling nitrogen for
30 minutes through the solution. A blanket of nitrogen was maintained over the

electrolyte surface while acquiring the voltammograms.
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Figure 3.11: Three-electrode cell used for electrochemical processing

A number of different working electrode assembly methods were tried with Mn3N;
active material, both as composite discs with carbon and a binder, and inks coated onto
various current collectors. The understanding developed here was then carried out

through to other active materials.
34.1 Disc electrode method

Disc electrodes were prepared by grinding the electrode material (75%) with carbon
black (20%) and Teflon (5%), and rolled under a high pressure steel roller to a thickness
of 10 um sheets. Sheets were then cut into round electrodes with 1 cm diameter, and
dried overnight at 120°C under vacuum. Electrodes were constructed by pressing them
into platinum gauze for electronic conduction. An average of ~ 18 mg of the active
material was incorporated into the discs. The shape of the voltammograms (Fig. 3.12)
largely deviated from the standard rectangular shape expected for a double layer
capacitor, where could be due to the poor ionic conduction of electrolyte ions through
the electrode surface with the electrode surface covered with the Teflon binder in the
rolling process of making electrode sheets under high pressure. The performance of
electrodes as compared to the mass loaded is very low, though a large stability window
of 1.6 V is observed except for the sample obtained at 550°C. An average capacitance

of 3 F g™* was measured for all the samples at 100 mV s using disc-electrodes. As it
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was believed that most of the electrode surface in not exposed to the proton adsorption
process and that is one of the reasons for low electrochemical activity of the active

material, the idea of disc electrodes was not investigated further.
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Potential / V (Vs. Hg/HgO)

Figure 3.12: Cyclic voltammograms obtained for disc electrodes of MngN, samples at
the given temperatures (°C) in 1 M KOH.

3.4.2 Ink electrode method

Electrode ink was prepared by grinding together MnzN, (75 wt %) and acetylene black
(20 wt %). Polyvinylidene fluoride (PVDF) (5 wt %) was fully dissolved into the
desired volume of cyclopentanone, (CP) by stirring the solution for 2 hours, (1.5 ml per
100 mg of electrode material). The mixture of Mn3N, and carbon black was added to
PVDF solution and stirred overnight to obtain the electrode ink. CP is one of the few
low-toxicity solvents capable of dissolving PVDF. Potential stability of various current
collectors Carbon rod, nickel or titanium foil were examined for their use as the
substrate for casting electrode ink. The procedure adopted for electrode preparation is

discussed below.
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343 Choice of current collector for ink electrodes

The current collector is responsible for the transfer of electric charge to and from the
electrode material and consequently should have high electrical conductivity and low
interfacial electrical resistance to the active electrode material. Additionally, the current
collector must be passive in contact with the electrolyte; provide structural robustness
for the electrode; be thin enough to minimize current collector mass; and be flexible to
allow handling and assembly into different device topologies.*?

3.4.4 Ink cast carbon rod electrode

A carbon rod of 4 cm length (Fig. 3.13) was used as the working electrode. 1.5 cm of
the rod was coated with electrode material by dipping the rod for a duration of 2
minutes into electrode ink prepared by the above procedure. The coated carbon rod was
left to dry overnight at 120 °C under vacuum in a Schlenk tube to remove all traces of
the solvent. Cyclic voltammograms for the blank carbon rod were collected first to
establish its potential window (Fig. 3.14). A Mn3N, sample obtained at 350 °C was used
for this purpose. 2.5 mg of the electrode material was found to be deposited onto the
carbon rod.

Figure 3.13: Carbon rod coated with MnsN, electrode ink.
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The carbon rod was observed to be oxidised above 0.4 V or reduced below - 0.6 V (Fig.
3.14). Oxidation peaks can be seen at — 0.1 and — 0.45 V and a reduction peak at
-0.45V.

Current / mA

100 mV st?

_05 1 1 1 1 1 1 1
-09 -0 -05 -03 -01 01 03 05 0.7

Potential / V (vs. Hg/HgO)

Figure 3.14: Stability windows for blank carbon rod as a current collector in 1M
KOH

Cyclic voltammograms (Fig. 3.15) for ink cast carbon rod electrodes were obtained in 1
M KOH against a Hg/HgO reference electrode at the scan rates of 100, 25 and 2 mV s™.
A potential window of — 0.9 to 0 was chosen after observing the oxidation and reduction
behaviour of electrode material at the scan rate of 100 mV s™. No oxidation or reduction
peaks for the electrode material are observed in the voltammograms at any potential.
Comparing the amount of current passed through the ink cast (Fig. 3.15) and blank
carbon rod (Fig. 3.14) no further attempt is made to study the efficacy of active material
coated over carbon rod. The low capacitance value of 1.5 F g™ at 100 mV st is also a

reason for no interest in carbon substrate.
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Figure 3.15:  Voltammograms for coated carbon rod electrode in 1M KOH at the
given scan rates

