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Abstract
Metal nitride nanocrystals are a versatile class of nanomaterials with a wide range of

optical properties, depending on their chemical composition. These properties can vary

from those typical of traditional semiconductor nanocrystals, often referred to as quan-

tum dots, to more metallic character, featuring plasmon resonance. However, the syn-

thesis of colloidal metal nitride nanocrystals presents unique challenges due to the less

developed precursor chemistry compared to other nanocrystal systems, such as metal,

metal chalcogenide, or metal phosphide nanocrystals.

This thesis begins with a comprehensive literature review of current synthetic meth-

ods for producing metal nitride nanocrystals, with a primary focus on chemical con-

version reactions, laying the foundation for our research. Our investigation focuses on

copper nitride (Cu3N), a well-studied metal nitride synthesized via wet chemistry. We

explore the precursor conversion process and the complexities of surface chemistry asso-

ciated with Cu3N. Building upon the insights gained from Cu3N chemistry, we investi-

gate various wet chemical approaches aimed at developing methodologies for producing

colloidally stable metal nitrides at relatively low temperatures.

Recognizing that some nitride formations require higher temperatures to achieve

crystalline materials, we delve into the realm of solid-state chemistry. Our work provides

an in-depth examination of solid-state-based synthesis methods, particularly focusing on

titanium nitride metal nitrides.

Finally, we turn our attention to the surface chemistry for nanocrystals, with a

specific focus on the use of silane as a versatile ligand. Throughout this thesis, we aim to

comprehensively cover synthetic strategies, chemical complexities, and surface chemistry

aspects associated with metal nitride nanocrystals. The insights provided in this work

are intended to serve as a valuable guide for the further development and applications

of colloidal nitride nanocrystals in various fields of nanoscience and technology.
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The path less traveled may be

fraught with challenges, but it’s

also where the most exceptional

discoveries are made.

Anonymous

1
Introduction

1.1 Preface

Various nanomaterials show size-dependent properties, e.g., magnetic, electrical, and

optical properties that cannot be achieved in the bulk material. Therefore, the synthesis

of uniform nanocrystals (NCs) with controlled size and shape has been attracting a

lot of attention.1 While atomic precision is still more an aspiration than a reality in

NCs science,2 it is imperative to produce colloids with narrow size distributions (low

polydispersity) to allow the study of size dependent properties.3 Ligand-assisted, wet

chemical synthesis has provided the necessary control over NCs size and shape.4 However,

it is a complex process, combining metal-organic chemistry, inorganic crystallization,

and surface chemistry to yield an organic/inorganic hybrid object that is colloidally

stable. The precursor conversion mechanism of many metals, metal chalcogenide, metal

phosphide, and metal halide NCs has been elucidated,5–8 and their surface chemistry

increasingly better understood.9–15 The crystallization mechanism,i.e., nucleation and

growth, causes more discussion in the literature16;17 as the approaches based on classical

nucleation theory are at odds with the Finke-Watzky based mechanisms.18;19

Recent evidence shows that many NCs do not nucleate via a burst nucleation event,

‡Adapted from: Parvizian, M.; De Roo, J.; Precursor chemistry of metal nitride nanocrystals;
Nanoscale, 2021, 13, 18865-18882
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but rather that nucleation is a continuous process.20–22 Continuous nucleation does not

necessarily lead to polydisperse ensembles because small NCs grow faster than larger

NCs, allowing the newly formed NCs to catch up with the growing NCs population.21–24

Even without a comprehensive framework for NC crystallization, chemists have been

able to adjust the final NCs size by controlling the precursor conversion rate.25 The

three aspects of colloidal synthesis (precursor conversion, crystallization, and surface

chemistry) are interdependent. An additional, often neglected parameter is the solvent.

During high temperature NC synthesis, certain popular solvents, such as 1-octadecene

(ODE) and trioctylphosphine oxide (TOPO), decompose or polymerize, forming prod-

ucts that compromise the purity of the final NCs.26;27 Moreover, the purity of the ligand

can considerably influence the solubility of the starting precursors and provide a better

capping of the final NCs. For instance, oleylamine (OLAm) stands out as one of the

most commonly employed ligands, demonstrating significantly improved encapsulation

properties when subjected to purification.28

While metal, metal chalcogenide, and metal halide NCs are well studied, the metal

pnictides have received less attention, with the exception of metal phosphides.8;29–32Metal

nitrides in particular are a versatile class of nanomaterials but their synthesis is not well

developed. One difficulty is the higher thermodynamic stability of the oxides, compared

to the nitrides, see Table 1.1. One can rationalize the lower standard formation free

energy for nitrides because of the high bond enthalpy of molecular nitrogen (941 kJ

mol−1) versus oxygen (500 kJ mol−1).33;34 Another factor is the lower ionic character

of metal nitrides since the enthalpy of formation of N3− is much higher than for O2−

(2300 kJ mol−1 versus 700 kJ mol−1).35 Only AlN and alkali(ne earth) metal nitrides

are regarded as saline nitrides and they react rapidly with water, releasing ammonia.36

On the other hand, boron and silicon nitride are almost purely covalent compounds with

high stability.36 Transition metals like titanium form interstitial nitrides with extremely

high chemical, thermal, and mechanical stability.36 Given the above considerations, it

is no surprise that metal nitride synthesis is generally carried out at a high temperature

and with nitrogen-containing reagents more reactive than molecular nitrogen.
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Table 1.1 Standard Gibbs free energies of formation (kJ/mol) for selected oxides and
nitrides at room temperature.37

Oxides ∆G◦
f Nitrides ∆G◦

f

TiO2 −891.2 TiN −309.2
ZrO2 −1042 ZrN −336.8
MnO2 −464.4 Mn3N2 −146.4
Fe2O3 −744.8 Fe2N +12.6
CoO −213.8 Co3N +8.4
CuO −128.4 Cu3N +74.5
ZnO2 −318.4 Zn3N2 −20.9

This thesis embarks on a journey to enhance our understanding of the precursor

conversion mechanism in previously reported metal nitrides, principally copper nitride

NCs. Our goal is to apply this knowledge to create other metal nitrides like Ni3N, Zn3N2,

and TiN. Through meticulous exploration and experimentation, we aim to uncover the

processes involved in their formation, paving the way for new possibilities in the realm

of colloidal NCs synthesis.

1.2 Literature review

This section is predominantly concentrated on wet chemical synthesis techniques that

yield NCs with strong colloidal stability. Other methods such as gas phase or physical

approaches, are only included when informative. Here, alkali or alkaline earth nitrides

NCs are not discussed as there are no synthetic procedures available and they are ex-

tremely sensitive towards moisture, rendering them less appealing from a technological

standpoint. Our systematic exploration follows the periodic table, sequentially address-

ing nitrides within each group. The journey commences with group 4 and concludes

with group 13.

1.2.1 Group 4 metal nitrides

Group 4 transition metal nitrides have a high melting point, high chemical stability, and

excellent corrosion resistance. TiN, ZrN, and HfN have a cubic crystal structure (Fm-3m
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Figure 1.1 (a) Crystal structure of group 4 metal nitride. The metal is represented in
purple and the nitrogen atom in grey. Structures plotted using VESTA.46

Cif file obtained from ref.47–49 (b) Absorption spectra of aqueous dispersions
of TiN, ZrN, and HfN NCs. The inset shows a photograph of the NCs
dispersed in water. Reprinted from ref38 with permission from John Wiley
and Sons, Copyright 2019.

space group) with a lattice constant of 4.239 Å, 4.585 Å, and 4.510 Å respectively, see

Figure 1.1. Their structure is similar to their corresponding fcc metallic structure with

interstitial nitrogen atoms in the octahedral holes. Group 4 metal nitride NCs exhibit a

localized surface plasmon resonance (LSPR) in the visible region (HfN and ZrN) or the

near infrared regime (TiN), see Figure 1.1.38 The plasmonic response translates into a

highly efficient conversion of sunlight into heat, an effect that has been used for water

evaporation and desalination.39–42 The position of the LSPR of TiN in the infrared region

makes it suitable for photothermal therapies or plasmon-induced photocatalysis.43 Given

the optical properties of the group 4 metal nitrides, they are a sustainable alternative

for gold NCs. Furthermore, they exhibit interesting catalytic properties. ZrN NCs

possess excellent activity and long-term stability (superior to platinum) as catalysts for

the electrochemical oxygen reduction reaction (ORR).44 Also HfN NCs are catalytically

active for the oxygen evolution reaction (OER).45

In 1988, TiN films were prepared using atomic layer epitaxy at 500 ◦C; where TiCl4
precursor was pulsed into a reactor with gaseous ammonia.50 The color depends on the

stoichiometry of the film. For 40 % N, a golden yellow color is observed while for 50 %,
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Figure 1.2 Diagram of the nonthermal plasma apparatus for TiN NCs synthesis.
Reprinted with permission from53. Copyright 2018 American Chemical So-
ciety.

a dark violet is obtained. Alternatively, Ti(NMe2)4 is reacted with ammonia. Similar

strategies apply to ZrN and HfN. An extensive account of customized precursors for

chemical vapour deposition (CVD) of the group 4 nitrides is reviewed by Kafizas et al.51

Non-thermal plasma synthesis

In 2017, powders of TiN were synthesized in a non-thermal plasma reactor (Figure 1.2)

from gaseous TiCl4 and ammonia.52

6 TiCl4 + 8 NH3 −−→ 6 TiN + N2 + 24 HCl (1.1)

The particle size is tuned from 3 to 8 nm by decreasing the flow rate of ammo-

nia. The smaller particles are more oxidized than the bigger particles, but all show

a plasmon resonance between 800 and 1000 nm. One can obtain ZrN NCs in a sim-

ilar fashion using ZrCl4 and NH3 as the precursors.54 After synthesis, the powders

need to be heated at 200 ◦C in an Ar atmosphere to remove the ammonium salt
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Figure 1.3 High-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) images of the obtained TiN NCs via non-thermal plasma
synthesis . Scale bars are (a) 20 nm and (b) 5 nm. Reprinted with permis-
sion from.53 Copyright 2018 American Chemical Society.

by-products. To avoid this last step, TiCl4 was later replaced with titanium (IV)

tetrakis(dimethylamido)(Ti(NMe2)4).53

6 Ti(NMe2)4 + 8 NH3 −−→ 6 TiN + N2 + 24 HNMe2 (1.2)

Also here, the particles are 6–8 nm in size (Figure 1.3) and have a well-defined plasmon

resonance (around 800 nm). However, the particles are not monocrystalline (consisting

of 2–3 nm crystallites) and contain a considerable amount of carbon.

Solution chemistry of titanium complexes

In solution, TiCl4 reacts with tert-butylamine to the mixed chloro amido complex 1, see

Figure 1.4.55 1 has been used as a single source precursor for the CVD deposition of

TiN. When 1 is reacted with triphenylphosphine oxide, 2 is formed (Figure 1.4), which

does not convert to TiN during CVD. Complex 1 is unstable at room temperature

and slowly loses tert-butylamine, probably forming an imido species. This is supported

by the formation of the monomeric tert-butylimido complex 3 by the addition of tert-

butylpyridine as neutral Lewis base (Figure 1.4).56 Chapter 3 of this thesis delves into a

more detailed discussion of additional instances where titanium complexes are employed
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in solution-based chemistry to facilitate nitride formation.

TiCl4

+6 tBuNH2

-2 tBuNH3Cl

TiCl2(NHtBu)2.2tBuNH2

+2 Ph3PO

-3 tBuNH2

-3 tBuNH2

+2 tBupy

TiCl2(NtBu).2Ph3PO

TiCl2(NtBu).2tBupy

(1)

(2)

(3)

Figure 1.4 Reactions of titanium chloride with tert-butylamine and triphenylphosphine
oxide or tert-butylpyridine.

Nitride formation from the corresponding metal oxide

TiN NCs were obtained by Fischer et al. by using a mesoporous graphitic carbon nitride

(mpg-C3N4) as both the confinement and nitrogen source.57 In this strategy, amorphous

TiO2 (confined in the pores) is first prepared via a sol-gel procedure starting from TiCl4
in ethanol. In a second step, this composite product is heated to 800 ◦C under an inert

atmosphere or in sealed quartz ampoules. The confined metal oxide is transformed into

pure TiN while the mpg-C3N4 is decomposed, see Figure 1.5. The size of the final TiN

NCs can be slightly adjusted (5.6 nm to 7.1 nm) by controlling either the pores of the

starting mpg-C3N4 or changing the concentration of the initial TiCl4 precursor (filling

rate). However, the resulting NCs are strongly aggregated.57

In 2007, Buha et al. investigated the thermal transformation of pre-synthesized

anatase TiO2 NCs into nanocrystalline TiN by using cyanamide or urea as a nitrogen

source at 800 ◦C under nitrogen atmosphere.58 Complete transformation is achieved

when starting from 5 nm titania while with 10 and 20 nm titania, anatase impurities

are still present. This reflects the solid state nature of the approach. When using a high

excess of cyanamide or urea, a large amount of amorphous carbon is also produced (20–25

wt%). This can be minimized to 2 wt% by reducing the cyanamide or urea amount. The

resulting TiN NCs have an average crystallite size of 3 nm and are aggregated to 50 nm

agglomerates, embedded in amorphous carbon. Similarly, ZrN NCs were synthesized by
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Figure 1.5 Temperature-dependent x-ray powder diffraction (pXRD) analysis of the
TiO2 precursor/mpg-C3N4 composites. (+) represents mpg-C3N4; (o),
TiO2; and (*), TiN. Reprinted from ref57 with permission from John Wiley
and Sons, Copyright 2007.

reacting 10–15 nm ZrO2 NCs with urea at 1100 ◦C under an ammonia flow.59 In 2009,

Giordano et al. introduced the urea glass route, a method involving sol-gel chemistry

and the above strategy of Buha, resulting in the formation of metal nitrides like TiN,

with the optimal urea-to-titanium ratio being four and required temperatures as high as

800 ◦C for complete crystallization. This approach was extended to various other metal

nitrides including VN, NbN, GaN, CrN, Mo2N and nanocomposites such as mpg-C3N4

doped with TiN.60–62

In Chapter 4 of this thesis, an in-depth exploration is conducted to discuss further

instances wherein group 4 metal nitrides are synthesized through solid-state reactions,

starting from their respective metal oxide precursors.

1.2.2 Group 5 metal nitrides

Group 5 metal nitrides (vanadium, niobium, and tantalum nitrides) have the same crystal

structure as group 4 metal nitrides a cubic crystal structure with a Fm-3m space group
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with a lattice constant of 4.13 Å,63 4.394 Å,47 and 4.331 Å64 respectively. These group

5 nitrides exist as well in other oxidation states with less common crystal structures

(orthorhombic, tetragonal, and hexagonal), e.g., Ta3N5, Ta4N5 or Ta5N6. Vanadium

nitride (VN) has attracted interest as an active material for supercapacitors due to

its high specific capacitance as well as high electrical conductivity.65 Niobium nitrides

(Nb2N, Nb4N3, NbN, etc.) are mainly investigated as superconductors. Furthermore,

nitrogen-rich niobium nitrides are good candidates for electrochemical capacitors.66;67

VN and NbN nanopowders were synthesized via the urea glass route, see above.60

Agglomerated VN NCs with a crystallite size of 6 nm have been synthesized by Choi et

al. via a two-step method. First, ammonolysis of VCl4 forms amorphous V(NH2)3Cl.

Second, the amorphous precursor is crystallized at 400 ◦C in the presence of NH4Cl

under an ammonia atmosphere.68 This method is one of the main chemical methods to

form VN NCs,69 as well as NbN NCs.70

In 1972, Ta3N5 powder and thin films were obtained at 800 ◦C starting from am-

monia and Ta2O5 powder or Ta thin films respectively.71 This strategy was recently

pursued to prepare Ta3N5 nanotubes.72 In 1995, TaN films were made using the CVD

method with tris(diethylamido)(tert-butylimido)tantalum(V) as precursor at tempera-

tures ranging from 450 to 650 ◦C.73 Nanocrystalline TaN with a cubic phase has been

synthesized via a solid combustion synthesis using K2TaF7, NaN3, and NH4F precursors

under high temperatures up to 850 to 950 ◦C.74

In 2011, Ho et al. reported three methods for the synthesis of colloidal Ta3N5 NCs.75

In their first method TaCl5 is dispersed in ODE. At 310 ◦C, tris(trimethylsilyl)amine

((TMS)3N), dissolved in tri-n-octylphosphine (TOP) is injected and the particles are

left to crystallize for 20 min at 300 ◦C.

TaCl5 + R3P + (TMS)3N 300-310◦C−−−−−−→
ODE

Ta3N5 (1.3)

The resulting NCs (23 nm, see Figure 1.6 (a)) could not be redispersed in any solvent

after precipitation due to a lack of strongly binding ligands. Smaller (10 nm) NCs were
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formed at a reaction temperature of 200 ◦C. The authors report that the synthesis is

sensitive to the purity of TaCl5; at least 99.99% purity is required, and even then the

yield was very low (which was attributed to the low solubility of TaCl5 in ODE). In their

second method, tantalum (V) chloride was dissolved in a mixture of OLAm and TOPO.

Li3N was added at 300 ◦C.

TaCl5 + Li3N 300 ◦C−−−−−−−−−→
TOPO, OLAm

Ta3N5 (1.4)

The resulting NCs (2–8 nm after 20 min reaction, see Figure 1.6 (c)) could be redis-

persed in hexane after precipitation with methanol. When the reaction is left to proceed

for 1 h, 10 nm NCs are obtained. Their absorption spectrum has two absorption on-

sets (467 nm and 515 nm) which is explained by the absorption of Ta3N5 (515 nm)

and that of a higher bandgap material, likely an oxidized shell. X-ray photoelectron

spectroscopy (XPS) data indeed confirm the presence of oxidic tantalum. To counter

the low yields in the previous methods, the authors devised a third method. Pen-

takis(dimethylamino)tantalum (V) and (TMS)3N were dissolved in ODE and injected

in pure ODE at 300 ◦C (Figure 1.6 (b)). However, the formed particles were amorphous

and highly sensitive to air.75 For all three methods, the crystallinity of the resulting par-

ticles was solely assessed by transmission electron microscopy (TEM) and an ensemble

measurement, e.g., pXRD, is missing.

Ta(NMe2)5 + (TMS)3N 300 ◦C−−−−→
ODE

TaNx (1.5)

In 2013, a sol-gel pathway was demonstrated with Ta(NMe2)5 and n-propylamine.76

Transamination occurs readily but the condensation appears to be slower than for tita-

nium, see section on titanium nitride for details on transamination and condensation.

Upon solvent evaporation, a gel was formed. Solvent removal by vacuum resulted in a

xerogel that converted in an ammonia atmosphere at 800 ◦C into Ta3N5 powder with

a crystal size of 20 nm. Thin films were obtained by coating the silica slides with the
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Figure 1.6 TEM images of Ta3N5 obtained by Ho et al.75 (a) NPs obtained with TaCl5
and (TMS)3N (scale 20 nm), (b) with Ta(NMe2)5 and (TMS)3N (scale 20
nm) (c) with TaCl5 and Li3N (scale 10 nm). (d) Absorption spectrum of the
obtained 10 nm Ta3N5. The inset shows the two limiting regimes. Adapted
with permission from reference.75 Copyright 2010 American Chemical So-
ciety.

sol. Annealing at 600 ◦C leads to TaN while heating to 800 ◦C yields Ta3N5.76 It is

thus clear from the above that NCs of the group 5 nitrides have not been convincingly

obtained in colloidal form. While this is the first challenge for the future, the second

challenge is to control the oxidation state and the polymorphism of these materials.

1.2.3 Nickel(I) nitride

Nickel(I) nitride (Ni3N) has a hexagonal epsilon-Fe3N-type structure with a P6(3)22

space group, see Figure 1.7. The two lattice constants are 4.622 Å and 4.305 Å.77 Ni3N

is interesting for various applications such as lithium-ion batteries,78 magnetic NCs,79;80

catalysis and electrocatalysis,81;82 including hydrogenation, hydrogen, and OER.83;84

The early chemical synthetic methods to obtain Ni3N were based on nickel complexes
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decomposition at high temperatures and in the presence of ammonia or hydrazine.78;80

Up to this point, a lack of literature exists in the examination of solution-based synthesis

techniques that yield phase-pure Ni3N. The few existing studies are discussed in detail in

Chapter 3 to establish a more robust connection with our attempts to synthesize Ni3N.

Figure 1.7 Crystal structure of Ni3N. The nickel atoms are represented in dark red and
the nitrogen atoms in cyan and white. Structures plotted using VESTA.46

Cif file obtained from Ref.77

1.2.4 Copper(I) nitride

Copper(I) nitride (Cu3N) adopts an anti-ReO3 crystal structure within the Pm3m space

group, featuring a lattice constant of 3.817 Å, as illustrated in Figure 1.8.85;86 As a

semiconductor with a band-gap of 1.7 eV, Cu3N holds promise for applications in solar

cells.87 Its thin films have found utility in optical storage devices88 and resistive random

access memory chips.89 Furthermore, Cu3N NCs have demonstrated catalytic activity in

the reduction of CO2 to ethylene,90 alkaline water electrolysis,91 and ORR.92 By doping

Cu3N with metals such as Pd, Cu3PdxN (with 0.02 < x < 1) a more metallic behavior

can be obtained.93–95 The crystal structure of the latter closely resembles that of Cu3N,

featuring a palladium atom at the center of the unit cell, as depicted in Figure 1.8.

It is noteworthy that Cu3N forms at relatively low temperatures but decomposes into

metallic copper at higher temperatures. Specifically, under an inert atmosphere, Cu3N

films decompose at 475 ◦C.88 When subjected to heating in air, Cu3N decomposes into

CuO.96
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Figure 1.8 Crystal structure of Cu3N and the doped Cu3PdN. The copper is repre-
sented in dark red, the palladium in grey, and the nitrogen atom in cyan.
Structures plotted using VESTA.46 Cif file obtained from Ref.97;98

In 1939, Juza et al. synthesized Cu3N powders by reacting CuF2 with ammonia

gas (ammonolyis reaction).99 Phase pure Cu3N was obtained at reaction temperatures

between 250–325 ◦C (after 6 h reaction time).100 At higher temperatures, Cu(0) is

formed. Alternatively, Zachweija and Jacobs synthesized Cu3N by thermal decompo-

sition of [Cu(NH3)x](NO3).97 In 2005, Choi et al. combined copper(II) chloride and

sodium azide in superheated toluene or THF.96 The intermediate copper(II) azide de-

composes to Cu3N powder at 185 ◦C.

CuCl2 + 2 NaN3
<120 ◦C−−−−−−−−−→

THF or toluene
Cu(N3)2 + 2 NaCl (1.6)

2 Cu(N3)2
185 ◦C−−−−−−−−−→

THF or toluene
2 Cu3N + 11 N2

The low reaction temperature is remarkably lower than previously reported for the sim-

ilar synthesis of other metal nitrides such as TiN and GaN. Unfortunately, the reaction

time is very long (about three days) and metal azides are thermally unstable and shock

sensitive, which limits the reaction to small scales. Finally, the obtained Cu3N is not

phase-pure and some NaCl impurities remain present in the sample. The solution-based

synthesis of Cu3N using Cu(NO3)2 as the precursor has been extensively researched,

with various synthesis variations being documented. This pathway is perhaps the most

widely explored method for forming metal nitrides. As a result, this section comprises
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an independent chapter (Chapter 2), wherein we conduct a thorough investigation into

these synthesis approaches. Below, summarized as a solution-based or sol-gel route, are

the alternative synthesis methods that have been reported for Cu3N.

Solution-Based Synthesis Routes

Deshmukh et al. reacted Cu(OMe)2 in benzylamine (BnNH2) and obtained very small,

spherical Cu3N NCs (2.2 ± 0.5 nm).101;102

Cu(OMe)2 + 117 BnNH2
140 ◦C−−−−→15 min Cu3N (1.7)

The standard synthesis is performed at 140 ◦C, under an inert atmosphere, in a pressure

tube. Throughout the reaction, the color changes from dark blue to red. The aver-

age crystal size (determined from pXRD) is quite insensitive to the reaction conditions

(80–180 ◦C, 5–60 min) and varies from 1.8 to 2.8 nm. The authors further suggested a

precursor conversion mechanism by analyzing the reaction by-products with gas chro-

matography–mass spectrometry (GC-MS), see Figure 1.9. In the first step, copper(II)

methoxide oxidizes benzylamine to benzenemethanimine and is reduced to copper(I).

This proposal is based on the detection of methanol in GC-MS. This reactivity is spe-

cial for Cu(OMe)2 since other Cu(II) salts, such as CuCl2, make stable complexes with

amines and fail to produce Cu3N. The benzenemethanimine intermediate reacts with

benzylamine, yielding N -benzylidenebenzylamine (detected by GC-MS) and ammonia.

The in-situ formed ammonia reacts with Cu(OMe) to form Cu3N. Traces of benzonitrile

are also observed at the GC-MS, which is justified by further oxidation of benzenemetha-

nimine in the presence of Cu(II). This synthetic strategy was adopted by Liu et al..103

In 2018, Mondal and co-workers obtained Cu3N by reacting hexamethylenetetraamine

(HMT) and Cu(NO3)2.5H2O in n-hexanol at 200 ◦C for one hour under an inert at-

mosphere.104 HMT undergoes hydrolysis and forms formaldehyde and NH3. The latter

is the source of nitrogen as described in Figure 1.10. Copper (II) nitrate is in this case
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Figure 1.9 Proposed reaction mechanism of Cu(OMe)2 with BnNH2 that leads to the
formation of Cu3N.101 Molecules in red are the one detected by GC-MS.

simply the source of water and copper and not the nitrogen source. Cu(II) is assumed

to be reduced by the formaldehyde intermediate, but the authors do not show evidence

for the formation of formic acid. The final NCs are around 80 nm in size, which is most

likely due to the absence of a strongly coordinating ligand.

N

N

N

N

+ 6 H2O

O

H H

+ 4 NH3

2 Cu2+  +  H2O  +

O

H H

O

H OH

2 Cu+  +  2H+  +

3 Cu+  +  NH3 Cu3N  +  3 H+

HMT

6

Figure 1.10 Proposed reaction mechanism for Cu3N formation from hexamethylenete-
traamine and Cu(NO3)2.5H2O.104

Also in 2018, Sithole et al. synthesized a novel copper precursor: pyrrole-2 -

carbaldpropyliminato copper(II) (PPC), see Figure 1.11.105 PPC is synthesized from

pyrrole-2 -carboxaldehyde, copper(II) acetate and propylamine in deionized water, fil-

tered and recrystallized. In the second step, PPC is heated with octadecylamine (ODA)

to form Cu3N (Figure 1.11). The resulting spherical NCs are about 1.5 to 4 nm in
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diameter, in contrast to the 18 nm cubes that are obtained with copper(II) nitrate un-

der identical conditions. The photoluminescence of the smaller Cu3N NCs is slightly

blue-shifted to the emission of the larger NCs, which could be ascribed to quantum con-

finement. Indeed, we estimated from the calculated dielectric constant and the effective

hole and electron masses, an exciton Bohr radius of about 3 nm. However, a direct

relation between size and optical properties is currently missing.

Figure 1.11 UV-Vis absorption and photoluminescence spectra of Cu3N obtained via
(a) PPC and (b) Cu(NO3)2 · 3 H2O method. (c) Reaction mechanism
proposed for Cu3N formation from the reaction of PPC and ODA shown
below. Adapted from reference105 with permission from the Royal Society
of Chemistry.

Sol-Gel chemistry

In aqueous sol-gel chemistry, dissolved metal precursors are hydrolyzed with water and

further condense in metal oxide particles and gels.106 Similarly, researchers have syn-

thesized copper(II) nitride NCs by amminolysis (reaction with ammonia) and condensa-

tion. In 2018, Egeberg et al. reacted CuI with ammonia under basic conditions to form
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Cu(NH2).107

CuI KNH2/lq-NH3−−−−−−−−−→
pyridine, -35 ◦C

Cu(NH2) NH3↑
−−−−−−−−−−→
pyridine, 130 ◦C

Cu3N (1.8)

By condensation of the copper amide under reflux conditions, small copper(I) nitride

NCs are obtained (4.2 ± 0.7 nm), see Figure 1.12. Only pyridine is observed at the

surface of the NCs according to fourier-transform infrared spectroscopy (FT-IR) and

elemental analysis, which could explain why these NCs are air and moisture sensitive.

Figure 1.12 TEM images of Cu3N NCs synthesized by sol-gel chemistry according to
reference.107 Reproduced from Ref.107 with permission from the Royal So-
ciety of Chemistry.

Alternatively, Nakamura et al. have formed Cu3N from copper(II) acetate in nonanol

by bubbling ammonia through the mixture at 190 ◦C for 1 h.108 The final NCs are not

colloidally stable and form aggregates of about 200 nm with crystallite sizes of 20–30 nm.

The same color changes are observed; from blue to yellow to dark brown. Single phase

CuO is formed by using shorter chain alcohols such as pentanol, hexanol, and heptanol

at 130 ◦C. With increasing temperature, an increasing amount of Cu3N is obtained

and from 170 ◦C, pure Cu3N is formed. The authors propose the following mechanism.

First, ammonia forms a complex with Cu(II), evidenced by a color change from green to

blue. Second, the authors hypothesize Cu(II) is reduced by nonanol. The color change

to yellow is consistent with a Cu(I) species but the authors do not detect the direct

product, nonyl aldehyde. They do detect 9 -octadecenamide, of which it is unclear how

it is exactly formed. Finally, the Cu(I) species reacts with ammonia to form Cu3N. In

the background, there is also the esterification of acetate with nonanol to nonyl acetate.
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According to the mechanism, a lot of protons are released but the authors did not try

to uncover the fate of these protons. Nor were alternative hypotheses considered such

as the reduction of Cu(II) by ammonia itself.

1.2.5 Zinc(II) nitride

Zinc(II) nitride (Zn3N2) has a cubic crystal structure (Ia-3 space group) with a lattice

constant of 9.7691 Å (Figure 1.13).109 It is a nontoxic, earth-abundant, and low-cost

semiconductor,110 and is therefore promising for various applications. However, it has

been less exploited than other nitrides due to the difficulties in preparation and its high

reactivity towards water.111 As a II-V group semiconductor, Zn3N2 has a high electron

mobility and carrier concentration. The reported band gap for Zn3N2 varies from 1.0

to 3.3 eV depending on the preparation methods.112–114 Various physical methods or

nitridation approaches have been employed to synthesize Zn3N2 as thin films,115 pow-

ders,116 hollow balls,117 or nanowires.113 Much like Ni3N, there are only a few chemical

synthesis approaches that have been documented in the literature. These are discussed

in Chapter 3 to establish a stronger correlation with our approaches for synthesizing

Zn3N2 particles.

1.2.6 Group 13 nitrides

Among the group 13 nitrides, gallium(III) nitride has acquired the most fame due to

its use in blue LEDs, a feat that has been awarded the 2014 Nobel Prize in Physics.119

The most stable phase of the group 13 nitrides has the wurtzite crystal structure. The

bandgap of AlN, GaN, and InN is 6.2 eV, 3.4 eV, and 0.7 eV respectively. As discussed

before aluminum(III) nitride (AlN) is the least interesting nitride of group 13 since it is

considered a saline nitride and rapidly reacts with water. However, AlN has high thermal

conductivity (up to 320 W/mK), high acoustic wave velocity, and electrical resistance.120

These properties raise the potential of AlN for applications such as thermal interfaces for

electronic laser, brackets for LED technology, resonators, sensors, actuators, etc.121–123

The different synthetic approaches for cubic AlN formation have been presented by
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Figure 1.13 (a) Crystal structure of Zn3N2. The zinc cation is represented in purple
and the nitrogen atom in grey. Structures plotted using VESTA.46 Cif file
obtained from Ref.109 (b) Toluene solutions of OLAm capped Zn3N2 NCs
sampled at different reaction times and excited with a 365 nm lamp. (c)
Absorption (thin lines) and emission (thick lines) spectra of Zn3N2 NCs
with mean diameters of 2.1 ± 0.4 nm (solid lines), 4.6 ± 2.3 nm (dashed
lines) and 7.1 ± 2.0 nm (dotted lines). Reproduced from Ref.118 with
permission from the Royal Society of Chemistry.

Kudyakova et al..124

Indium(III) and gallium(III) nitride (InN, GaN) NCs are considered the possible next

generation of QDs. While the exciton Bohr radius of GaN is 3.2 nm, the exciton Bohr

radius of InN is 8 nm. Together with the formation of solid solutions (InxGa1-xN), this

provides ample opportunity to tune the optical properties using either quantum con-

finement or compositional control. GaN is also known as a bulk semiconductor suitable

for applications in optoelectronics such as blue light emitting diodes. GaN is also being

Literature review | 37



investigated for high frequency and high power transistor design.125;126 InN is a promis-

ing compound for optoelectronic applications due to its low bandgap, small effective

mass, and efficient electron transport. InN is also considered for low-cost, high-efficiency

solar cells, photomasks, laser diodes, sensors, and biological imaging.127–131 InN NCs

have complex plasmonic behavior due to a nonparabolic dispersion of its conduction

band.132;133

Synthesis of group 13 nitride powders

In 2004, InN was prepared by the conversion of In2O3 under ammonia flow in a temper-

ature range of 600 to 730 ◦C. Depending on the temperature, either spherical NCs or

hollow microtubes are formed. This is due to the decomposition of InN at a temperature

around 650 ◦C into metallic In and nitrogen.134

In2O3 + 2 NH3 −−→ 2 InN + 3 H2O

2 InN 650 ◦C−−−−→ 2 In + N2

GaN NCs in a silica matrix were synthesized by first forming an oxide gel of gallium

and silicon. The gel is then annealed at 900 ◦C for 5 h under NH3 atmosphere.135

Variations on this strategy exist where pure GaN nanocrystalline powders are formed

by annealing Ga2O3, GaO(OH), or NH4[Ga(OH)2CO3] under an NH3 atmosphere at

900–950 ◦C.136–139 Similar to the case of TiN, the solid state reaction between Ga2O3

(or γ-Al2O3) and cyanamide CN2H2 yields GaN (or AlN) NCs.58;140 Finally, the urea

glass route was also successful in synthesizing GaN nanopowders.

Synthesis strategies based on azide or amide precursors

Colloidally stable, but poorly crystalline GaN NCs are obtained by refluxing

[Et2Ga(N3)]3, (N3)2Ga[(CH2)3NMe2], or (Et3N)Ga(N3)3 in triglyme at 220 ◦C for 5

h.141 Also, GaCl3 and NaN3 react to form gallium azide, which forms amorphous GaN

at 220 ◦C or 260 ◦C in THF or toluene respectively. Annealing and NaCl removal
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are necessary to form crystalline powders.142 Finally, crystalline GaN NCs were formed

from NaN3 and metal Ga by heating to 700 ◦C under nitrogen in a high-pressure ap-

paratus.143

Janik et al. formed GaN NCs via pyrolysis at 450–500 ◦C of a gallium imide

[Ga(NH)3/2]n precursor (obtained by reaction of [Ga(NMe2)3]2 and NH3).144 In 1999,

this method was improved by crystallizing the [Ga(NH)3/2]n precursor in hot tri-n-

octylamine (360 ◦C for 24 h) under a flow of ammonia.145 During cooldown of the

reaction mixture, a solution of hexadecylamine in tri-n-octylamine was added, which

improved the colloidal stability of the final GaN NCs. These NCs have a diameter of 3

nm and feature a first excitonic emission at 3.65 eV, higher than the bulk bandgap of

GaN. β-GaN NCs of 3–8 nm in size were obtained via microwave heating of Ga(NH2)3

in ionic liquid at 300 ◦C for 1 h. The colorless suspension of Ga(NH2)3 was obtained

by dissolving GaCl3 in liquid NH3 at -35 ◦C and adding of KNH2. The obtained NCs

show a bandgap around 3.9 eV which is 0.6 eV above the β-GaN bulk bandgap. The

authors attributed this blue shift to quantum confinement. The fluorescence properties

of the as-synthesized NCs are shown in Figure 1.14.146

Figure 1.14 (a) Emission spectrum at 274 nm and excitation spectrum at 523 nm of
the synthesized GaN. (b) Photographs of the as-synthesized GaN NCs
in daylight and under excitation at 254 nm.Reprinted from Ref.146 with
permission from the Royal Society of Chemistry.

In 2006 Dingman et al. reported the synthesis of InN nanofibres at low temperatures

(203 ◦C), catalyzed by nanometer sized droplets of In metal (also called a solution-
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liquid-solid (SLS) mechanism).147 The authors prepared two different indium precursors

(iPr2InN3 and tBu2InN3) by reacting trialkylindium first with methanol and subse-

quently with trimethylsilylazide. Crystalline InN was then formed by reacting the as

mentioned precursors with 1,1 -dimethylhydrazine (H2N−NMe2) at 203 ◦C for 20 h. The

role of 1,1 -dimethylhydrazine is to reduce part of the indium precursors to In droplets,

which then catalyze the InN crystallization.

R3In + MeOH RT,10min−−−−−−→ R2InOMe + RH

R2InOMe + TMSN3
RT,210h−−−−−→ R2InN3 + TMSOMe

R2InN3 + H2NNMe2
203◦C−−−−→
20 h

InN

In 2006 Choi et al. synthesized InN NCs from indium(III) bromide and sodium azide

under solvothermal conditions.148 The indium azide intermediate decomposes into InN

and N2.

InBr3 + 3 NaN3
280◦C−−−−→ [In(N3)3] + 3 NaBr

[In(N3)3] 280◦C−−−−→ InN + 4 N2

The solvent used during the solvothermal treatment determines the final properties

of the NCs. While toluene delivered 10 nm aggregated wurtzite InN, hexadecane yielded

poorly crystalline InN. The reaction typically takes 3–5 days during which the reaction

temperature is increased step by step to avoid explosive azide decomposition. Also,

InxGa1-xN alloyed particles were synthesized via this strategy.148

The reaction of potassium amide (KNH2) and indium iodide in liquid ammonia

yields an insoluble indium amide product. The latter is probably highly condensed,

featuring imido bridges. Decomposition of this insoluble product at 400 ◦C under

nitrogen atmosphere delivers InN, In, KNH2, and NH3.149 Alternatively, InI3 and NaNH2

were reacted in anhydrous benzene in a Teflon-lined pressure bomb.150 The crystallite
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size of the resulting InN NCs varies from 9.9 ± 5 nm to 35.1 ± 10 nm by increasing the

reaction time or temperature. At ambient pressure, InN NCs (6.2±2 nm diameter) have

been synthesized using InBr3 and NaNH2 in hexadecane under an ammonia atmosphere.

InBr3 + 3 NaNH2
250◦C−−−−→

3 h
InN + In (1.9)

A post-synthetic acid treatment (to remove In(0)) and functionalization with OLAm

yielded colloidally stable particles, see Figure 1.15.151 This method has been further

studied by Palomaki et al. where they use In2S3 instead of InBr3 and ODE as their

solvent.152

In2S3 + NaNH2
175-220◦C−−−−−−−−→

15 min - 12 h
InN + In (1.10)

To improve the size dispersion, size-selective precipitation was performed by the drop-

Figure 1.15 TEM images of the colloidally stable InN obtained by Hsieh et al. after acid
treatment. (a)Low magnification image, (b) high resolution image, and (c)
diffraction pattern obtained via fast Fourier transform (FFT). Reprinted
with permission from reference151 with permission from the Royal Society
of Chemistry.

wise addition of acetonitrile to OLAm-capped InN NCs, and centrifugation. The final

NCs size was tuned from 4.5 to 9.9 nm by varying the reaction time from 15 min to 12

h at 220 ◦C. The NCs size also increases from 4.1 to 8.0 nm by increasing the reaction

temperature from 175 to 200 ◦C (at a fixed reaction time of 3 h). Below 175 ◦C, no InN
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was formed. When InCl3.4H2O, NaNH2, and sulfur were reacted in a pressure bomb

at 160 ◦C for 30 h, wurtzite InN crystals (50–200 nm) were obtained.153 According to

pXRD, the reaction proceeds through a In2S3 intermediate. Even larger particles (500

nm) were obtained using In(NO3)3.5H2O as the precursor.

Colloidal InN NCs from lithium oleylamide

Beaulac and coworkers reported a surfactant-assisted procedure where all precursors are

soluble.154 InBr3 is first dissolved in a mixture of OLAm and ODE solvent (or hexade-

cane). At 220 ◦C the authors inject lithium oleylamide, which was synthesized from

OLAm, n-butyllithium (n-BuLi), and tetramethylethylenediamine (TMEDA). After 10

minutes, the reaction is stopped and the product is purified. TEM analysis shows that

the obtained particles consist of a 30 nm In(0) core and InN outgrowths (Figure 1.16).

The mixed composition of In and InN is confirmed by pXRD with sharp reflections for

In and broader reflections for InN, consistent with their size difference (Figure 1.16).

Using the same strategy as mentioned before, In is removed by nitric acid treatment and

the InN NCs are stabilized by fictionalization with OLAm.154

Intrigued by the high dissociation energy of C-N bonds (330 kJ.mol−1), Chen et

al. investigated the mechanism of this reaction by analyzing the by-products via 1H

NMR, 13C NMR, 2D homonuclear correlation spectroscopy (COSY) NMR, and mass

spectrometry.155 The authors propose that oleylamide is oxidized to oleylimine, thereby

reducing In(III) to In(0), see Figure 1.17. A second equivalent of oleylamide performs a

nucleophilic attack on the imine, yielding a secondary aldimine (RCH−−NR) and releasing

NH –
2 . The latter goes on to react with In(III) to form InN. The proposed mechanism

is based on the observation of aldimine, ammonia, hydrogen, InN, and In as reaction

products. Oleylimine is too unstable to be isolated. In(0) is always formed in larger

yields than InN, meaning that not all reactive NH –
2 are converted to InN.

Other surfactant based strategies

AlCl3, GaCl3, and InCl3 react with urea to form the crystalline complexes:
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Figure 1.16 TEM images of the NCs. (a) Overview of the as prepared sample, show-
ing the InN branches stemming out of larger In(0) NCs. (b) HR-TEM
image of one of the InN branches in (a) at the surface of the In(0) NCs.
pXRD pattern for the (c) as-prepared sample and (d) acid treated sample.
The vertical lines show the pXRD patterns of bulk zincblende-InN (red)
and tetragonal In(0) (blue). Reprinted with permission from reference.154

Copyright 2016 American Chemical Society.

[Al(H2NCONH2)6]Cl3, [Ga(H2NCONH2)6]Cl3, and In(H2NCONH2)3Cl3.156 In the alu-

minum and gallium complexes, six urea molecules are coordinated to the metal and the

chloride is simply the counter ion of the positively charged complex. In the indium

complex, three urea molecules and 3 chlorides build up the first coordination sphere.

Pyrolysis of the complexes under nitrogen yields AlN, GaN, or a mixture of InN and

In2O3. Refluxing [Ga(H2NCONH2)6]Cl3 in tri-n-octylamine (365 ◦C) for 24 h yields

colloidal GaN NCs (2–3 nm). These particles show photoluminescence spectroscopy

(PL) emission bands at 340 and 380 nm. Refluxing the Al and In complex yields AlN

and InN (with a minor indium oxide impurity) respectively. Later, the authors showed

that the obtained GaN NCs were amorphous, and further annealing in ammonia at

450 ◦C for 24 h was necessary to improve their crystallinity.157 In 2019, Choi et al.

designed a hot-injection strategy to obtain GaN QDs.158 Gallium chloride and stearic

acid were dissolved in ODE and heated to 280 ◦C under argon. Subsequently, a solution

Literature review | 43



Figure 1.17 Overall reaction mechanism of InP. Reaction 1a, alkylamide precursor ox-
idation; reaction 1b, formation of the secondary imine leading to NH –

2

production; reaction 2, nitride formation; R1, R2, R3, three hypothetical
reduction processes concomitant with reaction 1a; S1, detrimental hypo-
thetical side reaction. Orange, reactants; blue, intermediates (not iso-
lated); red, identified products. Uncoordinated forms are depicted here for
simplicity. Reprinted with permission from reference.155 Copyright 2018
American Chemical Society.

of lithium bis(trimethylsilyl)amide in hexane was rapidly injected.

GaCl3 + LiN(TMS)2
220-280 ◦C, 10-90 min−−−−−−−−−−−−−−→

ODE, stearic acid
GaN (1.11)

The NCs size was hard to determine from TEM but surely below 5 nm, which is

also confirmed by the very broad nature of the pXRD reflections. The PL emission of

the QDs could be tuned from 315–355 nm, while the bulk PL is at 365 nm. Successful

doping with zinc red-shifted the PL to 330–460 nm.158

In the forthcoming section, we will transition from the comprehensive literature re-

view to an exploration of the methodological toolkit that has been instrumental through-

out this doctoral research.
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1.3 Methodological toolkit

This thesis revolves around NCs characterized by a hybrid organic-inorganic structure.

The physical properties of these particles arise from the inorganic core, while their chem-

ical attributes are influenced by the organic ligands. This design principle is tailored

to ensure the colloidal stability of these particles when they are dispersed in a solution.

For the examination of the inorganic core, as well as the assessment of crystallinity and

phase purity, the primary method employed is x-ray powder diffraction (pXRD). Fol-

lowing this, additional techniques such as transmission electron microscopy (TEM) and

x-ray total scattering and pair distribution function analysis (PDF) are utilized to offer

further insights into particle size and the identification of local defects. When shift-

ing the focus towards the analysis of the ligands, thermogravimetric analysis (TGA),

fourier-transform infrared spectroscopy (FT-IR), nuclear magnetic resonance (NMR),

and dynamic light scattering (DLS) have emerged as valuable methods. These tech-

niques provide essential insights into the chemical nature of the ligands, quantification,

and overall size of the NCs. This section will delve into the specific applications of pXRD

and NMR techniques in greater detail.

1.3.1 X-ray powder diffraction

pXRD is one of the primary methods used to determine the atomic arrangement within

a crystalline sample in powder form. This method relies on the principles of diffraction

theory, as first formulated by Bragg’s law. According to this theory, when incident X-ray

radiation with a defined wavelength (λ) interacts with a crystal, constructive scattering

occurs at specific angles (θ), as described by Equation 1.12, where (d) represents the

distance between crystallographic planes and (n) represents an integer that corresponds

to the order of the diffraction peak.