3.45 Ink cast nickel foil electrodes

Nickel foil of 0.05 mm thickness was used for making ink film working electrodes (Fig.
3.16). The surface of the metal foils was cleaned with sandpaper and the surface dust
was removed with ethanol-wettened tissue. The foil was left to dry in open air at room
temperature. Electrode inks were made through the procedure given above. The foil
was cut in to small pieces of size 1.5 x 2.5 cm. Electrode ink was poured over the nickel
foil covering 1.5 x 1.5 cm of area using a pipette. Electrodes were left to dry in air for a
few hours and finally overnight under vacuum at 120 °C. The foil was weighed before
film deposition and after drying the film. ~1.6 mg of the electrode material was weighed

on the substrates after drying.

Figure: 3.16:  MnsN; ink film over titanium current collector
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A reference for the current collectors, blank Ni foils were obtained by running in 1M
KOH vs Hg/HgO reference electrode at 100 mV/s (Fig. 3.17). Blank Nickel foil was
observed to be stable between - 0.55 to 0.6 V of potential window. Nickel foil showed
oxidation peaks at -0.3 and — 0.6 V, and a reduction peak at -0.15 V, while covering

larger charge area than any other substrate studied here.
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Figure 3.17:  Potential windows for blank Ni foil as a current collector in 1 M KOH.

Ink cast nickel foil electrodes were run at 100 and 25 mV/s™ in a potential window of — 0.65
and 0.55 V (Fig. 3.18). Prominent oxidation peaks at 0, 0.2 and 0.45 V and reduction
troughs are seen at 0.4 V. Redox behaviour at — 0.2 V is supposed to come from nickel foil
as observed in voltammograms obtained for blank foil, which is reduced after multiple
cycling. The capacitance of Mn3N, was observed to fall as the number of cycles increased,
demonstrating the instability of the active material in electrochemical processing. The
maximum capacitance of 91 F g was calculated at scan rate of 25 mV s in 10" cycle while
the lowest of 36 F g in 100" cycle at a 100 mV s™. Capacitance is reduced from cycle 10 to
100 by 42 and 28 % at 100 and 25 mV s scan rates, respectively. Nickel substrate was not
used for further Mn3N, samples due to appearance of redox features of nickel foil itself.
Capacitances measured for the nickel foil ink deposited electrode are given in table 3.4.
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Figure: 3.18: Voltammograms for MnzN, at 350 °C deposited over nickel foil, in 1 M
KOH.

Capacitance of MnsN, samples on nickel foil (Table 3.4) substrate at 100 and 25 mV s™.

Capacitance has been decreased by 42 and 32 % at 100 and 25 mV s from 1% to 100"
cycle number.

Table 3.4: Capacitance of Mn3N, sample obtained at 350 °C on nickel foil substrate.

Scanrate mV st Cycle number Capacitance F g™
100 10 62
100 100 36
25 10 91
25 100 65

3.4.6 Ink cast titanium foils electrodes

Titanium foils with a similar thickness were used as the current collector. Ink film
deposition and drying of electrode procedures were also the same as for nickel
electrodes. Titanium foil was chosen as the current collector for the casting over
electrode ink, as no redox features are observed in voltammograms (Figure 3.19) for

titanium foil, and it is stable in a large voltage range of 0.4 to -0.6 V, with a negligible
amount of charge area.
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Figure 3.19: Potential windows for blank Ti foil as a current collector in 1M KOH.

Electrochemical test was carried out for all the MnsN, samples in a potential window
range of — 0.6 to 0.3 V. Capacitances measured for manganese nitride samples in 1 M
KOH against Hg/HgO reference electrode are given in table 3.5. Sample obtained at
350 °C show the highest capacitance of 299 F g™* at 2 mV s™. Sample obtained at

550 °C has been found relatively more stable than the other samples in electrochemical
processing. Samples obtained at lower temperature seems to possess unstable structure
due to which the surface deterioration in electrochemical reaction is relatively high at
lower scan rates. An electrode of MnzN, sample obtained at 550 °C was also tested in
0.5 M of H,SO,. The electrode material was found highly unstable in the potential
window of 0.9 as for basic electrolyte. Capacitance with acidic electrolyte for this
sample was measured as 1.23 Fg™* at 100 mV s™*. Acidic electrolyte was not used for
further electrochemical testing due to instable behaviour of Mn3N; voltammograms and

low capacitance value.
Cyclic voltammograms for the MnsN, samples obtained at 350 - 550 °C shown in

figures 3.20 — 3.24 respectively, were obtained in 1 M KOH with 1.6 mg of active

material loading over 1.5 x 1.5 cm area of current collector.
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Figure 3.20:  Voltammograms for MnzN, sample obtained at 350 °C
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Figure 3.21: Voltammograms for MnzN, sample obtained at 400 °C
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Figure 3.24:  Voltammograms for Mn3sN; sample obtained at 550 °C

Table 3.5: Specific capacitance F g™ of Mn3N, samples obtained from the
solvothermal reaction of MnCl, and LiNH, at the given temperatures.