2dsin(θ) = nλ (1.12)
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For every angle at which Bragg’s law is satisfied, a reflection is observed in the diffrac-

togram obtained using a fixed X-ray source. The width of each reflection is characteristic

of the size of the crystallite. A sharp reflection corresponds to an infinite periodicity

of the crystallite, typically corresponding to at least a few microns, whereas a broad

reflection corresponds to NCs. The Scherrer equation (Equation 1.13) is employed to

estimate the crystallite size (d).

d = 0.9λ

βcosθ
(1.13)

In the Scherrer equation, (θ) represents the diffraction angle, (λ) is the wavelength of the

X-ray, and (β) is the full width at half maximum (FWHM) of the diffraction peak. The

Scherrer equation is particularly effective for estimating the crystallite size when dealing

with isotropic particles with sizes ranging from 5 to 50 nm. In the case of an anisotropic

structure, the diffraction pattern can vary depending on the crystallographic direction.

Sharp peaks are observed for the crystallographic direction with a high periodicity, in-

dicating a strong diffraction signal, while broader peaks are seen for the direction with

a shorter periodicity, suggesting weaker diffraction along that direction. The position of

the reflection allows for the determination of a lattice constant. Lattice constants offer

valuable insights into the structure of pure solids, as well as doped or alloyed materials.

When a dopant has a larger radius than the initial ion it is replacing, the lattice expands,

leading to an increase in the lattice constant. Consequently, this shift in the reflection

peak occurs at lower 2θ angles in the diffractogram.159

1.3.2 1D NMR spectra

1H NMR is employed as a primary tool for analyzing the surface chemistry of particles.

When a molecule is bound to the surface, its resonances appear broader compared to

when it is unbound or free in solution. The broadening of resonances in bound ligands

arises from two distinct processes known as homogeneous and heterogeneous broaden-

ing. The homogeneous line width is directly proportional to the T2 relaxation rate and

increases with the size of the object. In the case of an unbound molecule, such as oleic
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acid (OA), it demonstrates a significant degree of rotational freedom, leading to rapid

tumbling. This rapid tumbling results in longer T2 relaxation times, giving rise to sharp

and well-defined resonances. However, upon binding OA to the surface of the nanopar-

ticles (NPs), its rotational freedom becomes constrained, inducing slower tumbling and

accelerated relaxation, thus shortening the T2 time. This alteration broadens the reso-

nance lines, a phenomenon attributed to homogeneous broadening. Furthermore, within

NMR, another type of broadening is observed known as heterogeneous broadening. This

phenomenon arises from the combination of resonances originating from varied chemical

environments encountered by the bound ligands, resulting in distinct chemical shifts.

The extent of this broadening phenomenon is heavily influenced by the affinity between

the ligand shell and the solvent. When the ligand shell exhibits a high affinity for the

solvent, it becomes well-solvated, resulting in fewer ligand-ligand interactions, leading to

a decrease in heterogeneous line broadening. If there is a low affinity between the ligand

shell and the solvent, the solvent is excluded from the ligand shell, leading to interac-

tions between ligands in diverse ways. This interaction gives rise to heterogeneous line

broadening. Homogeneous line broadening in the ligand shell tends to escalate propor-

tionally with the size of the NPs. As the dimensions of the NPs increase, the ligand shell

expands, resulting in a more pronounced homogeneous line broadening effect. However,

heterogeneous line width initially increases with the size of the NPs until it reaches a

saturation point at a core size of approximately 8–10 nm. Beyond this core size, fur-

ther enlargement of the NPs has negligible influence on the extent of heterogeneous line

broadening (Figure 1.18).160;161

1.3.3 Diffusion ordered NMR spectroscopy

Diffusion ordered spectroscopy (DOSY) is an additional tool in the field of NMR that aids

in the identification of bound and unbound molecules within a mixture. This technique

relies on analyzing the diffusion coefficient of molecules to assess their state. The speed at

which molecules move in a solution is directly influenced by factors such as size, shape,

and chemical environment. Smaller molecules, like unbound ligands, tend to diffuse
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Figure 1.18 1H NMR of OA as a free molecule compared to tightly bound OA to the
surface of ZrO2 NCs in benzene-d6.

more rapidly as they move freely in the solution. On the other hand, larger molecules,

such as ligands bound to a NCs, exhibit limited movement and diffuse more slowly. By

measuring the differences in diffusion coefficients, it becomes possible to differentiate

between bound and unbound ligands.

The DOSY measurement involves the utilization of pulsed Field Gradient NMR,

which employs a magnetic field gradient (g) along the z-axis for a short duration (δ).

This gradient causes each spin to have a distinct frequency based on its position along

the z-axis. Subsequently, a diffusion time (∆) is introduced, allowing the molecules to

diffuse and change their positions within the sample. After this diffusion period, an

identical but opposite gradient (g) is applied. When a molecule’s spin does not exhibit

diffusion motion, the z-dependent frequency remains unchanged after the application of

the gradients, leading to complete refocusing. However, if the spins undergo diffusion

motion, they will occupy different z-positions, causing them to experience varying ampli-

tudes for the opposite magnetic field gradient. As a result, the refocusing is incomplete,

leading to a reduction in the intensity of the resulting signal.

The diffusion coefficient is acquired by conducting a series of 1D spectra while varying
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the applied gradient strength. The decay of peak intensity (I) is determined using the

Stejskal-Tanner equation, which relates it to the intensity at zero gradient strength (I0),

the gyromagnetic ratio (γ), the gradient length (δ), and the diffusion time (∆). During

the pulsed field gradient experiment, the latter two parameters remain constant. The

relationship is expressed by the following equation 1.14.

I = I0e−(γδg)2D(∆−0.6δ) (1.14)

By utilizing Equation 1.14, the natural logarithm of the intensity (ln(I)) is plotted as

a function of the squared gradient strength (g2). When dealing with a single diffusing

species, a mono-exponential decay is observed, resulting in a straight line. However,

when two species with different diffusion coefficients are present and overlapping, a bi-

exponential decay is expected.

In the scenario of a tightly bound ligand to a NCs, the organic molecule diffuses in

conjunction with the NC. The term solvodynamic diameter refers to the total diameter of

the particle representing the combined size of the particle and the bound organic molecule

together with the first solvent shell. It is possible to establish a correlation between the

diffusion coefficient and the solvodynamic diameter using the Stokes-Einstein Equation

1.15, where (D) represents the diffusion coefficient, (T) represents the temperature,

(η) represents the viscosity of the solvent, and (ds) corresponds to the solvodynamic

diameter.

D = KBT

3πηds
(1.15)

The dynamics of ligand binding can be assessed by comparing the expected solvody-

namic diameter to the observed diameter. For a tightly bound ligand, the expected

solvodynamic diameter corresponds to the sum of the diameter of the NCs with twice

the length of the ligand. If the observed diameter is smaller than the expected diameter,

it suggests the presence of a combination of tightly bound and free ligands (indicating

incomplete purification) or loosely bound ligands (in a fast exchange). The observed
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diameter, Dobs, can then be expressed as a weighted average of bound and free ligands.

Dobs = χboundDbound + χfreeDfree (1.16)

1.4 Outline

Up to date, it is clear that the late transition metals and group 13 metal nitrides have

been more extensively studied. While the reaction mechanism (precursor conversion)

is most studied for the group 13 nitrides, the most uniform nanocrystals are obtained

for Cu3N. At the same time, we were forced to conclude that there do not exist any

convincing reports of the colloidal synthesis of group 4 and group 5 nitrides. Only

nanopowders were successfully obtained, of which some could be dispersed in water,

albeit in aggregated form. An additional hurdle for the group 4 and 5 nitrides is the

required reduction during the synthesis. For example, most common precursors for

TiN and TaN are based on Ti(IV) or Ta(V), while the final nitrides contain the metal

in the +III oxidation state. This thesis primarily focuses on the development of novel

synthesis strategies for metal nitride NCs, with a particular emphasis on Cu3N, a nitride

compound that has received attention in the literature.

Chapter 2 delves into the precursor conversion chemistry and surface chemistry of

both Cu3N and Cu3PdN NCs. Within this chapter, we successfully obtain phase-pure

nanocubes that exhibit colloidal stability, marking a significant achievement in the syn-

thesis of these materials. The elucidation of the pathway by which copper(II) nitrate

and OLAm form Cu3N is a central focus. Our findings reveal that OLAm serves a dual

role as both a reductant and a nitrogen source. In addition to the synthesis aspects,

we thoroughly investigate the surface chemistry of these NCs. Our results indicate the

presence of a mixed ligand shell composed of aliphatic amines and carboxylates, which

are formed in situ during the synthesis process.

In line with this inspiration, in Chapter 3 we explore alternative solution-based meth-

ods for obtaining various metal nitrides, including TiN, Ni3N, and Zn3N2. In this pursuit,

we have systematically investigated various strategies, involving diverse nitrogen sources
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and mechanisms to drive the reactions, such as Si-halogen bond formation and salt for-

mation, all with the primary goal of generating ammonia or nitrogen sources readily

available to react with the metal in the process. This chapter provides a comprehen-

sive summary of the results derived from these different approaches and experimental

investigations.

Throughout the experiments, the crystallization step consistently emerges as the bot-

tleneck. In order to surmount this challenge, we adopted a solid-state approach (Chapter

4). However, solid-state reactions often demand high temperatures exceeding 500 ◦C.

To circumvent this limitation, we turned to molten salts as a high temperature solvent

system. Through our exploration of TiN synthesis in various molten salt environments,

we identified an optimized synthesis method that allowed us to significantly reduce the

temperature to as low as 350 ◦C while maintaining excellent crystallinity. To the best of

our knowledge, this represents the pioneering achievement of obtaining highly crystalline

TiN NCs at such reduced temperatures.

When dealing with NCs, maintaining colloidal stability is consistently a crucial con-

sideration. Silanes, a versatile class of materials, are frequently employed as surfactants.

They exhibit remarkable versatility due to the presence of diverse functional groups

within their molecular structures, rendering them suitable for a wide range of applica-

tions, particularly in the realm of biocompatibility. Numerous studies have documented

the process of ligand exchange from native ligands to silanes post-synthesis.

In Chapter 5, we embarked on a more in-depth exploration of the exchange mech-

anism, seeking to elucidate both the substances being released and those potentially

adhering to the surface. These preliminary findings lay the groundwork for future inves-

tigations in this field.
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In science, there are no

shortcuts to truth, and it is not

enough to have an opinion; you

must provide evidence.

Carl Sagan

2
The Chemistry of Cu3N and

Cu3PdN Nanocrystals

2.1 Introduction

Copper nitride (Cu3N) has garnered attention as an inexpensive, non-toxic material

with potential applications in solar cells1, high-density optical data storage2, and elec-

trocatalysis (oxygen evolution and CO2 reduction)3–5. Cu3N is a semiconductor with

a calculated indirect bandgap of 1 eV and an anti-ReO3 cubic crystal structure.1;6;7

The body center position can be occupied by dopants (e.g., palladium) forming struc-

tures such as Cu3PdxN. Upon doping, the lattice constant increases,8;9 and the electronic

structure of the material is reported to change from semiconducting to semi-metallic.10;11

Bulk Cu3N forms at relatively low temperatures but decomposes at higher temperatures

(475 ◦C) to metallic copper (under an inert atmosphere) or copper oxide (in the air).2;12

The first wet-chemical synthesis of bulk Cu3N powders was based on aminolysis or the

‡Adapted from: Parvizian, M. Duran Balsa, A.; Pokratath, R.; Kalha, C.; Lee, S.; Van den
Eynden, D.; Ibanez, M.; Regoutz, A. ; De Roo, J.; The Chemistry of Cu3N and Cu3PdN Nanocrystals;
Angew Chem Int Ed Engl, 2022, 61, 1521-3773
Contributions: Parvizian, M. conducted the synthesis and characterization using XRD, DLS, UV-
Vis, and NMR techniques and analyzed the provided data. This project was substantially carried out
during the timeframe of Duran Balsa, A.’s master’s thesis, with Parvizian, M. overseeing the process.
Pokratath, R. handled the PDF and TGA analyses. Kalha, C. conducted advanced XPS analysis under
the supervision of Regoutz, A. Lee, S., and Van den Eynden, D. performed TEM measurements.
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solvothermal decomposition of copper azides.12–14 Ultra-small (2–4 nm) and colloidally

stable nanocrystals (NCs) of Cu3N have been synthesized from Cu(OMe)2 in benzy-

lamine,15 or by aminolysis of Cu(I) in pyridine.16 Larger colloidal Cu3N nanocubes have

been obtained from copper(II) nitrate and alkylamine, see equation 2.1.3;5;17–21 In most

cases, additional solvent is added (usually 1-octadecene (ODE)). The equivalents of lig-

and (32–66), the reaction temperature (220–280 ◦C), and time (10–60 min) vary, as

does the nature of the alkyl chain of the amine (oleylamine (OLAm), hexadecylamine or

octadecylamine (ODA)). Changing the nature of the amine allows tuning the final size

from 10 to 25 nm (Figure 2.1).17

Cu(NO3)2 · 3 H2O + 32−66 RNH2
220-280 ◦C,10-60 min−−−−−−−−−−−−−−→

ODE
1 /3 Cu3N + by−products (2.1)

An overview of the reported Cu3N synthesis conditions and outcomes are condensed

into table 2.1.

Unfortunately, the reaction mechanism and the by-products are not well established.

Some authors claim that nitrate is the nitrogen source, and thus nitrogen is supposed

to be reduced from its highest oxidation state in nitrate to its lowest oxidation state in

nitride, and this process is presumably catalyzed by the amine ligand.19 Such an eight-

electron redox process is unlikely to happen in a single reaction. Other authors assume

that Cu(II) is first fully reduced to Cu(0) and subsequently reacts with dinitrogen (a pos-

sible decomposition product of the nitrate complex).21 However, the nitrogen-nitrogen

bond in dinitrogen is extremely strong (946 kJ/mol),26 and N2 is thus not likely to re-

act with elemental copper at 250 ◦C. There is currently insufficient evidence to claim a

mechanism for the precursor conversion. Regarding the crystallization mechanism, it was

shown that first small, amorphous particles form, which subsequently ripen into Cu3N

nanocubes.5 The growth mechanism was investigated by analyzing reaction aliquots at

2, 5 and 10 min by TEM (Figure 2.2). In addition, long reaction times (at 260 ◦C) wash

shown to lead to the decomposition of the as-synthesized Cu3N into Cu(0) particles.21
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Figure 2.1 TEM images and the corresponding size histograms of Cu3N NCs synthe-
sized from copper(II) nitrate and various primary amines in ODE solvent,
according to reference17. (a,b) ODA (c,d) hexadecylamine, and (e,f) OLAm.
Reprinted with permission from ref17. Copyright 2011 American Chemical
Society. Note that the authors labeled the axis diameter. Given the cubic
morphology of the NCs, this is confusing and the cube edge length is a more
appropriate measure for the size.
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Figure 2.2 (A) TEM of the Cu3N NCs synthesized according to reference5, after 2, 5
and 10 min. (B) The proposed growth procedure of Cu3N nanocubes. Re-
produced from reference5 with permission from the Royal Society of Chem-
istry.

The surface chemistry of Cu3N NCs is also unknown. Although alkylamines are

the only ligands present during the synthesis, there are several examples where the

ligands can convert to other ligands during NCs synthesis, leading to surprising surface

chemistries.27;28 Given the importance of surface chemistry for nanocrystal applications

it is imperative to elucidate and control it.29 Amines typically bind to the nanocrystal

surface as Lewis basic (L-type) ligands and feature an adsorption-desorption equilibrium

that is often highly dynamic.30–32 However, in the case of copper based NCs, amines

have been observed to be tightly bound.33;34 It is thus surprising that Cu3N NCs have

generally poor colloidal stability after purification.

In this work, we aimed at elucidating the precursor conversion mechanism and sur-

face chemistry of Cu3N (and Cu3PdN) NCs, synthesized from copper(II) nitrate (and

palladium acetylacetonate). We first screened the different synthetic methods in the

literature, and found the report of Vaughn et al. as the most reproducible. We then

explored the influence of different parameters on the reaction outcome, including the

presence of water, temperature, time, etc. Having obtained the optimal conditions to

form phase pure Cu3N nanocubes, we then redesigned the purification procedure to

yield colloidally stable Cu3N NCs. We uncovered the precursor conversion mechanism
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of the reaction. We found that nitrate and Cu(II) both oxidize alkylamine to a primary

aldimine, forming Cu(I). Condensation of the primary aldimine with a second equiv-

alent alkylamine, yields a secondary aldimine and ammonia. The latter is the active

nitrogen precursor and reacts with Cu(I) to Cu3N. Finally, the surface of these Cu3N

and Cu3PdN particles has been analyzed. x-ray photoelectron spectroscopy (XPS) and

fourier-transform infrared spectroscopy (FT-IR) established the presence of carboxy-

late ligands on the surface, together with amine ligands. Advanced nuclear magnetic

resonance (NMR) revealed the dynamics of ligands binding. These fundamental chem-

istry insights will enable the elucidation of formation mechanisms of other copper-based

colloidal NCs and other metal nitrides.

2.2 Experimental section

Materials

For the standard Cu3N and copper palladium doped nitride nanoparticles (NPs), cop-

per(II) nitrate (Cu(NO3)2.3H2O, STREM Chemicals, 99.5 %) and distilled OLAm

(C18H35NH2, Sigma-Adrich, 70 %) were used as precursors in hexadecane (C16H34,

Sigma Aldrich 99 %). Palladium(II) 2,4- pentadionate (C10H14O4Pd, Alfa Aesar, Pd

34.7 %) was used for doping. For the mechanistic investigations, various precursors

were used: copper chloride (CuCl2 · 2 H2O, Sigma-Adrich, ≥ 99.0 %), dioctylamine

(CH3(CH2)7NH−(CH2)7CH3), Sigma-Aldrich, 97 %), trioctylamine ((CH3(CH2)7)3N,

Sigma-Aldrich, 98 %). For the aldimine synthesis, lauric aldehyde (CH3(CH2)10CHO,

Sigma-Aldrich, ≥ 95 %) was used. Cyclohexane, absolute ethanol, and acetone were

used for the purification step. Deuterated chloroform (CDCl3, 98 %) was used for NMR

study.

Synthesis of Cu3N

The synthesis for Cu3N NCs was adapted from the literature.18 Copper(II) nitrate (0.24

mmol, 60 mg, 1 eq) was dissolved in 7.5 mL of hexadecane in a three-neck flask and
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stirred. Distilled OLAm (7.57 mmol, 2.5 mL, 31 eq) was added and the mixture was

degassed for 30 minutes at 50 ◦C. Under argon, the temperature was increased to

260 ◦C at a rate of 10 ◦C per minute. The mixture was left to react for 15 minutes.

The flask was then removed from the heating mantle and left to cool to room temperature

over an hour. The 10 mL solution of NPs was transferred to centrifuge tubes. A total

of 15 mL of acetone was added and the particles were centrifuged at 5’000 rpm for 3

minutes. The supernatant was removed and the particles were redispersed in 4 mL of

cyclohexane. A 10% by volume stock solution (SS) of purified OLAm in cyclohexane

was prepared. OLAm (1 mL SS) was added to the redispersed particles, so the total

redispersion volume was 5 mL. The particles were placed in the ultrasonic bath until

fully redispersed. The particles were washed once more with acetone (15 mL) and this

time redispersed in 3 mL of cyclohexane. 2 mL of the OLAm SS was added, so the

volume was still 5 mL. The particles were placed in the ultrasonic bath. 15 mL of

ethanol was added for a final wash and the particles were centrifuged at 8’000 rpm for

10 minutes. The supernatant was removed, and the particles were redispersed in 2 mL

of cyclohexane.

Synthesis of Cu3PdN

The synthesis for Cu3PdN NCs was adapted from the literature.18 Copper(II) nitrate

(0.24 mmol, 60 mg, 1 eq) was dissolved in 7.5 mL of hexadecane in a three-neck flask

and stirred. Palladium(II) 2,4- pentadionate (0.08 mmol, 25.2 mg, 0.33 eq) was added

and stirred. Distilled OLAm (7.57 mmol, 2.5 mL, 31 eq) was added and the mixture

was degassed for 30 minutes at 50 ◦C. Under argon, the temperature was increased to

240 ◦C at a rate of 10 ◦C per minute. The mixture was left to react for 15 minutes.

The flask was removed from the heating mantle and left to cool to room temperature

over an hour. The NCs were purified as described previously. However, contrary to the

Cu3N NPs, the final centrifugation after the ethanol wash required 10–15 minutes at

10’000 rpm to precipitate the NPs.
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Synchrotron X-ray total scattering experiments

Samples were prepared in 1mm polyamide kapton tube. The samples were measured

at beamline P21.1 at DESY in Hamburg, Germany. X-ray total scattering data were

collected at room temperature in rapid acquisition mode, using a Perkin Elmer digital

X-ray flat panel amorphous silicon detector (2048 × 2048 pixels and 200 × 200 µm

pixel size) with a sample-to-detector distance of 380 mm. The incident wavelength of

the X-rays was λ = 0.1220Å (101.62 keV). Calibration of the experimental setup was

performed using a Ni standard. Raw 2D data were corrected for geometrical effects and

polarization, then azimuthally integrated to produce 1D scattering intensities versus the

magnitude of the momentum transfer Q (where Q = 4π sin θ/λ for elastic scattering)

using pyFAI and xpdtools.35;36 The program xPDFsuite with PDFgetX3 was used to

perform the background subtraction, further corrections, and normalization to obtain the

reduced total scattering structure function F(Q), and Fourier transformation to obtain

the x-ray total scattering and pair distribution function analysis (PDF), G(r).37;38 For

data reduction, the following parameters were used after proper background subtraction:

Qmin = 0.8Å−1, Qmax = 19Å−1, Rpoly = 0.9Å . Modeling and fitting were carried out

using Diffpy-CMI or PDFgui.39;40

XPS and DFT

XPS measurements were performed on a Thermo Scientific K-Alpha spectrometer with

a monochromated microfocused Al Kα X-ray source (hν = 1486.7 eV) and a spot size

of 400 µm. The X-ray source was operated at 6 mA emission current and 12 kV anode

bias and a flood gun was used for charge compensation. A pass energy of 20 eV was

used for all core level and valence spectra. The Thermo Scientific Avantage software

package was used for all data analysis. All XPS core level spectra were normalized to

the peak height of the main feature in the Cu 2P2/3 spectra. The details of the density

functional theory (DFT) calculations for Cu3N, including the density of states, have

been previously reported.1;41–43 To enable the direct comparison of the theory with the
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experimental valence spectra, the calculated projected density of states (PDOS) was

broadened with a Gaussian to match the experimental broadening of 600 meV. The

PDOS was weighted by one-electron photoionization cross sections for the respective

orbitals of Cu and N using the Galore software package, based on Scofield cross-section

values.44–46

NMR measurments

NMR measurements were recorded at 298K on a Bruker UltraShield 500 MHz spectrom-

eter or a 600 MHz Bruker Avance III spectrometer. Regular 1H NMR measurements

were acquired with a 30 degree pulse with a recycle delay of 1.5 sec. Quantitative 1H

NMR measurements were acquired with a 90 degree pulse, 64k data points, 20 ppm

spectral width, and a recycle delay of 30 sec. Diffusion ordered spectroscopy (DOSY)

measurements were performed with a double stimulated echo and bipolar gradient pulses

(dstebpgp2s). The gradient strength was varied quadratically from 2–95% of the probe’s

maximum value in 16 or 64 steps. The gradient pulse duration and diffusion delay were

optimized to ensure a final attenuation of the signal in the final increment of less than

10% relative to the first increment. The diffusion coefficients were obtained by fitting a

modified Stejskal-Tanner equation to the signal intensity decay:

I = I0e−(γδg)2D(∆−0.6δ)

I are the signal intensities, D is the linear diffusion coefficients, γ is the gyromagnetic

ratio of the studied nucleus, g is the gradient strength, δ is the pulsed field gradient

duration, and ∆ is the diffusion delay. A correction factor of 0.6 is applied for δ due to

the smoothed squared pulse shape used for the gradient pulses.47

Other instrumentation

TEM imaging was done using a JEOL JEM2800 field emission gun microscope operated

at 200 kV equipped with a TVIPS XF416ES TEM camera. Dynamic light scattering
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(DLS) measurements were conducted on a Malvern Zetasizer Ultra in backscattering

mode (173 °) in a glass cuvette. All measurements were performed at 25 ◦C after equi-

librating inside the system for 240 seconds, sample concentration was tuned to achieve

system attenuator values between 9–10. UV-Vis spectra were recorded on a PerkinElmer

Lambda 365. FT-IR spectra were recorded on a Perkin Elmer Spectrum Two spectrom-

eter (attenuated total reflection, ATR).