Scan rate (mV s™) 100 25 10 2

Scan number 1 10 100 1 10 1 10 1 10
350 °C 130 98 17 205 74 229 54 299 91
400 °C 121 82 21 191 89 215 94 261 64
450 °C 70 57 16 115 70 140 57 180 116
500 °C 87 80 17 9 25 121 51 132 51
550 °C 66 64 30 79 77 111 107 123 118

A graph between capacitance and scan number (Fig. 3.25) shows the process of surface
degradation of Mn3N, at 100 mV s™ (100 cycles, data from table 3.5). The rate of
capacitance drop becomes slower after 30™ cycle in all the samples and steady after 40
cycles. The capacitance drop with cycling is less in the sample obtained at 550 °C than
rest of the samples at any temperature, where Mn;N crystallises out as the second phase.
We may assume that, producing high surface area, phase pure Mn,N could be of interest

for the supercapacitor applications.
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Figure 3.25:  Plot show capacitance drop with cycle number of MnsN, electrodes at

scan rate of 100 mV s™ in 1 M KOH vs Hg/HgO reference electrodes. Figure legend

shows the temperature (°C) at which the samples were obtained.
Plot between capacitance and scan rate shows the capacitance was higher at slower scan

rates in all the samples (Fig. 3.26). Capacitance values were calculated at first scan at
each scan rate, which are given in the table 3.5.
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Figure 3.26: Variation of specific capacitance with scan rate for the Mn3N, electrodes

at the given temperatures (°C).

Cyclic voltammograms for the MnsN, samples are found electrochemically unstable as
the scan rate decreases. Redox peaks (Table 3.6) become more intense at slower sweep
rate, the intensity reduces with cycle number. Most of the redox features at slower scan
rate eventually becomes flatter after10™ cycle, show no more ion absorption taking
place. The oxidation peak at — 0.1 VV moves towards the cathodic end by the factor of
0.2 V at all the scan rates. 1* and 2nd redox potentials are mostly consistent in all the

samples and scan rates.
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Table 3.6: Redox potentials of MngN, samples at various scan rates (--) no features

Redox potentials (V), at given scan rate (mV s™)

Scan rate 100 25 10 2
(mV st
Ox. Red.  Ox. Red. Ox. Red. Ox. Red.
350 °C 0. -015 -03 -01 -03 -0 -01 -035
-02 -035 -01 -032 -01 -0.32
400 °C 01 -019 -- 0.3 -- -0.29 - -
450 °C 015 -0.18 015 -018 0.1 -0.1 0.1 -0.1
-0.28 -0.28 -0.28 -0.28
500 °C 01 -038 -01 -03 -01 -035 -01 -035
550 °C 0 -038 01 -01 01 -0.1 0.1 -0.1

-028 -025 -028 -025 -0.28 ~-0.25

3.5 Conclusions

Reaction of LiNH; and MnCl; yields phase pure tetragonal Mn3N, up to 500 °C, while
small Mn,N phase impurity is observed at 550 °C. Samples are found to be
contaminated with small amount of carbon and hydrogen. Carbon contamination
increase at high temperature as the solvent decomposition increases. Samples are more
nitrogen deficient at higher temperature. TGA shows two step mass losses, amide below
400 °C and N above 650 °C and some of the carbon. IR spectra are consistent with
product composition. TEM images show nanotubes of manganese nitrides at 350 °C
that is confirmed with electron diffraction data. Manganese nitride single crystal on
micro scale is also observed. Fringes with d-spacing of 3.4 A confirmed the presence of
carbon nano-particles in this sample, however raman spectra didn’t show any peak for
graphitic carbon. Nano-particles in the size range of 30-40 nm were observed at all the
other temperature. Capacitances of the material were tested using cyclic voltammetry in
a basic electrolyte. Disc electrodes were found with poor efficiency due to the binder
covering the electrode surface. Electrochemical behaviour of various current collectors

in 1 M KOH was examined. Poor electronic conduction of carbon electrode and
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chemical interaction of nickel foil with electrolyte makes these current collectors
unsuitable for our material. Cyclic voltammograms for the electrode ink deposited over
titanium show the redox nature of the manganese nitride in agueous electrolyte. The
redox process is largely irreversible as the redox features gets flatter with the cycle
number, with decrease of capacitance. Highest capacitance of 225 F g™ is observed in
the sample obtained at 350 °C at 2 mV s™*. Capacitance drop up to 10" cycle is more
prominent at lower scan rates. Running electrodes at 100 mV s for 100 cycle show the
capacitance drop becomes very slower over 30 cycles and most of capacity is lost,
whereas the sample obtained at 550 °C shows a stable capacitance than rest of the

samples at any scan rate.
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Chapter 4