2.3 Results and discussion

2.3.1 Synthesis optimization

We decided to optimize the procedure reported by Vaughn et al. by exploring the

influence of different parameters.18 First, we replaced ODE (the solvent) with hexade-

cane since we reported earlier that ODE polymerizes at 240 ◦C, contaminating the final

nanocrystal product and complicating the purification.48 Concerning reaction temper-

ature, crystalline Cu3N was formed between 220 ◦C and 260 ◦C (after 15 minutes),

with the highest crystallinity for 260 ◦C (Figure 2.3). Interestingly, the crystallite size

was found to be quite independent of the reaction temperature; 10–11 nm according to

the Scherrer analysis of the x-ray powder diffraction (pXRD) reflections. At 200 ◦C, no

particles could be isolated.

Furthermore, we took reaction aliquots at 5, 10, 15, 30, and 60 min at 240 ◦C and

260 ◦C. Each aliquot was purified and analyzed by TEM to observe the nanocrystal

growth throughout the reaction. At 240 ◦C, we observed both small dots and fully

formed nanocubes up to 15 min of reaction time (Figures 2.4). The small particles

presumably ripen in the bigger nanocubes since the former disappear at 30 min. After

60 minutes at 240 ◦C, the pXRD showed pure Cu3N. By comparison, at 260 ◦C, the

nanocubes were already fully formed after 15 min. After 30 min at 260 ◦C, the particles

started to decompose and crystalline Cu(0) was formed. Some Cu2O could also be

detected as a minority phase after full decomposition. (Figure 2.5).

The reported procedure has two steps where a vacuum is applied. This leads us to
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Figure 2.3 Powder pXRD of Cu3N was obtained after 15 min at the different reaction
temperatures. Bulk Cu3N diffractogram is presented in blue.

Figure 2.4 TEM images from aliquots at 5(A), 10 (B), 15 (C), 30 (D) and 60 (E) min
at 240 ◦C. The pXRD of the final phase is shown corresponding to pure
Cu3N. No decomposition is observed even after 60 min.
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Figure 2.5 TEM images from aliquots at 5(A), 10 (B), 15 (C), and 30 (D) min at
260 ◦C. The pXRD of the final decomposed phase is shown corresponding
to Cu0.
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Figure 2.6 TEM images from the Cu3N NCs obtained via a reaction with degassing (A)
and without degassing (B). pXRD of the Cu3N NCs obtained via a reaction
with degassing and without degassing compared with the bulk (D). Note,
that these reactions were not performed with the optimized procedure.

investigate the role of water and whether an inert atmosphere is strictly necessary. Note

that the precursor contains water (an equivalent of 13 µL for a standard synthesis).

We obtained identical Cu3N NCs when the vacuum steps were omitted, or, when after

applying vacuum (presumably removing water), 13 µL of water was injected into the

reaction mixture (Figures 2.6). However, the same reaction in an open flask did not yield

Cu3N (or any isolatable material), indicating that an important gaseous intermediate can

escape from the reaction mixture. To work under controlled and reproducible conditions,

we still choose to perform a short (30 min) degassing step at 50 ◦C, but it appears that

the synthesis is robust against air or water contamination.

We also found that both 30 and 60 equivalents of amine ligands yielded Cu3N NCs

(Figure 2.7).
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Figure 2.7 pXRD of the Cu3N NCs obtained with 32 and 61 equivalents of OLAm
compared with the bulk.

Based on the above optimization, we arrived at the conditions in 2.2.

Cu(NO3)2 · 3 H2O + 32 RNH2
260 ◦C,15 min−−−−−−−−−→

hexadecane
1 /3 Cu3N + by−products (2.2)

2.3.2 Colloidal stability

After applying the reported precipitation-and-redispersion cycles (with ethanol and

toluene)18, the particles were redispersed in toluene (5 mL), but they precipitated within

a couple of minutes, see Figure 2.8. Since the NCs were colloidally stable in the crude

reaction mixture, we hypothesized that the ligands desorbed from the surface during

the precipitation-and-redispersion cycles. The nature and volume of the solvent used for

redispersion play an important role since they determine the position of the adsorption-

desorption equilibrium. The ligand-solvent interaction should be favorable enough to

disperse the NCs, but not so high that ligands prefer to be fully solvated over being

bound to the surface.49 During purification, it is also preferred to work with quite con-

centrated dispersions to minimize the loss of NCs over several cycles. On the other hand,

too high concentrations might cause impurities to be trapped between the flocculating

NCs. Considering the above points, we adapted the purification procedure. Various sol-

vents (toluene, hexane, chloroform, and cyclohexane), as well as non-solvents (acetone,
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Figure 2.8 Photograph of Cu3N NCs after regular (left) and optimized (right) purifi-
cation.

ethanol, and methanol), were tested.

Our final procedure involves two precipitation cycles with acetone (15 mL) followed

by final precipitation with ethanol (15 mL), always redispersing in cyclohexane (5 mL).50

A 10 v% solution of distilled OLAm was added after the first acetone wash (1 mL) and

after the second acetone wash (2 mL) followed by 5 minutes of sonication. There was no

need for a final OLAm addition after the ethanol wash and the NCs remained colloidally

stable. This procedure thus minimized the amount of excess ligand in the final product

but provided a stable dispersion (11 mg/mL) of OLAm capped Cu3N NCs, see Figure

2.8. Our samples were then analyzed by thermogravimetric analysis (TGA) in order

to quantify the amount of ligand present. Since Cu3N is being fully decomposed to

Cu0 at the end of the thermal process, the nitrogen loss should also be taken into

account. We believe that the two first decomposition steps belong to the organics while

the last decomposition starting at 356 ◦C belongs to Cu3N decomposition (bulk Cu3N

decomposes around 400 ◦C). When starting with Cu3N + organics, we recover, 65.9%

of the mass as Cu0 at 800 ◦C. Given the molar mass of Cu3N (204.5 Da) and the molar

mass of 3 copper atoms (190.5 Da), the 65.9% in Cu material corresponds to a theoretical

amount of Cu3N as
65.9% × 204.5

190.5 = 70.7%

We thus determined that the dried samples contained 29.2 w% organics (ligands) and
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the final Cu3N yield is 96 % (Figure 2.9).

Copper palladium nitride (Cu3PdN) NCs were also synthesized. The procedure was

identical to that of Cu3N, except for the reaction temperature (240 ◦C) and the addition

of 0.33 equivalents of Palladium(II) 2,4- pentadionate alongside the Cu(NO3)2. The

doped NCs were purified with the optimized purification method. The synthesis yielded

black NPs that were colloidally stable (13 mg/ mL). According to TGA, at the end of

the heating process, the end product is Cu0 and Pd0 in a 3:1 ratio. The final mass was

86 % percent at 800 ◦C. Taking into account the molar mass of Cu3PdN (310.9 Da)

and that of 3 copper and 1 palladium atom (296.9 Da), we can calculate that the 86%

composition of Cu and Pd corresponds to a theoretical amount of Cu3PdN as:

86% × 310.9
296.95 = 90%

Additionally, assuming perfect Cu3PdN stoichiometry, the ligands make up 13.22 wt%

of the dried mass. The yield of Cu3PdN is 91% (Figure 2.9).

2.3.3 Structural analysis

The final dispersions of Cu3N and Cu3PdN NCs were analyzed with TEM, pXRD and

DLS (Figure 2.10). According to TEM, the average cube edge length is 13.5 nm (σ

= 1.9 nm) for the Cu3N nanocubes and 10.2 nm (σ = 1.4 nm) for the Cu3PdN NCs.

The solvodynamic diameter obtained from DLS analyses were 17 nm for Cu3N and 13

nm for Cu3PdN. The sizes obtained via DLS are in line with the sizes obtained via

TEM since DLS determines the solvodynamic size of the whole particle, including the

surface ligands. Both TEM and DLS support that the dispersions are highly stable since

no aggregates are observed. pXRD shows quite sharp reflections for Cu3N (crystallite

size = 9.0±1.7 nm), while they are broader for Cu3PdN (crystallite size = 4.5±1.1

nm). Compared with the sizes obtained from TEM, it is clear that the Cu3PdN NCs are

polycrystalline. A real space refinement of the x-ray total scattering and pair distribution

function analysis (PDF) further confirms the structure of Cu3N and Cu3PdN (Figure
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Figure 2.9 TGA plot of as-synthesized Cu3N and Cu3PdN. In the case of Cu3N, three
distinct decompositions are observed from 116 ◦C to 242 ◦C, 242 ◦C to
356 ◦C, and 356 ◦C to 456 ◦C followed by a semi-plateau until 800 ◦C.
The end product at 800 ◦C is Cu0 as judged by the rose gold color and
reported literature. In the case of Cu3PdN, only two decomposition steps
can be recognized between 110 ◦C to 276 ◦C and 276 ◦C to 462 ◦C to
finally reach a semi-plateau at 800 ◦C. We believe that the end products
are Cu0 and Pd.

A.1).

2.3.4 Precursor conversion mechanism

Regarding the precursor conversion mechanism, we found the proposed pathways in

literature implausible and therefore proposed an alternative hypothesis in which the

active nitride source is ammonia, see Figure 2.11. First, OLAm is oxidized to a primary

aldimine by nitrate. Nucleophilic addition of a second equivalent of OLAm forms the

more stable, secondary aldimine with the elimination of ammonia. Ammonia reacts with

Cu(I) to Cu3N. The Cu(I) species was generated by the reduction of Cu(II) by OLAm

upon heating. Cyclic voltammetry confirms a lower reduction potential of Cu(II) to

Cu(I) upon the addition of OLAm (at room temperature).51 We hypothesize that the

co-product of this Cu(II) reduction is the same primary aldimine as mentioned before.

The copper precursor, Cu(NO3)2.3H2O, does not dissolve in the solvent (hexade-

cane) until OLAm is added, indicating the formation of a coordination complex. This is
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Figure 2.10 TEM images of (A) Cu3N and (B) Cu3PdN. The histograms are shown
as an inset. The cube edge length is used as a measure of size. (C) DLS
and (D) pXRD measurements (the reference pXRD reflections are shown
as well)

Figure 2.11 Our proposed pathway for Cu3N formation. Precursors are shown in black,
detected species in red, and hypothesized intermediates in blue

supported by the deep blue color of the reaction mixture, typical for Cu(II) coordinated

by amines.52;53 During the heat-up to 260 ◦C, the color of the solution changes from
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blue to yellow around 185 ◦C, indicating the reduction of Cu(II) to Cu(I). Concomitant

with the color change, new resonances appear in the 1H NMR spectrum of the reaction

mixture, see Figure 2.12. We assign these resonances to the secondary aldimine. Upon

reaching the reaction temperature (240–260 ◦C), the reaction mixture turns black (indi-

cating the formation of Cu3N), and we observe in the 1H NMR spectrum a significant

increase in the aldimine concentration (Figure 2.12). We confirmed the identity of the

aldimine by synthesizing the secondary aldimine of dodecyl aldehyde and octadeylamine,

and we found perfect agreement of the resonances 1–3.

Figure 2.12 1H NMR spectra of aliquots after degassing, at 190 ◦C (after the color
change), at 220 ◦C, at 240 ◦C, at 260 ◦C and at the end of the reaction.
Aldimine formation is observed starting from 190 ◦C. The aldimine refer-
ence is shown for comparison.

Ammonia is detected in the reaction mixture by bubbling Ar through the reaction

mixture during synthesis and dissolving the gasses in either 40 mL or 80 mL water.

A commercial ammonia test kit indicates a concentration of 200 mg/L or 100 mg/L

respectively (Figure A.2). Given that the reaction is executed at a scale of 0.24 mmol

Cu, and assuming that every nitrate (0.48 mmol) oxidizes one OLAm molecule, this is

the expected amount of ammonia (0.48 mmol, 8 mg). We can also quantify the aldimine
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formation by using the alkene resonance of OLAm as the internal standard. For every

aldimine, we find 18 oleyl chains, indicating a conversion of 5.5 %. Given that 7.6

mmol OLAm was used, this amounts to 0.42 mmol aldimine. This value is in reasonable

agreement with the amount of ammonia detected (taking into account the error on the

ammonia measurement and the fact that OLAm is only 70 % pure). This quantitative

picture thus confirms our hypothesis and indicates a one-to-one stoichiometry between

nitrate, aldimine, and ammonia. We did not obtain Cu3N in this experiment since we

removed ammonia from the reaction mixture. This indicates that ammonia is essential

in nitride formation. Literature shows that ammonia indeed reacts with copper salts to

Cu3N.16;24

We also quantified the small amount of aldimine (0.1 mmol) generated during the

reduction of Cu(II) to Cu(I). This value is about half of the copper amount (0.24 mmol)

and can be easily rationalized based on electron counting in the redox reactions. In-

deed, the reduction of Cu(II) to Cu(I) is a one-electron process while the oxidation of

primary amine to aldimine is a two-electron process, see Figure 2.13. Aldimine has also

been observed in the synthesis of Cu(0) and Pd(0) NCs,54;55 and it appears to be the

typical oxidation product of OLAm. Figure 2.13 also makes clear that the oxidation of

primary amine generates a large amount of protons which are presumably absorbed by

the excess OLAm. These protons are observed in the 1H NMR spectrum as a broad

resonance around 3 ppm, see Figure 2.12. They do not appear in the typical region

for alkylammonium resonances, since maximally 1.2 mmol protons are generated and

OLAm is still present in excess (7 mmol). Given that proton equilibria are typically

fast, we thus observe the population averaged chemical shift between protonated OLAm

and unprotonated OLAm.

Our proposed pathway requires a primary amine. To further test our hypothesis,

we thus attempted the synthesis of Cu3N with dioctylamine and trioctylamine. As

expected, the reaction did not produce Cu3N but Cu2O instead, see Figure 2.14. Also

in the NMR spectrum, we do not find aldimine in the case of trioctylamine and only

a very small amount in the case of dioctylamine. The latter can be directly oxidized
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Figure 2.13 Redox half reactions and overall reaction for the reduction of Cu2+ by
primary amines.

to a secondary aldimine, without a primary aldimine intermediate (and thus without

ammonia elimination) (Figure A.3). As an additional control, we performed a reaction

with copper(II) nitrate and dioctylamine, and bubbled ammonia through the reaction

mixture as soon as Cu(I) was formed. pXRD analysis shows that Cu3N is formed during

this reaction along with some Cu2O (Figure A.4). This control experiment suggests that

our proposed pathway – Cu(I) reacting with in-situ produced ammonia – is plausible.

Figure 2.14 pXRD spectra of the syntheses with different amines. The reference of
bulk Cu3N (blue) and bulk Cu2O (green) are shown.

We thus firmly established that nitrate is not the nitrogen source for Cu3N but

rather oxidizes the amine to aldimine. Cu3PdN nanocrystal follows the same mechanism

based on the formation of aldimine and ammonia during the reaction (Figure A.5).
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The mechanism is reminiscent of the one for InN, where In +
3 oxidizes primary amines

into aldimine and nucleophilic attack of lithium oleylamide generates amide, NH –
2 .56

However, an important difference is that for copper, an additional oxidant (nitrate) is

required. The reduction of Cu2+ alone does not seem to generate sufficient ammonia to

form Cu3N since other copper salts do not generate Cu3N.19 Or perhaps it generates

ammonia at too low temperatures, where the formation of Cu3N is not yet favored.

More detailed insight into the crystallization mechanism of Cu3N could shed light on

this issue.

2.3.5 Surface chemistry

XPS was used to explore the surface chemistry. Survey spectra for both compounds

(Figure A.6) show spectral signatures from all expected elements. In addition, a small

amount of silicon was detected most likely from the silicone grease used during the

synthesis. The binding energy (BE) position of the main feature in the Cu 2p3/2 core

level (932.7 ± 0.1 eV) is commensurate with the expected Cu(I) oxidation state for both

samples (Figure 2.15A). In addition, both samples show a shoulder towards the higher

BE of the main peak (marked with an asterisk in Figure 2.15A), and in the Cu3PdN

sample, a clear Cu(II) satellite is also visible. From peak fit analysis (Figure A.7), the

contribution of these additional chemical states relative to the main Cu(I) line is 12.3

± 0.5 rel.at.% for Cu3N and 17.9 ± 0.5 rel.at.% for Cu3PdN, respectively. The Pd 3d

core level (Figure 2.15B) is only observed for the Cu3PdN sample. The BE of the Pd

3d5/2 component (335.5 ± 0.1 eV) is commensurate with Pd(0) or Pd(I) with a spin-

orbit-splitting of the doublet of 14.6 eV. In both samples, the N 1s core level (Figure

2.15C) displays two contributions. The lower BE feature at 397.8 ± 0.2 eV corresponds

to metal-nitride and the higher BE feature at 399.6 ± 0.2 eV corresponds to the expected

OLAm ligand, bound to the nanocrystal surface. The O 1s core level (Figure 2.15D)

shows three discernible contributions from metal oxide, metal hydroxide, and carboxylate

environments. Together with the Cu(II) species, we infer that the surface of the particles

contains an amorphous copper oxyhydroxide layer. The carboxylate is assigned to a
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surface bound oleate ligand and its presence is also detected by FT-IR (broad signal at

1577 cm−1, see (Figure 2.16). Oleate is most likely formed by oxidation of OLAm by

nitrate, as we reported earlier in the synthesis of cerium oxide NCs.28

Figure 2.15 XPS core level spectra of Cu3N and Cu3PdN, including (A) Cu 2p3/2, (B)
Pd 3d, (C) N 1s, and (D) O 1s.

The 1H NMR spectra of Cu3N and Cu3PdN show the typical signature of an oleyl

chain (Figure 2.17A). While the alkene resonance is reasonably sharp, the resonances

close to the binding group are indistinguishable from the background. This broadening

is likely due to fast T2 relaxation induced by copper.34 Based on the line width of the

alkene resonance,57 we inferred that the ligand is dynamic and in a fast exchange between

a bound and free state. This is confirmed by a relatively high diffusion coefficient (D

= 174µm2/s) determined by pulsed field gradient experiments on the Cu3N dispersion

(Figure A.8). For Cu3PdN, we noticed a second, very broad alkene resonance of low

intensity underneath the sharp signal. A careful pulsed field gradient experiment revealed

that the alkene resonance is a superposition of two species, one diffusing with D = 48
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Figure 2.16 FT-IR spectra of Cu3N NCs after purification compared with OLAm and
oleic acid (OA) references. The C=O vibration of bound oleate is detected
at 1577 cm−1.

µm2/s and the other one with D = 667 µm2/s (Figure 2.17B). The small diffusion

coefficient corresponds to a solvodynamic diameter of 17 nm (via the Stokes-Einstein

equation), which agrees quite well with a nanocrystal of 12 nm and a ligand shell of 2 nm

thickness. We thus assign the broad resonance to a tightly bound ligand, presumably the

oleate. The larger diffusion constant corresponds most likely to OLAm. We could only

detect the tightly bound oleate in the Cu3PdN sample, but oleate is also present on the

surface of Cu3N according to our XPS results, albeit to a lesser extent. Unfortunately,

all signals appear more broadened in the Cu3N sample and the tightly bound oleate

could not be detected in NMR.

In addition to the identification of the chemical states present in the samples, XPS

was also used to probe the electronic structure of Cu3N and Cu3PdN by collecting valence

band spectra. Figure 2.18A shows the valence band spectra of the two compounds, as

well as the broadened and cross section weighted total density of states of Cu3N from

DFT calculations. The experimental and theoretical results for Cu3N agree very well.

The projected density of states calculations (Figure A.9) show that the valence band of

Cu3N is dominated by Cu 3d states with only minor mixing of Cu 3p states and minimal

nitrogen contributions. The valence band maximum (VBM) position of Cu3N is 0.55 ±
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Figure 2.17 NMR of the purified Cu3N and Cu3PdN NCs. (A) 1H-NMR spectrum of
the NCs in chloroform-d indicating the presence of an tablel chain. The
resonance marked with # belongs to residual acetone. (B) Diffusion decay
of the alkene region of the Cu3PdN NCs showing a slow and a fast diffusing
species. The residuals of the fit are also shown.

0.05 eV from the Fermi energy (EF ). In comparison, the valence spectrum of Cu3PdN

shows additional intensity towards the EF from Pd states closing the VBM-EF gap.
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In parallel, UV-Vis has been used to determine the optical band gap of the particles.

An indirect band gap has been reported for Cu3N thin films according to theoretical

band structure calculations.1 To our knowledge, the type of optical band gap (direct or

indirect) has not yet been reported for Cu3PdN. In this work, we assumed an indirect

optical bandgap for both samples. A Tauc plot analysis resulted in an optical bandgap

of 1.4 ± 0.1 eV and 0.2 ± 0.1 eV for our Cu3N and Cu3PdN NCs, respectively (Figure

2.18B and 2.18C). The reduction in optical band gap is commensurate with the closing

of the electronic VBM-EF separation observed in XPS.
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Figure 2.18 (A) Valence region of Cu3N and Cu3PdN, including XPS valence spectra
and the broadened and cross-section-weighted sum of the projected density
of states (PDOS) from DFT. The position of the VBM of Cu3N and the po-
sition of the Fermi energy (EF ) are also shown. (B)-(C) UV-Vis absorption
spectra of Cu3N in cyclohexane and Cu3PdN in tetrachloroethylene with
their corresponding Tauc plots as an inset, respectively. Indirect bandgaps
were determined from linear fitting to the low energy region of the Tauc
plots (shown in the dotted green line).
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2.4 Conclusion

In conclusion, we successfully optimized the synthesis of Cu3N and Cu3PdN NCs in order

to obtain phase pure, colloidally stable NCs via modulating the reaction parameters with

a focus on the purification. We provided experimental support for a precursor conversion

pathway that hypothesized ammonia as the active nitrogen source. We proposed that

primary aldimine is the oxidation product of the ligand (OLAm), oxidized by both

Cu(II) and nitrate. Nucleophilic addition and elimination of a second OLAm molecule

onto the primary aldimine released ammonia, which subsequently reacted with Cu(I) to

form Cu3N and Cu3PdN. The surface of the NCs was capped by a mixture of OLAm

and oleate. The latter was formed in situ from the further oxidation of aldimine. The

addition of palladium to Cu3N reduces the optical band gap as well as the separation

between the VBM and Fermi energy (EF ).

100 | Chapter 2



References

[1] Zakutayev, A.; Caskey, C. M.; Fioretti, A. N.; Ginley, D. S.; Vidal, J.; Ste-

vanovic, V.; Tea, E.; Lany, S. Defect Tolerant Semiconductors for Solar Energy

Conversion. Journal of Physical Chemistry Letters 2014, 5, 1117–1125.

[2] Maruyama, T.; Morishita, T. Copper nitride and tin nitride thin films for write-once

optical recording media. Applied Physics Letters 1996, 69, 890–891.

[3] Yin, Z.; Yu, C.; Zhao, Z.; Guo, X.; Shen, M.; Li, N.; Muzzio, M.; Li, J.; Liu, H.;

Lin, H.; Yin, J.; Lu, G.; Su, D.; Sun, S. Cu3N Nanocubes for Selective Electrochem-

ical Reduction of CO2 to Ethylene. Nano Letters 2019, 19, 8658–8663.

[4] Panda, C.; Menezes, P. W.; Zheng, M.; Orthmann, S.; Driess, M. In Situ Formation

of Nanostructured Core–Shell Cu3N–CuO to Promote Alkaline Water Electrolysis.

American Chemical Society Energy Letters 2019, 4, 747–754.

[5] Xi, P. X.; Xu, Z. H.; Gao, D. Q.; Chen, F. J.; Xue, D. S.; Tao, C. L.; Chen, Z. N.

Solvothermal synthesis of magnetic copper nitride nanocubes with highly electrocat-

alytic reduction properties. Royal Society of Chemistry Advances 2014, 4, 14206–

14209.

[6] Bocharov, D.; Anspoks, A.; Timoshenko, J.; Kalinko, A.; Krack, M.; Kuzmin, A.

Interpretation of the Cu K-edge EXAFS spectra of Cu3N using ab initio molecular

dynamics. Radiation Physics and Chemistry 2020, 175, 108100–8.

[7] Paniconi, G.; Stoeva, Z.; Doberstein, H.; Smith, R. I.; Gallagher, B. L.; Gre-

gory, D. H. Structural chemistry of Cu3N powders obtained by ammonolysis re-

actions. Solid State Sciences 2007, 9, 907–913.

| 101



[8] Cui, X. Y.; Soon, A.; Phillips, A. E.; Zheng, R. K.; Liu, Z. W.; Delley, B.;

Ringer, S. P.; Stampfl, C. First principles study of 3d transition metal dopedCu3N.

Journal of Magnetism and Magnetic Materials 2012, 324, 3138–3143.

[9] Jacobs, H.; Zachwieja, U. Kupferpalladiumnitride, Cu3PdxN mit x = 0,020 und

0,989, Perowskite mit “bindender 3d10-4d10-Wechselwirkung”. Journal of the Less

Common Metals 1991, 170, 185–190.

[10] Hahn, U.; Weber, W. Electronic structure and chemical-bonding mechanism of

Cu3N, Cui3NPd, and related Cu(I) compounds. Physical Review B 1996, 53, 12684–

12693.

[11] Gulo, F.; Simon, A.; Kohler, J.; Kremer, R. K. Li-Cu exchange in intercalated

Cu3N–with a remark on Cu4N. Angewandte Chemie International Edition 2004,

43, 2032–4.

[12] Choi, J.; Gillan, E. G. Solvothermal synthesis of nanocrystalline copper nitride

from an energetically unstable copper azide precursor. Inorganic Chemistry 2005,

44, 7385–93.

[13] Zachwieja, U.; Jacobs, H. Ammonothermalsynthese von kupfernitrid, Cu3N. Journal

of the Less Common Metals 1990, 161, 175–184.

[14] Juza, R.; Hahn, H. Kupfernitrid Metallamide und Metallnitride. VII. Zeitschrift for

anorganische und allgemeine Chemie 1939, 241, 172–178.

[15] Deshmukh, R.; Zeng, G. B.; Tervoort, E.; Staniuk, M.; Wood, D.; Niederberger, M.

Ultrasmall Cu3N Nanoparticles: Surfactant-Free Solution-Phase Synthesis, Nitri-

dation Mechanism, and Application for Lithium Storage. Chemistry of Materials

2015, 27, 8282–8288.

[16] Egeberg, A.; Warmuth, L.; Riegsinger, S.; Gerthsen, D.; Feldmann, C. Pyridine-

based low-temperature synthesis of CoN, Ni3N and Cu3N nanoparticles. Chemical

Communications journal 2018, 54, 9957–9960.



[17] Wu, H.; Chen, W. Copper nitride nanocubes: size-controlled synthesis and applica-

tion as cathode catalyst in alkaline fuel cells. J Am Chem Soc 2011, 133, 15236–9.

[18] Vaughn Ii, D. D.; Araujo, J.; Meduri, P.; Callejas, J. F.; Hickner, M. A.;

Schaak, R. E. Solution Synthesis of Cu3PdN Nanocrystals as Ternary Metal Ni-

tride Electrocatalysts for the Oxygen Reduction Reaction. Chemistry of Materials

2014, 26, 6226–6232.

[19] Wang, D.; Li, Y. Controllable synthesis of Cu-based nanocrystals in ODA solvent.

Chem Commun (Camb) 2011, 47, 3604–6.

[20] Sithole, R. K.; Machogo, L. F. E.; Moloto, M. J.; Gqoba, S. S.; Mubiayi, K. P.;

Van Wyk, J.; Moloto, N. One-step synthesis of Cu3N, Cu2S and Cu9S5 and photo-

catalytic degradation of methyl orange and methylene blue. Journal of Photochem-

istry and Photobiology a-Chemistry 2020, 397, 112577.

[21] Kadzutu-Sithole, R.; Machogo-Phao, L. F. E.; Kolokoto, T.; Zimuwandeyi, M.;

Gqoba, S. S.; Mubiayi, K. P.; Moloto, M. J.; Wyk, J. V.; Moloto, N. Elucidating

the effect of precursor decomposition time on the structural and optical properties

of copper(I) nitride nanocubes. Royal Society of Chemistry Advances 2020, 10,

34231–34246.

[22] Lord, R. W.; Holder, C. F.; Fenton, J. L.; Schaak, R. E. Seeded Growth of Metal Ni-

trides on Noble-Metal Nanoparticles To Form Complex Nanoscale Heterostructures.

Chemistry of Materials 2019, 31, 4605–4613.

[23] Mondal, S.; Raj, C. R. Copper Nitride Nanostructure for the Electrocatalytic Re-

duction of Oxygen: Kinetics and Reaction Pathway. Journal of Physical Chemistry

C 2018, 122, 18468–18475.

[24] Nakamura, T.; Hayashi, H.; Hanaoka, T. A.; Ebina, T. Preparation of copper nitride

(Cu3N) nanoparticles in long-chain alcohols at 130-200 degrees C and nitridation

mechanism. Inorganic Chemistry 2014, 53, 710–5.



[25] Sithole, R. K.; Machogo, L. F. E.; Airo, M. A.; Gqoba, S. S.; Moloto, M. J.;

Shumbula, P.; Van Wyk, J.; Moloto, N. Synthesis and characterization of Cu3N

nanoparticles using pyrrole-2-carbaldpropyliminato Cu(II) complex and Cu(NO3)2

as single-source precursors: the search for an ideal precursor. New Journal of Chem-

istry 2018, 42, 3042–3049.

[26] Housecroft, C. Inorganic Chemistry; Pearson, 2018; Vol. 72, pp 650–651.

[27] De Keukeleere, K.; Coucke, S.; De Canck, E.; Van Der Voort, P.; Delpech, F.;

Coppel, Y.; Hens, Z.; Van Driessche, I.; Owen, J. S.; De Roo, J. Stabilization of

Colloidal Ti, Zr, and Hf Oxide Nanocrystals by Protonated Tri-n-octylphosphine

Oxide (TOPO) and Its Decomposition Products. Chemistry of Materials 2017, 29,

10233–10242.

[28] Calcabrini, M.; den Eynden, D. V.; Ribot, S. S.; Pokratath, R.; Llorca, J.;

Roo, J. D.; Ibáñez, M. Ligand Conversion in Nanocrystal Synthesis: The Oxi-

dation of Alkylamines to Fatty Acids by Nitrate. Journal of the American Chemical

Society Gold 2021, 1, 1898–1903.

[29] Boles, M. A.; Ling, D.; Hyeon, T.; Talapin, D. V. The surface science of nanocrys-

tals. Nature Materials 2016, 15, 141–53.

[30] Fritzinger, B.; Moreels, I.; Lommens, P.; Koole, R.; Hens, Z.; Martins, J. C. In Situ

Observation of Rapid Ligand Exchange in Colloidal Nanocrystal Suspensions Using

Transfer NOE Nuclear Magnetic Resonance Spectroscopy. Journal of the American

Chemical Society 2009, 131, 3024–3032.

[31] Anderson, N. C.; Chen, P. E.; Buckley, A. K.; De Roo, J.; Owen, J. S. Stereoelec-

tronic Effects on the Binding of Neutral Lewis Bases to CdSe Nanocrystals. Journal

of the American Chemical Society 2018, 140, 7199–7205.

[32] Grote, C.; Chiad, K. J.; Vollmer, D.; Garnweitner, G. Unspecific ligand binding

yielding stable colloidal ITO-nanoparticle dispersions. Chemical Communications

journal 2012, 48, 1464–1466.



[33] Dierick, R.; den Broeck, F. V.; Nolf, K. D.; Zhao, Q.; Vantomme, A.; Martins, J. C.;

Hens, Z. Surface Chemistry of CuInS2 Colloidal Nanocrystals, Tight Binding of L-

Type Ligands. Chemistry of Materials 2014, 26, 5950–5957.

[34] Oliva-Puigdomènech, A.; De Roo, J.; Kuhs, J.; Detavernier, C.; Martins, J. C.;

Hens, Z. Ligand Binding to Copper Nanocrystals: Amines and Carboxylic Acids

and the Role of Surface Oxides. Chemistry of Materials 2019, 31, 2058–2067.

[35] Ashiotis, G.; Deschildre, A.; Nawaz, Z.; Wright, J. P.; Karkoulis, D.; Picca, F. E.;

Kieffer, J. The fast azimuthal integration Python library:pyFAI. Journal of Applied

Crystallography 2015, 48, 510–519.

[36] Wright, C. J.; Zhou, X.-D. Computer-assisted area detector masking. Journal of

Synchrotron Radiation 2017, 24, 506–508.

[37] Juhás, P.; Davis, T.; Farrow, C. L.; Billinge, S. J. L. PDFgetX3: a rapid and highly

automatable program for processing powder diffraction data into total scattering

pair distribution functions. Journal of Applied Crystallography 2013, 46, 560–566.

[38] Yang, X.; Juhas, P.; Farrow, C. L.; Billinge, S. J. L. xPDFsuite: an end-to-end

software solution for high throughput pair distribution function transformation,

visualization and analysis. arXiv: Materials Science 2014.

[39] Juhás, P.; Farrow, C. L.; Yang, X.; Knox, K. R.; Billinge, S. J. L. Complex modeling:

a strategy and software program for combining multiple information sources to

solve ill posed structure and nanostructure inverse problems. Acta Crystallographica

Section A Foundations and Advances 2015, 71, 562–568.

[40] Farrow, C. L.; Juhas, P.; Liu, J. W.; Bryndin, D.; Božin, E. S.; Bloch, J.; Prof-

fen, T.; Billinge, S. J. L. PDFfit2 and PDFgui: computer programs for studying

nanostructure in crystals. Journal of Physics: Condensed Matter 2007, 19, 335219.

[41] Lany, S. Band-structure calculations for the 3d transition metal oxides in GW .

Physical Review B 2013, 87, 085112.



[42] Stevanović, V.; Lany, S.; Zhang, X.; Zunger, A. Correcting density functional theory

for accurate predictions of compound enthalpies of formation: Fitted elemental-

phase reference energies. Physical Review B 2012, 85, 115104.

[43] Lany, S. Semiconducting transition metal oxides. Journal of Physics: Condensed

Matter 2015, 27, 283203.

[44] Scofield, J. H. Theoretical photoionization cross sections from 1 to 1500 keV. 1973.

[45] Jackson, A. J.; Ganose, A. M.; Regoutz, A.; Egdell, R. G.; Scanlon, D. O. Galore:

Broadening and weighting for simulation of photoelectron spectroscopy. Journal of

Open Source Software 2018, 3, 773.

[46] C. Kalha, A. R., N. K. Fernando Digitisation of Scofield Photoionisation Cross

Section Tabulated Data, 2020.

[47] Sinnaeve, D. The Stejskal-Tanner equation generalized for any gradient shape-an

overview of most pulse sequences measuring free diffusion. Concepts in Magnetic

Resonance Part A 2012, 40A, 39–65.

[48] Dhaene, E.; Billet, J.; Bennett, E.; Van Driessche, I.; De Roo, J. The Trouble

with ODE: Polymerization during Nanocrystal Synthesis. Nano Letters 2019, 19,

7411–7417.

[49] Zito, J.; Infante, I. The Future of Ligand Engineering in Colloidal Semiconductor

Nanocrystals. Accounts of Chemical Research 2021, 54, 1555–1564.

[50] Doblas, D.; Kister, T.; Cano-Bonilla, M.; González-García, L.; Kraus, T. Colloidal

Solubility and Agglomeration of Apolar Nanoparticles in Different Solvents. Nano

Letters 2019, 19, 5246–5252.

[51] Castilla-Amorós, L.; Stoian, D.; Pankhurst, J. R.; Varandili, S. B.; Buonsanti, R.

Exploring the Chemical Reactivity of Gallium Liquid Metal Nanoparticles in Gal-

vanic Replacement. Journal of the American Chemical Society 2020, 142, 19283–

19290.



[52] Cui, H.; Zhu, G.; Liu, X.; Liu, F.; Xie, Y.; Yang, C.; Lin, T.; Gu, H.; Huang, F.

Niobium Nitride Nb4N5 as a New High-Performance Electrode Material for Super-

capacitors. Advanced Science 2015, 2, 1500126.

[53] Jeong, S.; Liu, Y.; Zhong, Y.; Zhan, X.; Li, Y.; Wang, Y.; Cha, P. M.; Chen, J.;

Ye, X. Heterometallic Seed-Mediated Growth of Monodisperse Colloidal Copper

Nanorods with Widely Tunable Plasmonic Resonances. Nano Letters 2020, 20,

7263–7271.

[54] Man, R. W. Y.; Brown, A. R. C.; Wolf, M. O. Mechanism of Formation of Palladium

Nanoparticles: Lewis Base Assisted, Low-Temperature Preparation of Monodisperse

Nanoparticles. Angewandte Chemie International Edition 2012, 51, 11350–11353.

[55] Villanueva, F. Y.; Green, P. B.; Qiu, C.; Ullah, S. R.; Buenviaje, K.; Howe, J. Y.;

Majewski, M. B.; Wilson, M. W. B. Binary Cu2−xS Templates Direct the Formation

of Quaternary Cu2ZnSnS4 (Kesterite, Wurtzite) Nanocrystals. ACS Nano 2021, 15,

18085–18099.

[56] Chen, Y.; Landes, N. T.; Little, D. J.; Beaulac, R. Conversion Mechanism of Soluble

Alkylamide Precursors for the Synthesis of Colloidal Nitride Nanomaterials. Journal

of the American Chemical Society 2018, 140, 10421–10424.

[57] De Roo, J.; Yazdani, N.; Drijvers, E.; Lauria, A.; Maes, J.; Owen, J. S.; Van Driess-

che, I.; Niederberger, M.; Wood, V.; Martins, J. C.; Infante, I.; Hens, Z. Probing

Solvent–Ligand Interactions in Colloidal Nanocrystals by the NMR Line Broaden-

ing. Chemistry of Materials 2018, 30, 5485–5492.

| 107





Success is walking from failure

to failure with no loss of

enthusiasm.

Winston Churchill

3
Molecular Precursors Towards

Metal Nitrides Formation

3.1 Preamble

Based on the concept of solution-based synthesis of Cu3N, we have chosen to investigate

the synthesis of various metal nitrides in solution at low temperatures. The primary

motivation for avoiding high temperatures (≥ 500 ◦C) is to prevent irreversible agglom-

eration, promote uniform compositions with high surface areas, and achieve precise size

control. Our objective is to develop a synthesis method that can produce colloidally sta-

ble nitride nanocrystals (NCs) at a reasonably low temperature (350 ◦C ≤) by utilizing

a standard glassware setup. In the subsequent sections, we present our studies on the

synthesis of titanium nitride (TiN), zinc nitride (Zn3N2), and nickel nitride (Ni3N).

3.2 Titanium nitride syntheses

A benzene-thermal reaction of TiCl4 with NaN3 at temperatures around 350-380 ◦C us-

ing an autoclave has been reported yielding 50 nm aggregated particles.1 When Ti(NMe2)4

is treated with primary amines such as n-propylamine, n-octylamine or tert-butylamine,

transamination occurs.2–4 The primary amido group then self-condensates to form alkylim-
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Figure 3.1 Transamination followed by self-condensation of primary metal amide
group.

ido bridges, see Figure 3.1. The rate of transamination and condensation is dependent

on the steric hindrance between the alkyl groups of the amine, as it proceeds rapidly at

room temperature for n-propylamine whereas tert-butylamine only forms the condensed

product at 100 ◦C.4 If an excess of primary amine is used, a polymeric, insoluble product

is obtained.3 However, sols can be formed in tetrahydrofuran (THF) by controlling the

stoichiometry of amine to titanium. These sols have then been used to coat silica by

dip-coating and Ti(C,N) and TiN have been obtained by pyrolysis at high temperatures

(at least 800 ◦C) under nitrogen or ammonia atmosphere respectively.5

The addition of one equivalent of primary amine to Ti(NMe2)4, forms the dimer

4, which can be rearranged to a monomeric imido species by coordination of a Lewis

base. Addition of two equivalents of trimethylsilylchloride to the latter complex yields

the dichloroimido complex.4;6 The same product can be prepared by adding a primary

amine to Ti(NMe2)2Cl2.7 Although most of the above titanium complexes have not yet

been used so far to synthesize TiN NCs, they serve as valuable inspiration for future

synthetic development and provide insight into the precursor chemistry of titanium and

the rest of Group 4.

Recently, titanium chloride was reacted with potassium amide in pyridine at 300 ◦C.8

While the transmission electron microscopy (TEM) image showed an isolated TiN NC of

5 nm, the x-ray powder diffraction (pXRD) pattern was too broad to be consistent with

a large ensemble of 5 nm crystals. In fact, another TEM image clearly shows aggregated

particles in an amorphous matrix.

Various approaches have been used to obtain metal nitrides. In this chapter, we will
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comment on each approach based on the choice of nitrogen source. All our strategies

are based on the formation of an amorphous Ti-N network which then crystallizes into

TiN NCs at higher temperatures.

Molecular nitrogen precursors

Our very first approach was to use a primary amine as our nitrogen source for nitride

formation, as such amines are known to be very good ligands for Ti(IV). Furthermore,

based on our Cu3N results, we learned that ammonia is an excellent nitrogen source

for nitride formation.9;10 Benzylamine was our first primary amine of choice as it is

known to decompose into ammonia and toluene at a temperature of around 270 ◦C in

the presence of titanium.11 Starting with tetrakis(dimethylamido)titanium(IV) as the

titanium source and benzylamine, we were able to obtain a ligand exchange at room

temperature via the release of dimethylamine gas. This ligand exchange is visually

observed by a slow color change from yellow to orange. The release of dimethylamine

and the binding of benzylamine are confirmed by nuclear magnetic resonance (NMR)

(Figure 3.2). This mixture is then transferred to a microwave and heated at different

temperatures and times.

Nonetheless, the resulting products did not exhibit a crystalline structure and showed

a flat diffractogram during pXRD analysis. Through NMR and gas chromatography–mass

spectrometry (GC-MS) analysis, toluene and imine were identified in the crude mixture,

indicating the decomposition of our primary amine, see Figure 3.3.

To address this issue, various modifications to the reaction conditions were explored,

including adjusting the nitrogen source equivalents (ranging from 4 to 100 equivalents),

temperature (ranging from 150 ◦C to 350 ◦C), and reaction time (ranging from 1

h to 24 h). In an attempt to modify the reaction kinetics and achieve a crystalline

product, para-substituted methoxy, and chlorobenzylamine were utilized using the same

procedure. Unfortunately, both substrates yielded the same amorphous product (Figure

3.4).

The inclusion of TiCl4 as the titanium precursor resulted in the formation of crys-
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Figure 3.2 1H-NMR of Ti(NMe2)4, benzylamine and Ti(NMe2)4 + benzylamine in
chloroform-d.

Figure 3.3 1H-NMR of the crude from the reaction of Ti(NMe2)4 with benzylamine and
p-MeO-BnNH2 at 260 ◦C. The most intense peaks are assigned to BnNH2.
The resonances of p-MeO-BnNH2 are all deshielded as compared to BnNH2

due to the presence of the MeO.
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Figure 3.4 Chemical equation of Ti(NMe2)4 reaction with benzylamine. In blue are
the molecules identified via GC-MS and 1H-NMR.

talline ammonium chloride, providing further evidence of primary amine decomposi-

tion to ammonia, see Figure 3.5. Based on these findings, it can be inferred that the

transamination and self-condensation processes have successfully formed an amorphous

Ti-N network. However, the main challenge encountered in this study was the inability

to achieve crystallization of the desired product.

Figure 3.5 pXRD of the product obtained after reaction with benzylamine at 260 ◦C.
In blue is the reference of bulk NH4Cl.

Oleylamine (OLAm) was selected as an alternative primary amine to react with

Ti(NMe2)4. Upon addition of the amine, a color change was observed at room tem-

perature, indicating successful transamination. However, despite reacting for 3 h at

350 ◦C, the resulting product remained amorphous. The presence of aldimine in the

crude mixture further confirmed the formation of ammonia.10 To facilitate pre-formed

bonding between titanium and nitrogen, an experiment was conducted involving the in-

situ formation of RHNLi using tert-BuLi and OLAm. This reaction yielded an unknown

broad pattern in the pXRD, which, after calcination at 800 ◦C under N2, resulted in

Titanium nitride syntheses | 113



the formation of a TiO2 rutile phase.

Subsequently, guanidines and imines were selected based on a similar mechanism

as thioureas used in metal sulfide formation. Commencing with Ti(NMe2)4, ligand

exchange was observed via NMR, leading to the release of free dimethylamine. An

additional equivalent of guanidine was then required to facilitate the formation of TiN,

see Figure 3.6. However, regardless of the variations in equivalents, temperatures, and

reaction times attempted, all outcomes yielded an amorphous black powder that, upon

calcination at 800 ◦C, transformed into TiO2.