4 Synthesis of molybdenum nitrides and charge storage behaviour

41 Introduction

Interest in molybdenum nitride stems from applications in catalysis," its magnetic
behaviour,? superconductivity® *, potential use as diffusion barrier films in
microelectronic devices,” and its excellent corrosion resistance including to boiling
sulfuric acid.® Hard wear resistance coatings,” ® potentially useful on machine tools,
have been formed from molybdenum nitride. The major interest has been its
heterogeneous catalytic activities (similar to group V111 metals) in many hydrogen
involving reactions. Molybdenum nitrides exhibit good catalytic activities for
hydrodesulfurization (HDS)*™ and hydrodenitrogenation (HDN)***"reactions, carbon
monoxide hydrogenation, ammonia synthesis, and ethane hydrogenolysis*® and hence it
might offer a cost-effective alternative to existing catalysts.'’

Molybdenum forms a variety of nitrogen-containing compounds MoNy. Within the Mo-
N system, known phases include the stoichiometric hexagonal compound 6-MoN and
non-stoichiometric cubic y-Mo,N.**# Phase diagram studies of the Mo-N system
show only the hexagonal 3-MoN exists at the stoichiometric composition.* A cubic
high-temperature modification y-MoNx of NaCl-type structure is present at lower N
concentration (x = 0.61 to 0.75).%*% Figure 4.1 shows the structures of some

molybdenum nitride phases.

Figure 4.1:  The structure of some molybdenum nitride phases.
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MoN was first synthesised in 1930 by nitridation of molybdenum powder in an
ammonia atmosphere at 700-1000 K.?® Molybdenum nitride samples of hexagonal and
cubic structure were prepared at pressures up to 7 GPa and temperatures up to 2300 K

using molybdenum powder and 25 um thick molybdenum foil.?’

The starting material
was put into a hexagonal BN container with a graphite heater, and the reaction was
carried out in a pyrophylite cylinder with tantalum AC contacts on the top and bottom
of the cylinder. Surface analysis of the samples showed boron and carbon from the
reaction container. These impurities could influence the electrical properties of the

sample.

Thin films of molybdenum nitride have been reported via CVD by ammonia nitridation
of MoCls and Mo(CO)g diluted in N, or Ar using a cold-wall, vertical pancake-style
reactor. NHg nitridation of MoCls produced thin films of mixed phase 6-MoN and y-
Mo,N, with 3-MoN more favoured at high temperature and high flow of NH3; % The
MoN films were only obtained using Mo(CO)s below 500 and above 700 °C, while
mixtures of Mo,N and MoN were obtained from both the precursors at all other
temperatures except Mo,N at 400-450 °C through MoCls. The MoN obtained through
Mo(CO)e contained a high level of carbon. Plasma-assisted CVD of molybdenum
nitride at high temperature from MoCls and NHj; has also been reported.? Other
molybdenum nitride film preparation methods include the direct nitridation of

31, 32

molybdenum layers with NH5*® and techniques such as molecular beam epitaxy,

ALD*® * and reactive sputter deposition.*®

Recently Hector and co-workers® reported nanoparticles of molybdenum nitrides via
solvothermal synthesis using MoCls with LiNH; or NHj3 as the nitriding source.
Amorphous molybdenum nitride was obtained after 24 hours heating at 450 °C, while
rock salt cubic MoN was obtained after 24 hours heating at 550 °C. Benzene was used
as the solvent. Lattice parameters were a = 4.106(4) A using LiNH; or a = 4.095(8) A
with NHs. The products so obtained have significant carbon content due to solvent

decomposition.

Wang® and co-workers used a flow of NHs/N, mixture over MoCls powder in an
alumina boat with a silica tube to produce molybdenum nitrides. With pure NHj3 as the
nitriding source, an amorphous MoN;.x and NH,CI mixture was obtained at 400 °C with
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poorly crystallized product up to 500 °C. Hexagonal &-MoN was obtained up to 600 °C.
A mixture of &-MoN and y-Mo;N was obtained up to 700 °C and cubic y-Mo,N at 800
°C. Low concentrations of ammonia favoured the formation of y-Mo,N at low
temperature. The product obtained at 600 °C contained 2-7 wt % oxygen. The same
authors used a solvothermal route with ammonia or hydrazine as solvent with MoCls to
obtain y-Mo,N.? The MoCls was contained in a gold tube placed in the reaction vessel
of nickel-based alloy which was able to withstand 500 MPa. The solvent was introduced
and the vessel was heated in the furnace. Since the reaction was carried out in a closed
reaction vessel, the NH4CI by-product was systematically found mixed with the nitride

phases.

Lengauer®” used the same precursor in a related study. MoCls was heated under flow of
ammonia in a mullite tube at temperatures of 770-1060 K. WC-type &-MoN with lattice
parameters of a = 2.851 (2) A and ¢ = 2.782(3) A was obtained. At 950 K, a mixture of
®-MoN and y-Mo,N;.«x was obtained, with the y-phase content increasing with
temperature. Lattice parameters of y-Mo0,N;.x were to be found temperature dependent
and decreased from a = 4.188(1) A at 970 K to a = 4.170(1) A at 1060 K, whereas the
©-MoN were not changed. At 1060 K 6-Mo,N was observed with lattice parameters of a
=5.740(2) A and ¢ = 5.624(3) A, which are significantly larger than the doubled cell
parameters of the WC-type MoN. Spherical particles were observed due to melting of
MoCls before the reaction to 8-MoN was complete, which also causes agglomeration of

the product particles and enlarges the particle size.

Molybdenum nitride was used in low temperature fuel cells as a cathodic
electrocatalyst. MoyN (x = 1 or 2) on Ti substrate displayed electrochemical stability in
acidic 4.4 M H,S0O, electrolyte at anodic potential +0.67 V (vs SHE) during 50 cycles.®
However, this electrocatalyst showed surface damage such as cracking and crumbling in
the high cathodic (below —0.1 V vs SHE) and anodic (above +0.67 V vs SHE) potential
regions due to cathodic and anodic corrosion, respectively. Cyclic voltammograms
(CV) of a 6-Mo;N electrode were obtained 1 mol/L H,SO4, 1 mol/L KCI, 1 mol/L
H,S0, and 3 mol/L H,SO, aqueous solution, respectively.*® §-Mo,N showed good
electrochemical performance with specific capacitance of 172 F/g and in a broad
potential window of — 0.6 to 0.5 V in 1 M H,SO, electrolyte. Recently single crystal
mesoporous molybdenum nitride (MosN;) nanowires have been studied for its improved
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electrochemical properties.*’ The specific capacitance of meso-MosN,-NWs
(~ 220 F g™*) is much higher than that of common- MosN, (66 F g*) at a scan rate of 50

mVs™.

Molybdenum nitrides were prepared from two different precursor sources, MoCls and
Mo(NMe,),. Chloride or amide precursors were subjected to solution phase
ammonolysis to produce chloroimide or amide precursors. Precursors were annealed at
various temperatures to produce molybdenum nitrides. Molybdenum nitrides from
MoCls were synthesised during my MPhil studies and hence were reported in a previous
thesis. Surface areas of the samples and their electrochemistry were studied during the
PhD project. The work was further extended to produce molybdenum nitrides from
Mo(NMe,), using the same reaction conditions as used for the chloride precursor source
and to use these materials in supercapacitor applications to compare the materials
obtained from two different precursor sources. The synthesis and characterisation of
molybdenum nitrides from the chloroimide precursor source will be discussed in brief
to allow an understanding of structural, compositional and electrochemical behaviour of

both the materials.
4.2 Synthesis of MoNy from solution phase ammonolysis of MoCls

All procedures were carried out under oxygen free conditions. MoCls (2g) was
dissolved in dry n-hexane (20 ml) and was stirred for 2 h to ensure dissolution. 20 ml
liquid NH;3 (dried over sodium) was condensed into the MoCls solution at -78 °C with
continuous stirring. A bright yellow precipitate appeared as ammonia started
condensing into the solution. The mixture was left to warm to room temperature under
N as the excess ammonia evaporated. The yellow precipitate turned dark brown and
finally to a fluffy black powder while evaporating the NHs. The black precipitate of
molybdenum amide polymer ~2.5 g was then filtered, dried under vacuum and
transferred to the glove box.

The likely reaction is given below:

MoCls +aNH; - 1/, [MoCl, (NHy),(NH),], + b NH,C
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4.2.1 Pyrolysis of the molybdenum chloroimide precursor

1 g of the black molybdenum chloroimide polymer was transferred to a ceramic boat
inside a silica tube, which was loaded inside the glove box. The silica tube was provided
with an arrangement of taps to allow flushing of the hoses before the samples were
exposed to the gas flow (Fig. 4.2). Samples were then heated under flowing ammonia to
500, 600, 700, 800, 900 or 1000 °C for 2 h. Polymer samples were also heated at 500 °C
for longer durations of 12, 24 or 48 h. A column of molecular sieve was used to dry the
ammonia. An average of 0.35 g of molybdenum nitride was obtained after annealing 1g
of the polymer. The ammonium chloride formed during ammonolysis sublimed out at
340 to 360 °C during annealing and collects on the inner cold walls of the furnace tube.
Contamination of the MoNy product with ammonium chloride was prevented by placing
a roll of aluminium foil inside the furnace tube such that the ammonium chloride
condensation occurred on it. It was then removed before taking out the boat containing

the nitride sample.