Figure 3.6 Chemical equation of the reaction of Ti(NMe2)4 with guanidine.

Following that, tris(trimethylsilyl)amine (TMS amine), chosen as a nitrogen source

similar to ammonia but with higher reactivity driven by Si-halogen bond formation, was

employed. Various titanium halide precursors (TiCl4 and TiF4) were utilized. How-

ever, in all cases, the final products remained amorphous, although trimethylsilyl halide

molecules were formed. These syntheses were inspired by the procedure described in the

introduction chapter for the synthesis of Ta3N2.12 All the results discussed so far have

been summarised in Table 3.1.
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An alternative approach we explored involved the formation of other metal nitrides

using Cu3N. In a previous chapter, it was discussed that Cu3N decomposes into Cu(0)

and ammonia at higher temperatures.13 Initially, we attempted an in situ approach

where Cu3N was synthesized and the new metal precursor was directly injected into

the solution and heated to 350 ◦C for 3 h. When TiCl4 was used as the precursor, we

obtained Cu(0) and ammonium chloride after purification, see Figure 3.7, confirming our

hypothesis of ammonia formation. However, the use of Ti(NMe2)4 in the reaction led

to the formation of Cu(0) and residual CuO, as indicated by pXRD analysis, possibly

with the presence of an amorphous titanium phase. In another approach, we injected

purified Cu3N into a mixture of TiCl4 in tri-n-octylphosphine (TOP) at 200 ◦C, but no

precipitate was obtained after 2 h of reaction.

Figure 3.7 pXRD of the product obtained from addition of TiCl4 in TOP to Cu3N
reaction mixture. The reaction was unsuccessful in TiN formation, and the
decomposition products of Cu3N are observed.
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3.3 Zinc nitride syntheses

A chemical approach was reported by Taylor et al. involving the reaction of diethylzinc

under an ammonia flow in 1-octadecene (ODE), with OLAm as the capping ligand.

ZnEt2 + NH3
225 ◦C−−−−−−−→

ODE,OLAm
Zn3N2 (3.1)

The size of the NCs is controlled by adding diethylzinc step by step. This resulted in NCs

that emit light in the range of 500 to 1100 nm with a photoluminescence quantum yield

greater than 50%. The authors also looked at how changing the amount of diethylzinc

compared to ammonia affected the growth. When they used less ammonia or more

diethylzinc, the particles grew bigger. Using more ammonia made the particles smaller.14

To minimize the use of hazardous diethyl zinc, our focus has been on exploring alternative

reaction strategies that can facilitate the formation of Zn3N2.

Exploring new approaches

An attempted strategy involved initiating a reaction through the formation of salts

using ZnCl2 as the starting material. To introduce nitrogen, sodium amide, sodium

benzylamide, Li3N2, and Ca3N2 were utilized along with OLAm as a ligand. The solvent

of choice was hexadecane, and the reaction was conducted at 260 ◦C for 1 h. In all cases,

these reactions resulted in the complete reduction of Zn(II) to bulk Zn(0), accompanied

by the formation of the corresponding chloride salts (Figure 3.8).

Another approach involved starting with a well-defined precursor that already con-

tained the initial Zn-N bond. For this purpose, a Zn((TMS)2N)2 molecule was synthe-

sized by reacting ZnCl2 with TMS2NLi at room temperature. When this precursor was

used in the reaction without any additional nitrogen source, it led to the formation of

bulk Zn(0) and small amounts of ZnO after 1 h reaction at 260 ◦C. However, when

another nitrogen source was introduced along with this zinc precursor such as primary

amines, guanidines, or imines, only Zn(0) was formed without any other byproducts in
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Figure 3.8 pXRD of the salt driven reaction with ZnCl2 at 260 ◦C for 1 h. The reaction
with NaNH2 leads to NaCl, Li3N to lithium doped Zn(0) and Ca3N2 to
Ca(OH)2 and Ca(OH)Cl side product formation along with Zn(0).

the same reaction conditions (Figure 3.9).

Figure 3.9 pXRD of the product of the reaction of Zn((TMS)2N)2 with and without
nitrogen sources at 260 ◦C for 1 h.

As a second option, Zn(NH3)6Cl2 was selected as a candidate precursor. This pre-

cursor proved to be very robust and did not decompose at temperatures as high as

260 ◦C in the presence of TOP or OLAm as a ligand (Figure 3.10).

In a similar approach to the one employed for TiN, we attempted to synthesize Zn3N2

by using Cu3N as a nitrogen precursor. Initially, purified Cu3N was introduced into a

solution containing ZnCl2 in TOP at a temperature of 50 ◦C. Subsequently, the resulting
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Figure 3.10 pXRD of the product of the reaction of Zn(NH3)6Cl2 with TOP at
260 ◦C for 1 h after purification compared to the initial Zn(NH3)6Cl2
precursor.

mixture was subjected to various temperatures ranging from 100 ◦C to 260 ◦C for 30

minutes. Surprisingly, all the reaction products obtained were identified as ZnO. Due to

the known sensitivity of Zn3N2 to air and water, all reactions were meticulously purified

under inert conditions. Our hypothesis is that the presence of surface-bound oleic acid

(OA) on the Cu3N NCs may have contributed to the introduction of oxygen, leading to

the formation of ZnO instead of the desired Zn3N2 (Figure 3.11).

Figure 3.11 pXRD of the final products obtained via the reaction of at 100 ◦C,
200 ◦C and 260 ◦C after air-free purification. All products match ZnO.
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3.4 Nickel nitride syntheses

A one-step synthesis of colloidally stable Ni3N NCs has been reported by Shanker et al.15

where nickel(II) acetate is used as the precursor and OLAm as the ligand, see Equation

3.2. The authors detect ammonia during the reaction and conclude that ammonia is the

nitrogen source. However, it is unclear how ammonia is generated, as the most logical

reaction would be the formation of oleylacetamide and NiO. Different NC sizes (5 to 80

nm) are obtained by varying time and temperature within a narrow window, see Figure

3.12. The NCs are reasonably monodisperse and colloidally stable.

Ni(CH3CO2)2 + 2 RNH2
210-230 ◦C 5-10 min−−−−−−−−−−−−−→

ODE
Ni3N (3.2)

Figure 3.12 TEM images of the different Ni3N NCs obtained.(a) 5.6 ± 0.9 nm, (b) 10.6
± 1.0 nm, (c) 36.6 ± 0.8 nm, (d) 56.4 ± 6.5 nm, and (e) 76.4 ± 3.8 nm.
(f) high-resolution transmission electron microscopy (HR-TEM) image of
a Ni3N NC with a size of 56.4 ± 6.5 nm. Reprinted with permission from
reference15. Copyright 2021 American Chemical Society.
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Novel approaches

Initially, we attempted to replicate the synthesis procedure described in the literature

by starting with nickel(II) acetate and OLAm. The authors mentioned that adjusting

the reaction times and temperatures would yield NCs of different sizes. However, in

our experiments, although we observed the same color changes as reported, the reaction

resulted in the formation of salts. After washing the salts with methanol, we obtained

an amorphous phase. We also tried varying the amount of OLAm (nitrogen source),

but it did not improve the crystallinity of the product. To improve the crystallization

process, we introduced additional nitrogen sources like benzylamine or tetramethylguani-

dine, which resulted in the complete reduction of Ni(II) to Ni(0). The resulting cubic

phase exhibited magnetic properties. Motivated by the salt-driven reaction, we employed

nickel(II) chloride (NiCl2) in conjunction with sodium amide (NaNH2) as the nitrogen

source, leading to the complete reduction of Ni(II) to Ni(0). Following a similar approach

to the Cu3N reaction, we utilized nickel(II) nitrate (Ni(NO3)2) as the precursor along

with OLAm, resulting in the formation of NiO, see Figure 3.13.

Figure 3.13 pXRD patterns of NiO synthesized via the reaction of Ni(NO3)2 with
OLAm and Ni(0) synthesized through the reaction of NiCl2 with NaNH2

in the presence of OLAm as a ligand. The reactions were conducted at
260 ◦C for 10 minutes in hexadecane.
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To produce Ni3N, a solution containing purified Cu3N was combined with NiCl2
in either TOP or OLAm at a temperature of 50 ◦C. The resulting mixture was then

subjected to a range of temperatures, varying from 100 ◦C to 260 ◦C, for 30 minutes.

However, this process yielded only Ni(0), Ni(NH3)Cl2, and Cu/Ni alloys as the final

products, see Figure 3.14. Table 3.2 summarizes all the attempts to produce Ni3N.

Figure 3.14 pXRD patterns of the products obtained via reaction of NiCl2 with Cu3N
at different temperatures.

Table 3.2 Summary of Ni3N synthesis attempt. The solvent for all these reactions was
hexadecane with a reaction time of 10 minutes.

Metal prec. Nitrogen Source eq. T ◦C Product
Ni(acetate)2 OLAm 2 eq. 210 ◦C amorphous
Ni(acetate)2 OLAm 31 eq. 210 ◦C amorphous
Ni(acetate)2 OLAm + BnNH2 10 + 20 eq. 220 ◦C Ni(0)
Ni(acetate)2 OLAm + TMG 10 + 20 eq. 220 ◦C Ni(0)
Ni(acetate)2 BnNH2 30 eq. 220 ◦C no product

NiCl2 OLAm + NaNH2 10 + 20 eq. 240 ◦C amorphous
NiCl2 OLAm + NaNH2 10 + 20 eq. 260 ◦C Ni(0)

Ni(NO3)2 OLAm 31 eq. 240 ◦C NiO
Ni(NO3)2 OLAm 31 eq. 260 ◦C NiO
Ni(NO3)2 OLAm + NaNH2 5 + 10 eq. 240 ◦C NiO + Ni(0)
Ni(NO3)2 OLAm + NaNH2 5 + 40 eq. 240 ◦C Ni(0)

* OLAm= Oleylamine ; TMG = Tetramethylguanidine ; BnNH2= Benzylamine
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3.5 Conclusion

The previous section provided a brief overview of our unsuccessful attempts to obtain

TiN, Zn3N2, and Ni3N. In the case of TiN, the challenge lies primarily in the crystal-

lization step, as the initial formation of Ti-N bonds seems to occur. To overcome this

crystallization barrier, one possible approach is to increase the reaction temperature,

which would necessitate the development of a new synthetic setup capable of handling

higher temperatures. Regarding Zn3N2 and Ni3N, most of the nitrogen sources we tested

were found to be excessively reductive, resulting only in the formation of the correspond-

ing metallic phases. Additionally, attempts to employ Cu3N as a nitrogen source did not

lead to the desired nitride formation and only resulted in the decomposition of Cu3N.

Thus far, our solution-based methods for synthesizing metal nitrides have been proven

unsuccessful, suggesting that higher temperatures and/or elevated ammonia pressure

may be necessary to achieve the desired outcomes.
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The joy of success is sweeter

when you’ve known the

bitterness of failure.

Anonymous 4
Molten Salt-Assisted Titanium

Nitride Synthesis

4.1 State of the art

As mentioned in the introduction chapter, Giordano et al. presented the urea glass route

as a pioneering pathway for the formation of nitrides through sol-gel techniques.1 In this

method, initially, TiCl4 is dissolved in ethanol, forming titanium ethoxide and releasing

HCl as side product. Then a varying amount of solid urea is added to the solution

and stirred until complete dissolution and the solvent is allowed to evaporate. The

metal center is mostly coordinated to urea via the carbonyl oxygen as shown by fourier-

transform infrared spectroscopy (FT-IR) data. The gel was then heated under N2 flow at

800 ◦C for 3 h at a very slow rate of 3 ◦C /min. A mechanism has been proposed based

on thermogravimetric analysis (TGA) and x-ray powder diffraction (pXRD) analysis.

First, a glassy intermediate with nanoscale anatase and rutile titania is formed at 400 ◦C.

Second, at 600 ◦C, loss of oxygen and metal reduction/nitridation is observed. Higher

temperatures (800 ◦C) are required to obtain complete recrystallization, see Figure 4.1.
‡Adapted from: Parvizian, M.; Pokratath, R.; Regoutz, A.; De Roo, J.; Efficient Synthesis of

Group 4 Metal Nitrides at Low Temperatures with Molten Salts
Contributions: Parvizian, M. designed the syntheses setups, conducted them and characterized via
XRD, DLS, UV-Vis, and analyzed the provided data. Pokratath, R. performed PDF analysis and
Rietveld refinement. Regoutz, A. performed the XPS analysis.
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A key parameter R has been defined as the ratio of urea and titanium. For R = 3, a

mixture of TiN and TiO2 is obtained. Pure TiN is retrieved for R = 4, while Ti(C,N)

was formed for R = 10. The higher R, the higher the carbon contamination so the

optimal ratio for TiN is four. The authors expanded the procedure to many other metal

nitrides (VN, NbN, GaN, CrN, Mo2N), but each metal has another optimal value for

R.1

Figure 4.1 X-ray powder diffraction (pXRD) pattern of titanium-urea gels (R=10)
treated at different temperatures. The * symbol refers to crystalline TiO2.
Reprinted with permission from.1 Copyright 2009 American Chemical So-
ciety.

Later, the method was also applied to produce Sn3N4,2 HfN,3 and ZrN4 as well

as other nanocomposites such as graphene g−C3N4 doped with TiN.5;6 The nitride

nanocrystals (NCs) obtained via this process are typically aggregated powders. Finally,

other nitrogen sources were explored such as guanidine carbonate and barbituric acid.

However, both feature a particularly low solubility and it was not possible to achieve R

> 1.1

An alternative method for nitride formation is through the solid-state route, which

requires heating a mixture of solid materials at high temperatures to generate a new

solid composition. These reactions typically require temperatures above 1000 ◦C and

a significant amount of time for the reaction to occur. One of the main challenges of

this process is achieving thorough mixing of the reactants. Manual mixing using an

128 | Chapter 4



agate mortar and pestle is suitable for small quantities (below 20 g), while ball milling

is preferred for larger quantities.7 The slow nature of solid state reactions is attributed

to the limited interaction between the reactants at the atomic level.

Previous studies on TiN syntheses involved autoclave reactions using TiCl4 with

various nitrogen sources, including NaN3,8 NaNH2
9;10 and NH4Cl11. These reactions

required temperatures ranging from 300 ◦C to 500 ◦C. The resulting products were all

aggregated, some contained oxygen, and none exhibited plasmonic properties. Another

study reported the autoclave synthesis of TiN at 550 ◦C using NaNH2 as the nitrogen

source and TiO2 as the titanium source. Similarly, the final particles were aggregated

and lacked plasmonic properties.12

In 2019, Dasog and coworkers synthesized plasmonic TiN, ZrN, and HfN NCs from

their parent oxide using 3 equivalents of Mg3N2 as the nitrogen source.13 Their strategy

consists of a high temperature (1000 ◦C) solid-state metathesis reaction with commercial

TiO2 (17 nm), ZrO2 (19 nm), and HfO2 (43 nm). These reactions are thermodynamically

favorable with ∆Hrxn=-286 kJ/mol due to MgO formation, see the balanced reaction

equation 4.1.

6 TiO2 + 4 Mg3N2
1000 ◦C, 1 h−−−−−−−−→

Ar flow
6 TiN + 12 MgO + N2 (4.1)

The final product is treated with 1M HCl to remove MgO and unreacted Mg3N2 and

could be dispersed in water.13 All compounds have the expected cubic crystal structure

and the NC size is 12, 15, and 11 nm for TiN, ZrN, and HfN respectively. The NCs

appear aggregated on transmission electron microscopy (TEM). Attempts to significantly

increase the particle size by using larger oxide NCs were unsuccessful, suggesting new

nucleation events of the nitride rather than simple anion exchange. The localized surface

plasmon resonance of the NCs is blue-shifted and narrower in the series: TiN, ZrN and

HfN (Figure 4.2b). Finally, all particles were slightly oxidized at the surface and this

effect was worse for ZrN and HfN compared to TiN. This scalable strategy of Dasog

et al. seems to produce high quality group 4 nitrides. The method has already been
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Figure 4.2 (a)pXRD patterns, (b) Absorption spectra of aqueous dispersions and (c)
TEM images of TiN, ZrN and HfN particles obtained via metathesis as
reported by Karaballi et al.. Reprinted from ref13 with permission from
John Wiley and Sons, Copyright 2019.

adopted by other groups to produce, for example, plasmonic HfN NCs.14

Molten salts are a material class that is solid at standard temperatures and pressure

and becomes a liquid at elevated temperatures. These salts are the solvent of choice

for solution based chemistry at high temperatures (above 300 ◦C). These solvents offer

better solvation of inorganic materials due to a strong polarization force formed upon

the melting of the salts at high temperatures. Molten salts provide a higher reactivity

as compared to a standard solid state reaction due to convection diffusion and faster

mass transport which results in lowering the overall reaction temperatures.15;16 These

salts are usually used as an eutectic mixture meaning a homogenous mixture that melts

or solidifies at a single temperature that is lower than the melting point of any of the

constituents. Some of the commonly used eutectic salts are the chloride salts (LiCl,

KCl, NaCl, MgCl2), nitrates salts (LiNO3, NaNO3, KNO3), sulfate (Na2SO4, K2SO4)
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and fluoride slats (NaF, KF, LiF). Molten salts provide colloidal stability for inorganic

NCs when there is a chemical affinity between the surface of the NCs and the ions based

on their Lewis acidity.

This colloidal stability follows a different stabilization mechanism than the electro-

static or steric approach. Colloidal stability in molten salts is mainly due to long-range

charge density oscillations formed at the solute-solvent (molten salt) interface. This

oscillation prevents the particles from aggregating and its strength is proportional to

the strength of the chemical bond between the solute and the molten salts. The molten

salts should therefore be carefully selected to have a high chemical affinity with the

solute.17;18 Numerous syntheses processes can be performed within molten salt envi-

ronments, encompassing binary oxides like Al2O3,19ZrO2
20 and Co3O4,21 ternary and

multinary oxides such as perovskites,22–24 as well as boride,25 nitride,26 carbide27 for-

mations, and high-temperature ligand exchange reactions.28;29

Kan et al. explored molten salts (here: a eutectic mixture of MgCl2 and NaCl)

as a reaction medium for the synthesis of TiN from TiO2 and Mg powder under N2

atmosphere. The use of a higher Mg equivalent versus TiO2 (up to 4 equivalents),

higher heating temperature (up to 1100 ◦C), or longer reaction time (up to 7 h) leads to

phase pure TiN with a better crystallinity as judged by the well-defined diffraction peaks

obtained by pXRD. Remarkably, the formation of TiN could already be detected at a

relatively low temperature of 600 ◦C, as evidenced by the diffraction patterns observed.

The authors obtained 5–30 nm aggregated TiN NCs by using 2.5 equivalents of Mg

heated at 1100 ◦C for 3 h. The authors described the mechanism as being a dissolution-

precipitation type based on the increase of the surface area from the starting TiO2 (9.83

m2/g) to the obtained TiN (93.09 m2/g), see Figure 4.3).30

The synthesis of three-dimensional porous metal nitrides like vanadium(III) nitride,

molybdenum(III) nitride, tungsten(III) nitride, and titanium(III) nitride has been re-

cently reported. This synthesis was achieved using a molten salts method that involved a

mixture of anhydrous ZnCl2 and ZnCl2.6H2O, along with the respective MCl3 and Li3N

as the nitrogen source. The authors claim that using ZnCl2 molten salt system reduces
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Figure 4.3 pXRD patterns of TiN synthesized at (a) 500–1100 ◦C for 3 h, (b) with and
without molten salts at 1100 ◦C for 3 h, and TEM images of TiN obtained
after 3 h reaction at (c) 1000 ◦C and (d) 1100 ◦C as reported by Kan et
al.. Reprinted from ref30 with permission from Elsevier, Copyright 2017.

the reaction temperature as compared to NaCl molten salts and that the presence of a

controlled amount of crystalline water allows the formation of a ZnO 3D porous template

which after acid treatment results in pure 3D porous metal nitride.26

In this study, our primary objective is to develop new synthetic procedures using

molten salts with the aim of producing phase-pure TiN NCs at lower temperatures (be-

low 800 ◦C), while preserving high crystallinity. It is important to highlight that our

study builds upon the groundwork laid by Karaballi et al., who previously uncovered

intriguing plasmonic behavior in analogous systems. To achieve our objective, we sys-

tematically explore various parameters that can be adjusted, including the choice of

molten salts, different ratios, the use of reducing agents, the nitrogen source, and pu-
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rification methods with TiO2 as our titanium source. Through an extensive screening

process, we successfully managed to significantly reduce the reaction temperature to as

low as 350 ◦C. Subsequently, we conducted a thorough investigation of the resulting

particles using x-ray photoelectron spectroscopy (XPS) and Rietveld refinement.

4.2 Experimental section

Materials

The precursors employed in the synthesis included commercially available titanium(IV)

oxide nanopowder (TiO2, 21 nm , ≥99.5% trace metals basis, Sigma), magnesium(II)

nitride cubic phase (M3N2,-325 mesh, ≥99.5%, Sigma), calcium(II) nitride (Ca3N2,-200

mesh, 99% , Sigma), magnesium powder (Mg, ≥99%, Sigma), anhydrous zinc(II) chlo-

ride (ZnCl2, ≥97%, Sigma), and lithium chloride (LiCl,99%, Strem). In other reported

reactions, sodium amide (NaNH2, 98%, Sigma), lithium nitride (Li3N,-80 mesh, ≥99.5%,

Sigma), lithium bromide anhydrous (LiBr,99+%, Strem), and potassium bromide (KBr,

99%, Sigma) were utilized. All these precursors were stored within a nitrogen-filled

glovebox to prevent exposure to moisture. Subsequently, for purification purposes, the

following reagents were used: distilled water, absolute ethanol, acetone, chloroform,

cyclohexane, acetic acid (CH3CO2H,>99%, Sigma), and oleic acid (C18H34O2, 90%,

Sigma).

Syntheses without molten salts

This synthesis procedure is adapted from a method previously outlined by Karaballi et

al..13 In a nitrogen-filled glovebox, 100 mg of the commercially available TiO2 nano-

powder (1.25 mmol, 1 eq.) was combined with 3 eq. of a Mg3N2 powder (3.75 mmol,

378 mg) as the nitrogen source. This mixture was blended using an agate mortar and

pestle for 10 minutes, yielding a fine homogeneous powder. The resulting blend was

then transferred to an aluminum oxide combustion boat and swiftly positioned inside

a quartz tube within a Nabertherm N7/H tube furnace filled with argon. The mixture
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underwent heating at 1000 ◦C for 12 h (rate of 13 ◦C /minute) with an argon flow.

Following the reaction, once the oven had cooled, the particles were dispersed in 40

mL of water and agitated with 3 mL of acetic acid at 50 ◦C for 48 h. After this acid

treatment, the particles required four rounds of washing and centrifugation with water

to eliminate the acetate side products. In each round, the particles are dispersed in 30

mL of water and centrifuged at 5’000 rcf for 4 minutes. Visual differentiation between

the nitride product and grey-colored acetate side products guided this step.

Subsequently, the particles were stabilized using an organic ligand, oleic acid (OA).

The particles were once again dispersed in 40 mL of water, and mix with 2 mL of

OA and 20 mL of cyclohexane, stirred vigorously for 2 h at 50 ◦C. Subsequently, the

particles were collected from the cyclohexane phase. If the phase separation was not

distinctly evident, the mixture of water and cyclohexane underwent centrifugation at

500 rcf for 4 minutes, facilitating a more pronounced phase separation. The NCs were

then precipitated with 40 mL of acetone and centrifugated at 5’000 rcf for 4 minutes.

The resulting precipitate was dispersed in 10 mL chloroform to which 200 µL of OA was

added, followed by 15 minutes of sonication. The particles were precipitated using 30

mL of acetone and centrifuged at 5’000 rcf for 4 minutes. This process of stabilization

involving 200 µL of OA in chloroform, followed by acetone purification, was repeated.

The final outcome was a suspension of TiN capped with OA in 5 mL of chloroform. Each

of these steps played a pivotal role in achieving a phase-pure and stable end product.

Syntheses with molten salts

In a nitrogen-filled glovebox, 100 mg of the commercially available TiO2 nano-powder

(1.25 mmol, 1 eq.) was combined with 3 eq. of a nitrogen source Mg3N2 (3.75 mmol,

378 mg) or Ca3N2 (3.75 mmol, 555 mg) with 2 eq. of magnesium powder (2.50 mmol, 60

mg) acting as a reducing agent. This mixture was blended with an eutectic combination

of ZnCl2 (500 mg, 78 mol%) and LiCl (44 mg, 22 mol%) using an agate mortar and

pestle for 10 minutes, yielding a fine homogeneous powder. The resulting blend was

then transferred to an aluminum oxide combustion boat and swiftly positioned inside
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a quartz tube within a Nabertherm N7/H tube furnace filled with argon. The mixture

underwent heating at different temperatures ranging from 350–600 ◦C for 12 h (rate of

13 ◦C /minute) with an argon flow. After the reaction, upon the cooling of the oven,

the resulting powder was washed using water as a high dielectric constant polar solvent.

Four rounds of centrifugation with 30 mL water at 5’000 rcf for 4 min were necessary to

eliminate most of the salts. Subsequently, the particles were dispersed in 40 mL water

and agitated with 3 mL of acetic acid at 50 ◦C for 48 h. The subsequent purification

steps followed the aforementioned procedure.

Instrumentation

Dynamic light scattering (DLS) measurements were conducted on a Malvern Zetasizer

Ultra in backscattering mode (173 °) in a glass cuvette. All measurements were per-

formed at 25 ◦C after equilibrating the system for 240 seconds, sample concentration

was tuned to achieve system attenuator values between 9–10. pXRD spectra were mea-

sured using a STOE StadiP powder diffractometer with a Dectris Mythen 1K detector

and a micro-focused Cu-Kα-source (λ=1.542 Å). In the pXRD analysis, 4 mg of each

purified product was weighed alongside 2 mg of silicon (33 m%), which served as an

internal reference. The silicon’s intensity was normalized, enabling a direct comparison

of diffraction intensities among the products derived from various syntheses.

4.3 Results and discussion

Choice of molten salts

In light of the research conducted by Karaballi et al., we opted to initiate our study

using TiO2 as our source of titanium and Mg3N2 as the nitrogen source with a reaction

time of 12 h. Our objective was to maintain crystallinity while reducing the reaction

temperature. To achieve this, we followed the approach proposed by Kan et al., which

involved the use of an external reducing agent, magnesium, together with molten salts.

A reaction temperature of 600 ◦C was chosen because it is the lowest temperature at
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which crystalline TiN has been reported so far, see Equation 4.2.

TiO2 + 3 Mg3N2 + 2 Mg 600 ◦C, 12 h−−−−−−−−→
molten salts

TiN + MgO + by−products (4.2)

While choosing our molten salts combination, first all combinations that would con-

tain oxygen were eliminated to avoid any metal oxide formation. Among the remaining

combinations the eutectic combinations that would have a decomposition temperature

below our reaction temperatures such as aluminum (AlCl3–NaCl–KCl) and thiocyanate

(KSCN–NaSCN) were discarded. The alkali combinations (LiCl–LiBr–KBr) and zinc

(ZnCl2–LiCl) were chosen for the reaction. Table 4.1 presents a summary of the various

eutectic combinations and their respective melting points. As depicted in Figure 4.4,

the utilization of molten salts plays a pivotal role in significantly reducing the reaction

temperature, lowering it from 1000 ◦C to 600 ◦C. In contrast, when the reaction is

conducted at 600 ◦C without the presence of molten salts, an oxy-nitride phase forms.

However, when molten salts are introduced, complete conversion of the oxide to ni-

tride occurs, resulting in phase-pure TiN. When assessing various sets of molten salts,

it became evident that the reaction involving zinc molten salts exhibited superior crys-

tallinity and yielded a purer TiN phase when compared to the alkali-based sets after 12

h of reaction at 600 ◦C. This outcome may be attributed to the Lewis acidity of ZnCl2,

which enhances the solvation and activation of TiO2, thereby promoting the formation

of nitrides (Figure 4.4).

Table 4.1 The different sets of eutectic molten salts considered for our reaction with
their corresponding melting temperatures.

Molten salts Melting point (◦C) mol.%
LiCl/LiBr/KBr 320 25:37:38
NaSCN/KSCN 140 26.3:73.7

AlCl3/NaCl/KCl 90 63.5:20:16.5
ZnCl2/LiCl 280 78:22

The concentration of titanium in the molten salts was varied by changing the molar

ratio of TiO2 to ZnCl2 from 1 to 12 equivalents. Utilizing a silicon internal standard in
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Figure 4.4 pXRD results of the purified product obtained from reactions of 1 eq. TiO2

with 3 eq. Mg3N2 for 12 h with and without molten salts at 1000 ◦C or
600 ◦C. In the molten salt-assisted reaction, Mg was used as a precursor
in the reaction, acting as a reducing agent. References of TiN, TiO2, and
silicon are indicated in blue, red, and green respectively. The diffractions
were normalized to silicon internal reference.

the pXRD measurement, as detailed in the experimental section, revealed that a ratio

of 1:1 (titanium molality of 6.8 mol/Kg) does not result in full TiN formation while 12

equivalents (titanium molality of 0.57 mol/Kg) results in a side phase impurity. A 1:3

molar ratio of TiO2 versus ZnCl2 (titanium molality of 2.3 mol/Kg) appears to give the

best results, yielding pure TiN phase (Figure 4.5).

Choice of nitrogen source and reducing agent

Various nitrogen sources were explored for the molten salt reaction, including Li3N,

NaNH2, Mg3N2, and Ca3N2. While phase-pure TiN was not obtained with Li3N and

NaNH2 (Figure A.10), phase purity was achieved with the others after purification.

Notably, the use of Ca3N2 produced TiN with crystallinity similar to literature reports

but at a lower temperature (600 ◦C instead of 1000 ◦C). Simultaneously, employing

Mg3N2 at 600 ◦C resulted in a broader and slightly shifted diffraction, indicating some

oxygen content. For a comprehensive perspective, both an overview figure with silicon

Results and discussion | 137



Figure 4.5 pXRD patterns of products obtained by varying the ZnCl2 to TiO2 molar
ratio at 600 ◦C for 12 h. Mg3N2 served as the nitrogen source with Mg as
the reducing agent. The eutectic molten salt mixture consisted of 78 mol%
ZnCl2 and 22 mol% LiCl. References of TiN, TiO2, and silicon are indicated
in blue, red, and green respectively. The diffractions were normalized to
silicon internal reference.

normalization and a magnified version highlighting the region of interest are presented

(Figure 4.6). Despite the broader diffraction observed for the Mg3N2 sample, both

products obtained at 600 ◦C with Mg3N2 and Ca3N2 exhibit similar large hydrodynamic

diameters and sizes, as determined by analysis using DLS and SEM, see Figures A.11

and A.12.

Remarkably, when TiO2 was subjected to a 12 h reaction with Ca3N2 in the absence

of any molten salts, the result was a phase-pure TiO2 product without the formation of

any nitrides. The initial TiO2 used in this study was a commercially available material

containing a mixture of anatase and rutile with very sharp diffraction patterns. However,

the end product of this reaction exhibited broad diffraction patterns associated with

anatase (Figure A.13).

Both nitrogen sources were evaluated across a temperature range of 350 to 600 ◦C.

When employing Mg3N2 as the nitrogen source, the diffraction peak broadened consid-

erably, making it challenging to attribute it solely to TiN, with the additional detection

138 | Chapter 4



Figure 4.6 pXRD patterns for 12 h reactions of TiO2 with Mg3N2 or Ca3N2 at
600 ◦C or 1000 ◦C , with or without molten salts. (a) Overview and
(b) magnified view. Ca3N2-derived particles at 600 ◦C exhibit superior
crystallinity compared to Mg3N2. The molten salt-assisted reaction used
Mg as a reducing agent. References of TiN, TiO2, and silicon are indicated
in blue, red, and green respectively. The diffractions were normalized to
silicon internal reference.

of impurities. On the other hand, when we used Ca3N2, the diffraction peaks remained

sharp and consistent over the entire temperature range from 350 to 600 ◦C. Conse-

quently, we selected Ca3N2 as the primary nitrogen source for further investigation.

This choice led to a significant reduction in reaction temperature, all while maintaining

crystallinity comparable to that reported by Karaballi et al. at 1000 ◦C, or as indicated

by Giordano et al. at temperatures as high as 800 ◦C.1;13 It is noteworthy that when

using Ca3N2 as the nitrogen source, some TiO2 impurities were detected, although these

decreased with a reduction in reaction temperature, see Figure 4.7. Efforts were made

to avoid TiO2 impurities and attain a pure TiN product.

Initially, a combination of Mg3N2 and Ca3N2 was explored as nitrogen sources, but

this approach led to the formation of additional TiO2 side products, as demonstrated
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in Figure A.14. Subsequently, an attempt was made to mitigate this issue by reducing

the titanium concentration, with 5 equivalents of ZnCl2 used instead of the original 3

equivalents. Unfortunately, this adjustment also resulted in the formation of unwanted

side phases (Figure A.15). Moreover, increasing the equivalent amount of Ca3N2 to 5

eq. from 3 eq. in comparison to TiO2 did not yield any significant alteration in the final

phase purity (Figure A.16).

Figure 4.7 pXRD patterns of the final product obtained at various reaction tempera-
tures using (a) Mg3N2 and (b) Ca3N2 as nitrogen sources. The syntheses
were conducted for 12 h in a eutectic mixture of ZnCl2-LiCl as the molten
salt, with magnesium as the reducing agent and TiO2 as the titanium pre-
cursor. References of TiN, TiO2, and silicon are indicated in blue, red, and
green respectively. The diffractions in spectra (b) were normalized to silicon
internal reference.

Magnesium served as the reducing agent in all the experiments, aimed at improving

the reduction of Ti(IV) and facilitating TiN formation. The inclusion of 2 equivalents

of magnesium in conjunction with 3 equivalents of Ca3N2, as opposed to TiO2, led to

an increase in phase purity, as indicated by the reduced TiO2 content after purification.

This enhancement was particularly pronounced at lower temperatures (Figure A.17).

However, substituting magnesium for more Ca3N2 resulted in the undesirable formation

of side phase impurities (Figure 4.8).
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Figure 4.8 pXRD pattern of the product obtained with and without the use of magne-
sium as a reducing agent at 600 ◦C for 12 h. References of TiN, TiO2, and
silicon are indicated in blue, red, and green respectively. The diffractions in
spectra (b) were normalized to silicon internal reference.

Purification

Following the reaction, the resulting powder undergoes multiple rounds of washing with

water, followed by centrifugation to eliminate the salts. The particles are subjected to

an acid treatment with acetic acid, followed by multiple water washes to remove any

by-products. Next, the particles are stabilized using OA through dispersion in cyclo-

hexane, followed by centrifugation and dispersion in chloroform with sonication. The

final product is a suspension of TiN capped with OA, achieved through crucial sequen-

tial steps. Colloidal stability is highly dependent on particle size. In this type of solid

state reaction, the final products are still aggregated and have an average solvodynamic

diameter of over 100 nm, so long-term colloidal stability cannot be expected (Figure

A.11). However, we believe that such treatment would produce a solution stable enough

for successive drop casting onto different substrates.
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4.4 Comprehensive structural analysis

Characterization of synthesized TiN NCs was conducted through pXRD, as illustrated

in Figure 4.9. The (111), (200), and (220) reflections exhibited precise correspondence

with TiN patterns. Nonetheless, a minor presence of TiO2 impurities was discerned in

the newly optimized molten salt assisted approach, with impurity peaks aligning with

the simulated pattern of TiO2-anatase. The acid treatment effectively eliminated other

side products, notably MgO, generated during the reaction. Both TiN and MgO share a

halite-like rock salt structure, crystallizing in the cubic Fm-3m space group. Due to their

comparable lattice parameters, the pXRD patterns displayed notable similarities. To

verify the absence of MgO impurities in the purified samples, a comparative assessment

was performed by contrasting the simulated pXRD pattern of MgO with that of the

actual samples, focusing on relative peak intensities. Given the complexities of the

analysis, the approach of Rietveld refinement was chosen.

The Rietveld analysis revealed that the sample obtained through the previously docu-

mented method (1000 ◦C without molten salts) possesses a cubic (Fm-3m) structure with

titanium vacancies. The refined titanium occupancy (0.7) closely aligns with the struc-

ture reported in the literature.31 Similarly, samples obtained at 600 ◦C and 350 ◦C using

Ca3N2 as the nitrogen source and molten salts as our solvent exhibited the same phase

characterized by titanium vacancies, measuring 0.74 and 0.78, respectively. Notably, at

600 ◦C , an approximate 10% proportion of the TiO2-anatase phase was detected in the

sample. However, obtaining a good fit for the product of the 350 ◦C reaction has proven

challenging, as we believe the content is low and results in overestimation in all fits that

have been attempted. An estimation suggests a content below 5% of TiO2-anatase,

making it nearly undetectable using copper source x-ray. The refined parameters are

presented in Figure A.18, while detailed results are provided in Table A.3.

X-ray photoelectron spectroscopy (XPS) was employed to investigate the surface

chemistry of the specimens produced using various synthetic approaches. The overview

spectra reveal the consistent presence of titanium, nitrogen, oxygen, and carbon across

142 | Chapter 4



Figure 4.9 Experimental pXRD patterns of synthesized TiN NCs after a 12 h reaction
at 350 ◦C and 600 ◦C with molten salts, and at 1000 ◦C without molten
salts. Simulated patterns of TiO2-anatase and MgO are provided for com-
parative analysis.

all samples. Magnesium was detected in all cases where it was utilized, either in the

form of Mg3N2 or as an additional reducing agent. Zinc, however, was largely absent.

Intriguingly, traces of fluoride elements were identified in nearly all samples, irrespective

of the synthesis conditions, likely originating from the crucible (Figure A.19).

The Ti2P core level spectra reveal a mixture of titanium oxidation states and chemi-

cal environments across all sample conditions, indicating partial oxidation. Specifically,

samples obtained at 600 ◦C with Ca3N2 exhibit a characteristic Ti-N environment at

lower binding energy (BE) (454 eV) along with Ti4+O2 at 459 eV, while the 1000 ◦C sam-

ple displays Ti3+
2 O3 at 457 eV, corresponding to oxygen intercalation alongside Ti-N and

Ti4+O2 signals. The 600 ◦C sample with Mg3N2 falls between these two scenarios. It

is important to note that the Ti-N signal is more pronounced in the 1000 ◦C sample.

However, given that XPS primarily analyzes surface properties, and our particles are

larger than 100 nm, the signals likely originate from the surface layers. To validate this,

we attempted to analyze the core’s chemical environment using higher-energy X-rays.

Indeed, this analysis revealed a rise in the Ti-N peak within the deeper layers. However,

Ti-O signal was still detected in the samples obtained through molten salt, which could
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potentially originate from the traces of TiO2 side phase (Figure 4.10).

Figure 4.10 XPS core level spectra of Ti2P at various x-ray energy from different sam-
ples: (a) 1000 ◦C without molten salts, (b) 600 ◦C with molten salts,
using Mg3N2 as the nitrogen source and Mg as the reducing agent, (c)
600 ◦C with molten salts, using Ca3N2 as the nitrogen source and Mg as
the reducing agent, (d) 600 ◦C with molten salts, using Ca3N2 as the ni-
trogen source without Mg, and (e) 350 ◦C with molten salts, using Ca3N2

as the nitrogen source and Mg as the reducing agent.

In all samples, the N1s core level exhibits three distinct low BE features. One is asso-

ciated with Ti-N at 397 eV, while a minor signal arises from NHx at 399 eV. However, the

origin of the feature at a lower BE of 396 eV remains uncertain. One hypothesis is that it

may be related to whether the nitride configurations are directly connected to the biding

carboxylate group, potentially causing a chemical shift (Figure 4.11). Interestingly, this

signal, along with the NHx feature, appears to diminish with higher X-ray energy usage,

indicating it may be a surface-related characteristic (Figure A.20). Regarding the O1s
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core level, it demonstrates two different BE across all samples. The lower one at 530 eV

corresponds to Ti-O, whereas the higher BE at 532 eV aligns with COO environments

originating from oleic acid (OA) as the ligand (Figure 4.11).

Figure 4.11 XPS core level spectra of N1s and O1s from the following samples: (a)
1000 ◦C without molten salts, (b) 600 ◦C with molten salts, using Mg3N2

as the nitrogen source and Mg as the reducing agent, (c) 600 ◦C with
molten salts, using Ca3N2 as the nitrogen source and Mg as the reducing
agent, (d) 600 ◦C with molten salts, using Ca3N2 as the nitrogen source
without Mg, and (e) 350 ◦C with molten salts, using Ca3N2 as the nitrogen
source and Mg as the reducing agent.
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4.5 Conclusion

In conclusion, we successfully synthesized highly crystalline TiN particles at remarkably

low temperatures, as low as 350 ◦C , employing a molten salt strategy. To the best of our

knowledge, this marks the first instance of highly crystalline particles being reported at

much reduced temperatures. Various parameters were meticulously adjusted, including

the selection of molten salts, the nitrogen precursor, and the addition of magnesium as

a reducing agent, all contributing to achieving these lower temperatures.

The most effective combination that enabled us to achieve this significant temper-

ature reduction involved using a ZnCl2-LiCl eutectic mixture as our molten salts, em-

ploying Ca3N2 as the nitrogen source, along with magnesium. When Ca3N2 was utilized

as the nitrogen source, some TiO2 side phases were detected. These side phases ap-

peared to diminish notably as the temperature was lowered from 600 ◦C to 350 ◦C .

Additionally, XPS analysis provided valuable insights into the surface chemistry of our

particles. Surface oxidation, primarily in the form of TiO2, was observed. Notably,

this surface oxidation appeared to decrease substantially when exploring the core of our

materials. We think this layer helps keep our particles stable in the open air, even when

they encounter oxygen and water. These findings are paving the way for more research

on making metal nitrides at lower temperatures.
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5
Silanes

5.1 Introduction

Silanes are highly versatile materials that possess various functional groups in their

molecular structure.1;2 These silanes can be incorporated onto a surface either through

post-synthesis grafting or during the synthesis process using suitable precursors.3 The

process of silanization relies on the presence of hydroxyl (-OH) groups on the surface of

the target material, which facilitates the formation of a strong Si-O bond.4;5 Silanes are

particularly well-suited as ligands for materials that are not sensitive to water or acids

since these byproducts are generated during the condensation reaction of silanes at the

surface.6 In some cases, a catalyst is necessary to promote the binding of the silane to

the surface.7;8

When selecting silanes for surface modification, the choice of polar or apolar tails

depends on the targeted medium. Polar tails often exhibit pH and concentration de-

pendence in water, which contributes to the stability of the particles. Previous stud-

ies, conducted in 1997 using x-ray photoelectron spectroscopy (XPS) analysis and 29Si

Magic Angle Spinning Nuclear Magnetic Resonance (MAS-NMR), reported that silanes

are grafted onto the surface of ZrO2 particles through a Zr-O-Si bond, with interlinked

silane molecules forming Si-O-Si bonds.6;9;10 Consequently, the presence of multidentate

silanes often results in a multilayer coverage on the surface.
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In the case of post-synthesis ligand exchange from oleate or trioctylphosphine oxide

(TOPO) to silanes, this method has been previously applied to materials such as ferrite

or TiO2 particles. In these instances, the removal of native oleate and the presence of

silanes have been investigated using fourier-transform infrared spectroscopy (FT-IR).

However, a comprehensive mechanistic investigation of this ligand exchange process has

not been conducted thus far.11–15

Electronic reference to access in vivo concentrations

ERETIC (Electronic Reference for Accessing In Vivo Concentrations) is a method used

to quantify and determine absolute concentrations without the need for an internal ref-

erence. In this method, the acquisition signal of the sample is compared with references

of known concentration measured under the same tuning, matching and shimming of the

probe, calibrated 90-degree pulse, and appropriate recovery delay conditions (≥ 5 times

T1). Throughout this chapter, ERETIC measurements allowed us to accurately deter-

mine the concentration of bound oleic acid (OA) on the surface of our initial particles

for quantitative ligand exchanges and NMR titration experiments.

5.2 Mechanistic investigation of ligand exchange with

silane

In this study, we focused on ZrO2 and HfO2 particles that were initially capped with

OA. The synthesis of these particles followed a standard procedure outlined in the liter-

ature.16;17 The average particle size for the as synthesized ZrO2 and HfO2 nanocrystals

(NCs) were 3–4 nm in size. Throughout the study, we employed a tridentate silane

molecule called hexadecyltrimethoxysilane (HMS). Figure 5.1 provides visual represen-

tations of metal oxide NCs with capping by both OA and HMS. In this figure, various

potential binding configurations for the HMS molecule are illustrated. Specifically, we

emphasize different types of condensation reactions that may take place between the

surface Si-MeO and -OH groups, forming covalent Si-OH bonds. It is notable that this
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phenomenon extends beyond the surface -OH groups, surrounding neighboring silanol

groups that have the tendency to form Si-O-Si covalent bonds, either fully covering the

surface or polymerizing vertically to it. As a result, this process engenders a network of

cross-linked silanes, characterized by numerous covalent bonds.2

Figure 5.1 Visualization of metal oxide particles capped with OA and HMS. The metal
atoms on the surface are shown in green, while the oxygen atoms are shown
in red. Various binding scenarios for silane molecules are also represented.

The bonding state of our ligands was monitored using several characteristic reso-

nances in 1H NMR. Specifically, the alkene resonances (around 5 ppm, resonance 5)

corresponded to the native oleate ligand, while the H2C-Si resonance (around 0.8 ppm,

resonance b) and the methoxy resonance (around 3.5 ppm, resonance a) originated from

the silane moiety. These NMR signals were utilized to track the bonding status and

transformations of our ligands during the experimental procedures (Figure 5.2).