Furnace tube

Aluminium foil

Column of
molecular sieves

Figure 4.2:  Annealing arrangement of the apparatus used for the pyrolysis of the

polymeric molybdenum chloroimide precursors.
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4.3  Synthesis of MoN, from solution phase ammonolysis of Mo(NMe,),

Synthesis of Mo(NMe,), was carried out by following the procedure given by Chisholm
and Bradley.*! All procedures were carried out under nitrogen. ~10 ml of liquid
ammonia (distilled from sodium/ammonia) was added to a solution of 0.5 g Mo(NMe,),
in THF under nitrogen with continuous stirring. The reaction mixture was left to come
to room temperature until the excess ammonia was evaporated. The black precipitate of
molybdenum amide polymer ~ 0.280 g was then filtered and dried under vacuum. The

likely reaction is given below:

[Mo(NMe,),] + a NH; — l/n[Mo(NMez)x(NHz)y(NH)Z]n +b HNMe,

4.3.1 Pyrolysis of the imide polymer precursor

The polymer was transferred to a ceramic boat and loaded into a silica tube inside the
glove box. The silica tube was provided with an arrangement of taps to allow flushing
of the hoses before the sample was exposed to the gas flow. The sample was then heated
under flowing ammonia to 500, 600, 700, 800, 900 or 1000 °C for a period of 2 h, or at
500 °C for 48 hr. A column of molecular sieves (synthetic zeolite, pore size 3 A) was
used to dry the ammonia.

4.4  Analysis of the chloroimide polymeric precursor

The chloroimide polymer precursor obtained from the reaction of MoCls and ammonia
contains significant amounts of NH,Cl and some solvent with an overall composition
MoCy,H155N48Cl12. The IR spectrum (Fig. 4.3) shows a broad strong band at

3150 cm™ (vnn), a strong sharp band at 1599 cm™ (8nw2) and weak bands at 3048 and
2826 (vcn), and 2000-800 cm™.
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Figure 4.3: IR spectrum for chloroimide polymer precursor.

The TGA profile (Fig. 4.4) shows ~20% mass loss below 300 °C due to sublimation of
NH,4CI then steady loss to a plateau around 600 °C and a further steady mass lost to 800
°C. Intotal it loses 74% of mass over this temperature range. Similarly to our
[Mo(NMey)4]-derived imide polymer results, the [Mo,(NMe;,)g]-derived polymers had a
barely discernible plateau®?, and this can be attributed to the lower initial oxidation state
and the wide stoichiometry ranges exhibited by the molybdenum nitrides.
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Figure 4.4: TGA profiles for the thermal decomposition of the chloroimide (bottom)

and imide (top) polymer precursors under flowing nitrogen.
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4.4.1 Analysis of the chloroimide derived MoNy

Annealing the chloroimide polymer in flowing ammonia resulted in phase pure 6;-MoN
at 500 °C, mixture of 8;-MoN/y-Mo;N at 600 °C and y-Mo,N at 700-1000 °C (Fig. 4.5).
Diffraction peaks for 6;-MoN became sharper with increasing the annealing time at 500
°C as the particle size increased. Choi and Kumta found y-Mo,N from a similar
polymer between 600 and 800 °C.** No NH,CI reflections were observed in PXD data,
suggesting the NH4CI by-product was removed effectively by sublimation onto
aluminium foil placed inside the colder part of the furnace tube (Fig 4.2). Rietveld
refinements were carried out using GSAS* to fit the PXD data to obtain the lattice
parameters. Standard patterns were obtained from the inorganic crystal structure
database (ICSD).* Lattice parameters for y-Mo,N are in the range of 4.16 to 4.22 A
and all our values (Table 4.1) fit within this range, with the variation consistent with the
known compositional variations that can occur in this phase.*> “° Literature lattice
parameters for 6;-MoN are in the more tightly defined range of a = 2.86(1) and ¢ =
2.79(2) A% %" again our values fall in this range. Crystallite sizes (Table 4.1) were
obtained from the Lorentzian broadening using the adaptation of the Scherrer equation

given in the GSAS manual.*®

__AMJL . 1000 °C 2 hr
A . N I
A A 900 °C 2 hr

./\._ T

800°C 2 hr
—_ 700 °C 2 hr
= -
X 600y ° hr
> ) ! \1i
2 500|bc 2hr
2 Lo it s it

A 500 °(‘ 12 hr

_,-_./L ' AT

. AN ————— " P

. . . 500 °oC {8 hr
A A " .t -

T T T T T

30 40 50 60 70 80 90
26(%)

Figure 4.5:  PXD patterns of chloroimide-derived molybdenum nitride samples heated
in ammonia under the labelled conditions. Closed circles show the positions of
reflections due to 61, MONy and asterisks the reflections of Mo metal. Peaks from the Al

sample holder are labelled as Al.
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Combustion analyses of the samples obtained at 500 °C show the samples close to
stoichiometric 6;-MoN, with a small amount of chloride impurity (Table 4.1). No
chloride contamination was found in the sample obtained at 600 °C, and it remained
stoichiometric in composition. Samples obtained at higher temperatures were found to
be lower in nitrogen content, but nonetheless nitrogen-rich compared with the y-Mo,N
formulation. This rocksalt-type phase varies widely in stoichiometry but our measured

compositions are richer in nitrogen that the phases listed in ICSD.*®

Table 4.1: Refined parameters and analytical data for molybdenum nitride samples

produced by pyrolysis of the chloroimide precursor.

Temperature Heating a/A c/A Crystallite ~ Composition
/°C time /h size /nm

1000 2 41967(7) - 22 MoNg.e2

900 2 4.2017(10) - 16 MoNg 62
800 2 42044(8) - 20 MoNge4

700 2 4.155(3) - 22 MoNg.71

600 2 4176(3) - 24 MoN1 go

2.866(3)  2.815(3) 27
a

500 2 - MON1_13C|0,03

500 12 4.170(7) 21 MoN1.02Clo 08
2.870(6)  2.810(6) 23

500 24 2.8536(14) 2.7974(16) 20 MON 0sClo.os

Cubic (y-MozN) patterns refined in Fm-3m, hexagonal (6;-MoN) in P-6m2 using atom
positions from ICSD and nitrogen occupancies calculated from the combustion analysis
data. C and H contents were <0.10 % throughout; stoichiometric MoN contains 12.73%

N. 2 Pattern too broad for Rietveld refinement.

4.5 Analysis of imide derived polymeric precursor

The IR spectrum of the imide polymer precursor (Fig. 4.6) shows a strong, broad band
at 3245 cm™ (vnn), a sharper strong band at 850 cm™ v-(MoN) and weaker features at
2930-2760 v-(C-H) and 1605 cm™ §-(NH,). Combustion analysis yielded a composition
of MoCyg2H461N2.15. The TGA trace (Fig. 4.4) shows a gradual mass loss up to 800 °C,
with the mass loss accelerating above 700 °C, probably due to thermal decomposition of
the nitride products. Baxter et al. used mass spectrometry to examine exhaust gases
from TGA of imide derived materials, and found dual weight loss profiles for many
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metals corresponding mainly to condensation reactions before the plateau (amine and
ammonia loss) and reduction of the metal (nitrogen loss) after the plateau.** This is
similar to the profile obtained with the chloroimide polymer if the ammonium chloride

loss feature is discounted.

Intensity (a.u.)

4000 3400 2800 2200 1600 1000 400
Wave number

Figure 4.6: IR spectrum for imide polymer precursor.
45.1  Analysis of the imide derived MoNy

Pyrolysis in ammonia of the imide polymer (that was derived from reaction of
Mo(NMe,), and ammonia) at temperatures up to 900 °C resulted in samples that gave
broad, rocksalt-like reflections (Fig. 4.7). Hexagonal MoNy was observed only at high
temperature, a direct reversal of the phase behaviour that was observed in chloroimide
derived samples (Fig. 4.5). At 900 °C all of the rocksalt peaks can be indexed using the
cubic unit cell of y -Mo,N. PXD data show that the reflections due to 6;-MoN phase

were observed to grow between 800 and 1000 °C. At lower temperature the structure
tends to distort from the standard cubic geometry; where enlargement of the angle
between 111 and 200 reflections can be seen. This type of distortion has been
previously observed in Hf3N4, where it was initially described in terms of a
rhombohedrally distorted defect rocksalt lattice*® and later found to be due to a
tetragonally distorted defect fluorite lattice.® No specific distortion was found that
modelled these molybdenum nitride samples well. The sample produced by annealing
at 500 °C for 48 h is especially interesting as it is stoichiometric in nitrogen content
(Table 4.1) but has a large structural distortion — this suggests the structure type is not a

standard rocksalt arrangement and that could be the reason for the very different phase
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behaviour relative to the chloroimide-derived samples. Ammonolysis of a polymer
derived from [Mo2(NMe,)e] resulted in ¢ -Mo,N at 450 °C and no mention of a
structure distortion was made in the paper.*> At 1000 °C some decomposition to Mo

metal was also observed.

q 1000 °C 2 hr

. * J\_.: . e o o

900 °C 2 hr

800 °C 2 hr

700 °C 2 hr

NN tap s i
600 °C 2 hr

Intensity (a.u.)

500 °C 48 hr

500 °C 2 hr

30 40 50 6 70 80 90
26(°)

Figure 4.7: PXD patterns of molybdenum nitride samples produced by heating the
imide polymer precursor in ammonia under the conditions shown. The vertical lines
show the reflection positions of cubic MoN at 900 °C, closed circles are the positions of

d1-MoN reflections and the asterisk shows a peak due to molybdenum metal.

PXD patterns for MoN, samples were refined using GSAS.*® PXD patterns for the
samples at 800 °C and below this temperature were fitted using cubic (y-Mo,N) patterns
refined in Fm-3m. PXD patterns for the samples obtained at 900 and above 1000 °C
were refined cubic and hexagonal (y-Mo0,;N/8;-MoN) in P-6m2 using atom positions
from ICSD.* Refined patterns for molybdenum nitride samples obtained at 800 °C
(cubic y-Mo,N) and at 900 °C (y-Mo,N/6:-MoN) are shown in figures 4.8 and 4.9.
Refined lattice parameters and the crystallite sizes are given in table 4.2. Refined lattice
parameters were obtained by refining the background for the patterns, scale factor,

thermal parameters and the peak shapes for each sample.

83



Synthesis of molybdenum nitrides and charge storage behaviour

Intensity (a.u.)

26 (°)

Figure 4.8: Fit to the crystalline molybdenum nitride sample obtained at 800 °C.
Crosses mark the data points, upper continuous line the calculated profile and lower

continuous line the difference; tick marks are the positions of allowed reflections

positions for rock salt 7 -Mo,N.

Intensity (a.u.)

26 (°)

Figure 4.9: Fit to the crystalline molybdenum nitride sample obtained at 900 °C.
Crosses marks the data points, upper continuous line the calculated profile and lower
continuous line the difference, upper tick marks are the positions of allowed reflection

positions for rock salt 7 -Mo,N and lower tick marks for the hexagonal 6;-MoN.
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Table 4.2: Refined lattice parameters and crystallite size of MoN samples obtained

through pyrolysis of chloroimide polymer under various conditions.

Temperature /°C Heating alA c/A Crystallite
time /h size /nm

1000 2 42118(8) - 14
2.8627(6) 2.8266(7) 28

900 2 4175(5) - 4
2.863(8) 2.807(8) 14

800 2 4.14° - 9

700 2 4.06° - 6

600 2 4.07% - 4

500 2 4.04° - 4

500 48 4.08% - 4

X-ray diffraction patterns for the samples at 1000 and 900 °C refined using cubic (y-
Mo,N, Fm-3m) and hexagonal (8;-MoN, P-6m2) structure models with atom positions
from ICSD and nitrogen occupancies calculated from the combustion analysis data.

% Pattern not subjected to Rietveld refinement due to the structure distortion described in
the text; the given lattice parameter is an average cubic value for the observed

reflections.

Combustion micro analysis (Table 4.3) shows all the cubic molybdenum nitride samples
to be nitrogen-rich relative to the y-Mo,N phase and that the nitrogen content decreased
with increasing annealing temperature. Samples produced at 800 °C and below
contained trace amounts of carbon due to incomplete removal during decomposition of
dimethylamide groups, but interestingly none was detected in the sample heated for 48
h at 500 °C. This longer heating period also increased the nitrogen content, which can
only mean it was oxidised by the ammonia during this process with hydrogen the likely

by-product.
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Table 4.3: Elemental analysis for MoyN samples obtained at the given annealing

temperature and time (h).

Sample Annealing % C %H % N Composition
temp. (°C) time (h)

500 48 <0.1 <0.1 12.9 MoN

500 2 0.80 0.92 9.4 MON0_7C0_03H0,6
600 2 0.57 <0.1 10.9 MoNo 53Co.05
700 2 0.28 <0.1 10.6 MoNp51Co3
800 2 0.34 <0.1 10.9 MoNo.84Co.03
900 2 <0.1 <0.1 12.9 MoNgs

1000 2 <0.1 <0.1 7.9 MoNgss

C and H contents were <0.10% where not stated otherwise; stoichiometric MoN
contains 12.73% N

TGA analysis showed two step mass losses (Fig. 4.10). During the first step at lower
temperature (0-400 °C) the mass loss corresponds to amide group elimination as
ammonia and amine leave the system. Above 700 °C nitrogen is lost.*> The mass loss at
lower temperature was greater in the samples obtained at 500 °C due to the presence of
amide groups in the samples; however the samples heated at the same temperature for
longer duration showed reduced loss of amide groups. As the sample annealed and

crystallised the NH, and NH groups were lost.
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Figure 4.10:  TGA curves for amide derived MoNy samples obtained at the given

temperatures (°C) annealed under ammonia for 2 h, and curve 500 (b) for 48 h.

86



Chapter 4

Infrared spectra (Fig. 4.11) show the low intensity absorption peaks at 3430-3450 cm™
which corresponds to residual van.** Weak peaks at 1580-1610 cm™ in the samples
annealed at 800 °C and below for shorter time, could be attributed to (vi2).*>* No
such peak was observed in the samples obtained at 500 °C for 48 h or at temperatures
above 800 °C. The broad absorption band observed in all samples at ~ 1000 cm™ is
attributed to viu.n. A series of sharp peaks is also observed in the samples heated at