5.2.1 Choice of catalyst

In the literature, different catalysts such as acetic acid, NaOH, and tetramethylammo-

nium hydroxide (TMAH) have been used for replacing the native oleate from the NCs

surface with HMS. In this work, the relative efficiency of these catalysts has been studied

under similar concentrations (1 equivalent of catalyst and HMS versus bound OA) and

heating conditions (80◦C for 15 min). In the NMR analysis shown in Figure 5.3, the
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Figure 5.2 1H NMR of OA and HMS shown as references in benzene-d6.

resonances linked to the alkene of OA at 5.7 ppm, the methoxysilane of HMS at 3.45

ppm, and methanol formation at 3.25 ppm are examined. This analysis focuses on the

condensation of silane at the surface, leading to the formation of an O-Si bond, and the

concomitant release of methanol as a byproduct. The addition of only HMS to the ZrO2

OA-capped particles does not result in HMS binding, releasing only a minimal amount of

OA. It is therefore evident that a catalyst is essential for this exchange to occur. When

acetic acid is introduced along with HMS, a distinct resonance attributed to free OA is

detected. However, not all the OA is released, as a clear, broad resonance persists. A

methanol resonance emerges, indicating the activation of methoxysilane toward surface

binding. In the presence of NaOH, similar resonances of bound and free OA, as well

as methanol, are observed. However, with NaOH, there is less free OA but a higher

formation of methanol. When using TMAH, a clear resonance of free OA is detected

along with methanol, with very little bound OA remaining. In all these cases, where 1

equivalent of catalyst and 1 equivalent of HMS are added compared to the bound OA, it

is reasonable to assume that Si-O-Me is still present, given that each HMS molecule has

three methoxysilane per molecule. Among the catalysts tested, TMAH has shown the

highest efficiency in removing the native oleate ligand. NaOH, on the other hand, is more
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effective at releasing methanol from the methoxy group, indicating efficient condensation

of HMS, but it is less efficient at stripping the oleate from the surface. For a successful

ligand exchange, it is crucial to have a catalyst that not only promotes the condensation

of the silane at the surface but also efficiently removes the native ligand. If only one

of these phenomena occurs, it could result in either the precipitation of naked particles

or the formation of detached silane polymers. Based on the investigation, TMAH has

been chosen as the catalyst for this study due to its ability to effectively strip the native

oleate ligand without causing particle precipitation.

Figure 5.3 1H NMR of ZrO2 OA capped particles titrated with HMS, HMS + acetic
acid, HMS + NaOH and HMS + TMAH heated at 80 ◦C for 15 minutes
in benzene-d6.
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5.2.2 NMR titration with silane

To achieve a complete ligand exchange and remove the native ligand in favor of silane,

a series of steps involving ligand addition and purification are essentially aimed at elim-

inating any remaining unreacted or residual components. In Figure 5.4, we observe

a successful ligand exchange from OA-capped ZrO2 particles to HMS-capped parti-

cles. To achieve this comprehensive exchange, the OA-capped particles were heated

to 80 ◦C along with two equivalents of HMS and two equivalents of TMAH catalyst for

20 minutes. These equivalents were calculated based on the surface concentration of OA

determined via ERETIC analysis. Subsequently, the particles were precipitated using

acetone and centrifugation, followed by redispersion in deuterated benzene (benzene-d6).

Figure 5.4 The 1H NMR spectra of the ZrO2 particles were recorded at each stage of
the ligand exchange with HMS. Specifically, ZrO2-OA corresponds to the
initial NCs capped with OA, ZrO2-HMS represents the NCs obtained after
two rounds of HMS addition and purification, and ZrO2-OA-HMS denotes
the intermediate stage where the particles were capped with both ligands
following only one HMS treatment. All spectra were recorded in benzene-d6.

An intermediate stage was observed via NMR, wherein the particles were capped

with both OA and HMS. To rectify this, 0.5 equivalent of HMS and 0.5 equivalent of

TMAH catalyst were added to the particles and heated at 80 ◦C for 20 min. The parti-
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cles were again precipitated through centrifugation using acetone and then redispersed

in benzene-d6. Subsequently, the NMR analysis confirmed that the particles were now

exclusively capped with HMS, as evidenced by the distinct resonances of HMS. Neverthe-

less, further purification through precipitation and redispersion is necessary to eliminate

the remaining free HMS observed as sharp resonances.Very similar data were obtained

for HfO2 NCs (FigureA.22).

Dynamic light scattering (DLS) analysis revealed an increase in the hydrodynamic

size of the particles during the transition from OA to HMS as the capping ligand. This

change may be attributed to the formation of multilayers or polymerization of HMS at

the surface of the ZrO2 particles (Figure 5.5) .

Figure 5.5 DLS analysis of the particles, which were capped with OA or HMS. This
size augmentation observed after the HMS treatment could potentially result
from the polymerization or the formation of multilayers of HMS around the
particles.

5.2.3 What is at the surface?

Diffusion ordered spectroscopy (DOSY) analysis was conducted on HfO2-HMS capped

NCs following the exchange from OA. The results revealed the presence of two distinct
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diffusion processes, both slower than free HMS diffusion, see Figures A.25 and 5.6.

Our working hypothesis suggests that the slower-diffusing species corresponds to bound

silane, while the faster-diffusing one represents polymerized silane. Based on the diffusion

coefficients, we estimate sizes of 13.3 nm and 2.4 nm. The 13.3 nm size is likely attributed

to silane binding to the NCs, aligning with our DLS data (Figure 5.6). Currently, it is

challenging to determine whether single HMS molecules are bound to the NCs’ surfaces

or if polymerization has occurred.

Figure 5.6 (A) DOSY NMR analysis of HfO2 HMS capped particles achieved through
ligand exchange from oleate, revealing two distinct diffusion processes in
the sample. The slower diffusion is attributed to bound silane, while the
faster diffusion is associated with polymerized silane. The diffusion of free
silane is separately measured and provided for comparative purposes. The
solvent used is benzene-d6. (B) Decay curve fitting of the DOSY NMR data,
yielding size estimates of 13.3 nm (D1) and 2.4 nm (D2) for the particles.

Furthermore, a broad resonance appearing between 3–3.5 ppm is identified in our

1D NMR. The broad resonance can be attributed to exchangeable protons, most likely

associated with hydroxyl (OH) groups present on the surface. The interaction with the

surface of the NCs is supported by the negative cross-peak signal observed in NOESY

(Figure A.24). This resonance shift, as shown in Figure 5.7, when water is added,

strongly suggests the presence of exchangeable protons, most probably OH groups lo-

cated at the surface. Importantly, in the HSQC spectrum shown in Figure A.23, this
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particular resonance does not show any correlation with any other carbon. This finding

reinforces that hydroxyl groups are attached to the surface alongside the silanes.

Figure 5.7 1H NMR of HfO2 HMS capped particles before and after water addition
in benzene-d6. The broad resonance at 3 ppm becomes sharp and shifts to
higher ppm.

To prevent HMS polymerization at the surface, we employed mono-methoxy silane

ligands to replace OA. These ligands underwent a similar treatment as HMS, involving

stepwise addition with TMAH at 80 ◦C for 20 minutes. After each purification step,

it became evident by looking at the supernatant by NMR that we were removing OA,

leading to the destabilization of our ZrO2 particles. However, it became apparent that

the mono-methoxy silane ligand was only partially binding to the surface, and this

limited binding was insufficient to confer colloidal stability to our particles. Figure 5.8

displays distinct 1H-NMR spectra, illustrating different stages of the process. The blank

spectrum represents the initial NCs, while the blue spectrum corresponds to purified NCs

following one round of treatment with 1 equivalent of hexadecyilmono-methoxy silane

(MS) and 1 equivalent of TMAH at 80 ◦C for 20 minutes. Additionally, the red spectrum

represents purified NCs after a subsequent round of treatment with 1 equivalent of MS

and 1 equivalent of TMAH, totaling 2 equivalents added, still at 80 ◦C for 20 minutes.

Notably, new broad resonances emerge around 3.4 ppm. However, it is evident that the

overall intensity is decreasing, indicating a reduction in concentration. Furthermore, a

visible NCs precipitation is observed at the bottom of the NMR tube. Similar results
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were obtained when starting from smaller HfO2 NCs.

Figure 5.8 The 1H-NMR spectra depict different stages of the process involving ZrO2

particles capped with OA. The black curve represents the initial state of
OA-capped particles, while the blue curve represents purified NCs after a
single treatment with 1 equivalent of MS and 1 equivalent of TMAH at
80 ◦C for 20 minutes. The red curve corresponds to purified NCs after sub-
sequent treatment with 1 equivalent of MS and 1 equivalent of TMAH under
the same conditions, totaling two treatments with MS. Notably, broad reso-
nances appearing around 3.4 ppm can be attributed to bound MS. Despite
the treatments, it is evident that OA remains present at the particle surface,
even after the two MS treatments. Moreover, a decrease in overall intensity
indicates a reduction in the concentration of NCs in the NMR tube, which
is further confirmed by the visual formation of precipitates.

5.2.4 What is being released?

Upon examination of the supernatant mixture, the presence of free oleate and HMS can

be observed. Additionally, four resonances at 2.8 ppm, 2.6 ppm, 2.1 ppm, and 1.95 ppm

are observed and remain unidentified (see Figure 5.9). By comparing these resonances

with a reference sample of OA with TMAH, it is possible to assign the 2.1 ppm resonance

to the CH2 group next to the double bond of OA. The 1.8 ppm resonance is attributed

to the H3C-N methyl ammonium in tetramethylammonium. The remaining resonances

at 2.6 ppm and 1.95 ppm exhibit the same integral and multiplicity as the α and β CH2
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resonances adjacent to the carboxylate group, respectively. However, these resonances

appear to be unshielded. Interestingly, when the supernatant solution is spiked with

OA/TMAH reference, the resonances at 2.6 ppm and 1.95 ppm become more shielded and

shift to lower ppm values. Based on these observations, our hypothesis is that during the

ligand exchange process, the native oleate leaves the surface as tetramethylammonium

oleate. The difference in shielding observed for the resonances closer to the carboxylate in

the supernatant compared to a 1:1 mixture of OA/TMAH reference could be attributed

to the fact that in the supernatant solution the oleate is surrounded by more than one

tetramethylammonium molecule, leading to altered chemical environments around these

resonances, see Figure 5.9.

These findings provide insight into the transformation of the native ligand during

the ligand exchange process and suggest the formation of tetramethylammonium oleate

as a byproduct. This is further supported by the observed chemical shifts and changes

in shielding upon the addition of the OA/TMAH reference to the supernatant solution.
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Figure 5.9 1H NMR spectra were recorded for the following samples in benzene-d6: OA
as a reference; reference of a 1:1 mixture of OA and TMAH;the supernatant;
the supernatant spiked with a 1:1 mixture of OA and TMAH.

5.3 Conclusion

Using silane as a capping ligand presents challenges due to the unknown exchange and

binding mechanisms. Moreover, managing its surface polymerization also proves to be

challenging. Our attempts to use monosubstituted silane to prevent polymerization were

unsuccessful; we were unable to obtain silane-capped particles. Instead, we only managed

to remove OA from the surface, destabilizing the NCs. However, utilizing trimethoxy

silane successfully replaced OA, preventing precipitation. Yet, based on DLS and DOSY
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analysis, the hydrodynamic diameter of our particles tended to increase, suggesting a

polymeric ligand coverage. In our work, we could not characterize the number of silane

layers formed.

It is worth noting that silane ligand exchange requires a catalyst and heat, unlike

most ligand exchanges that occur at room temperature (e.g., with phosphonic acids,

thiols, and amines). We discovered that TMAH serves as an effective catalyst, surpassing

the performance of NaOH or acetic acid. The catalyst serves as an activator for silane

binding, particularly methanol formation (in the case of methoxy silane) by providing

OH, and aids in OA removal from the surface. We observed OA leaving the surface as

a tetramethylammonium oleate salt.

For future research, a more promising approach could involve using silane bound to

silica, which provides better control over silane binding and prevents polymerization.

This strategy has been reported for effective capping and size tuning using core-shell

silica hybrid spheres (silica core capped with silane).8
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6
Conclusion

This thesis has strived to provide a comprehensive exploration of synthetic strategies,

chemical complexities, and surface chemistry aspects associated with metal nitride NCs.

Chapter 2 explores the previously unexplored or debated territories of precursor con-

version chemistry and surface chemistry in both Cu3N and Cu3PdN NCs. Our research

successfully improved the synthesis of Cu3N and Cu3PdN NCs to produce phase pure

and stable nanocubes by adjusting reaction conditions, especially during the purification

process. Our experiments provided evidence supporting a precursor conversion pathway

that relies on ammonia as the active nitrogen source. We proposed that the oxidation

of oleylamine (OLAm) by both Cu(II) and nitrate leads to the formation of a primary

aldimine. Subsequent nucleophilic addition and elimination reactions involving another

OLAm molecule release ammonia, which then reacts with Cu(I) to create Cu3N and

Cu3PdN. The nanocubes’ surfaces are coated with a combination of OLAm and oleic

acid (OA), with the latter forming in situ through further aldimine oxidation. Addition-

ally, the introduction of palladium into Cu3N leads to reductions in the optical band gap

and the separation between the valence band maximum (VBM) and the Fermi energy

(EF ).

Chapter 3 summarizes our efforts to produce various metal nitrides like TiN, Ni3N,

and Zn3N2 through solution-based methods by using a diverse variety of nitrogen sources.

Our common approach was to first establish a bond between the metal and nitrogen and
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then upon heating, crystallize into the desired NCs. Very early on, we noticed that even

traces of oxygen could cause the formation of metal oxides. To address this, we conducted

all the reaction preparation steps inside an inert atmosphere in a nitrogen glovebox, and

the reactions themselves took place under argon at a Schlenk line. For TiN, we encoun-

tered a challenge during the crystallization step, as we consistently obtained amorphous

products. While we could successfully create the intended Ti-N bond, crystallization did

not occur under the temperatures and conditions we used. In contrast, when working

with Zn3N2 and Ni3N, our nitrogen sources turned out to be highly reactive and would

completely reduce our metals, forming metallic NCs instead. Based on our results from

solution-based methods, it became clear that the typical setup with three-neck flasks

was not suitable for our materials. We needed to develop a new synthesis strategy that

would enhance the crystallization process.

Chapter 4 explores a new approach called the molten salt assisted reaction, which

has helped us achieve our goal of producing highly crystalline TiN NCs at a relatively

low temperature of 350 ◦C. We conducted thorough investigations into various factors,

including different combinations of molten salts, various sources of nitrogen, and the use

of magnesium as a reducing agent, all of which contributed to the production of crys-

talline TiN. Among these, the combination of ZnCl2-LiCl eutectic mixture and Ca3N2

turned out to be the best choice for both molten salt and nitrogen sources, resulting in

crystalline products at lower temperatures. While using the molten salt-assisted synthe-

sis, we observed some crystalline TiO2 side phases, but these were much less prominent

at lower temperatures. Analysis using XPS confirmed the presence of an oxide layer on

the surface of our TiN particles. We believe that this layer provides stability to our par-

ticles in ambient air, allowing them to remain stable even when exposed to oxygen and

water. These results, we consider, are laying the groundwork for further low-temperature

synthesis of metal nitrides.

Chapter 5, the final chapter of this thesis, focuses on the surface chemistry of NCs

using silane as ligands. This chapter summarizes preliminary data exploring how the lig-

and exchange happens, moving from an OA capped NC to silane. We demonstrate that
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a catalyst is necessary for this exchange to occur, and among the catalysts we tested,

tetramethylammonium hydroxide (TMAH) is the most effective in removing OA and

binding the chosen silane, hexadecyltrimethoxysilane (HMS), to the surface. Further-

more, we discovered that the native ligand OA is released from the surface as a tetram-

ethylammonium oleate salt. One challenge we encountered with silane is its tendency

to form layers on the surface in an uncontrolled manner, as revealed by our DOSY re-

sults. These results indicate the presence of two distinct diffusing species: one attributed

to bound silane, which diffuses slowly, and another associated with polymerized silane,

which diffuses faster than the former but slower than free hexadecyltrimethoxysilane

(HMS) molecules. These findings lay the groundwork for future investigations into the

surface chemistry of silanes as ligands, as they are widely used in our community, yet

much remains to be understood about their behavior.

Perspective

To advance our knowledge of metal nitrides, we must understand the mechanism of the

colloidal syntheses that have so far resulted in crystalline products. While the process

of precursor conversion has been explored in the cases of InN and now Cu3N, there

are many other systems in which this process remains a mystery. What is even more

challenging is that the crystallization part of the process has not been investigated for

any of the nitrides so far. Understanding this crystallization step is likely the most

challenging aspect of the entire process, yet it remains the most critical for progress

to be achieved in this field. After dedicating four years to this field, I have come to

the conclusion that achieving metal nitrides, particularly TiN, through classical solvent-

based chemistry is not the most promising approach. I firmly believe that our community

should shift its focus toward molten salts as the solvent, as it has the potential to

unlock the production of entirely new materials at significantly lower temperatures.

The results presented in this study are preliminary, and there are still numerous other

parameters to explore and generalize for the formation of various nitrides such as Ni3N,
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for instance. In our efforts to synthesize these materials, we encountered an issue where

our Ni(II) would rapidly reduce to Ni(0). However, if we consider Ni3N as an interstitial

nitride, it necessitates the initial reduction of the metal followed by the intercalation

of nitrogen. I believe that a molten salt setup would be an excellent synthesis method

for the production of such materials. Nevertheless, it is essential to keep in mind that

these materials also decompose at rather low temperatures, which means a different set

of molten salts must be employed. Considering the widespread applications of early

transition metal nitrides in fields like catalysis, photothermal therapy, superconductors,

and electrochemical capacitors, synthetic efforts should focus on providing size tunability.

Molten salts are recognized for their dual role as solvents and ligands, offering effective

solvation for inorganic materials. By carefully selecting the appropriate concentration

and type of molten salts, it may be feasible to fine-tune the size of the resulting NCs.

Furthermore, with the use of molten salts enabling solid-state reactions at temperatures

comparable to those employed in solution-based chemistry, it becomes conceivable to

envision a novel setup akin to a conventional three-neck flask. In this setup, efficient

stirring and uniform, continuous heating must be maintained over extended periods,

accommodating prolonged reactions. The study of colloidal metal nitrides is a demanding

and emerging area in science. However, introducing controllable synthesis of colloidal

nitrides to the family of colloidal materials could create many exciting opportunities for

the future of material science and nanotechnology.
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A
Supporting information

A.1 Supporting information for chapter 2

Table A.1 Refined values after fitting the Cu3N nanocrystals with the single-phase
cubic (Pm − 3m) model.

Parameter Cu3N(Pm − 3m)
Scale 0.47
a(Å) 3.80

Uiso Cu (Å2) 0.015
Uiso N (Å2) 0.027

δ2 (Å2) 3.61
Psize (Å) 64.5

Table A.2 Refined values after fitting the Cu3PdN nanocrystals with single-phase
Cu3PdN (Pm − 3m) model.

Parameter Cu3PdN(Pm − 3m)
Scale 0.66
a(Å) 3.83

Uiso Cu (Å2) 0.015
Uiso N (Å2) 0.053
Uiso Pd (Å2) 0.010

δ2 (Å2) 4.06
Psize (Å) 50.46
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Figure A.1 PDF refinement for (A) Cu3N nanocrystals with the cubic (Pm−3m) struc-
ture. The refined values are given in Table A.1. (B) Cu3PdN nanocrystals
with Cu3PdN (Pm − 3m). The refined values are given in Table A.2.

174 | Chapter A



Figure A.2 The headspace of the reaction was bubbled into 5 mL of water and then
diluted to 40 mL and 80 mL which would result in concentrations of 200
mg/L and 100 mg/L respectively. The color obtained via the test kit cor-
responds to the expected concentration.

Figure A.3 1H NMR of the crude mixture obtained from the reaction with a primary,
secondary, and tertiary amine. Aldimine is mainly detected during the
reaction with a primary amine. A little amount of aldimine can be detected
with dioctylamine which could be due to direct oxidation of dioctylamine.
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Figure A.4 pXRD of the NCs obtained after ammonia bubbling into the reaction mix-
ture with Cu(NO3)2 and dioctylamine. Both Cu3N and Cu2O are being
formed.

Figure A.5 1H NMR of the crude mixture obtained from the Cu3PdN reaction after 15
min at 240 ◦C. Aldimine is being formed in the reaction.
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Figure A.6 XPS spectra of the Cu3N and Cu3PdN samples. All major core and Auger
lines are indicated.

Figure A.7 Cu 2p3/2 X-ray photoelectron core level spectra of (a) the Cu3N and (b)
the Cu3PdN samples including peak fit analysis.
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Figure A.8 Diffusion decay of the alkene region in the Cu3N sample in Figure 2.17,
fitted to the Stejskal-Tanner equation. The average diffusion coefficient
corresponds to a solvodynamic size of 4.5 nm (calculated via the Stokes-
Einstein equation), which is too small to represent a tightly bound ligand
on a 13 nm nanocrystal.
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Figure A.9 Projected Density of States (PDOS) of Cu3PdN from density functional
theory calculations, including (a) unweighted PDOS with 50 meV Gaussian
smearing showing both occupied and unoccupied states, and (b) weighted
PDOS with 600 meV Gaussian smearing with the energy axis flipped and
only showing the occupied states.
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A.2 Supporting information for chapter 4

Figure A.10 pXRD pattern of products obtained after reaction with NaNH2 and Li3N
at 600 ◦C for 12h in molten salts. Both nitrogen sources did not yield
phase pure TiN. References of TiN and TiO2 are indicated in blue and
red respectively.

Figure A.11 Solvodynamic diameters of TiN particles via different synthetic methods
after 12h of reaction. All samples have a rather large size of above 100
nm.
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Figure A.12 SEM images of TiN obtained from (a) Mg3N2 and (b) Ca3N2 at 600 ◦C for
12 h.

Figure A.13 pXRD of TiO2 commercially available vs TiO2 after reaction at
1000 ◦C with Ca3N2 for 12 h. Reference of TiO2 anatase is shown in
red.

Table A.3 Refined parameters obtained after Rietveld refinement.

1000 ◦C 600 ◦C 350 ◦C
Bragg R-factorT iN /% 6.98 6.57 7.63

aT iN / Å 4.24 4.24 4.24
Occupancy TiT iN 0.70 0.74 0.78

FractionT iN /% 100 89.42 90.17
aTiO2−anatase /Å - 3.78 3.78

cTiO2−anatase - 9.65 9.72
FractionTiO2−anatase 0 10.58 9.83
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Figure A.14 pXRD patterns of the final product obtained by using a mixture of Ca3N2

and Mg3N2 as nitrogen sources. The synthesis was conducted in a eutectic
mixture of ZnCl2-LiCl as the molten salt, with magnesium as the reducing
agent and TiO2 as the titanium precursor in all synthesis reactions. The
reaction time was maintained at 12 hours. References of TiN, TiO2, and
silicon are indicated in blue, red, and green respectively. The diffractions
were normalized to silicon internal reference.

Figure A.15 pXRD patterns of the final product obtained upon reaction of 1 equivalent
of TiO2 with 3 or 5 equivalents of ZnCl2 using Ca3N2 as the nitrogen source
and magnesium as the reducing agent at 350 ◦C for 12h. References of
TiN, TiO2, and silicon are indicated in blue, red, and green respectively.
The diffractions were normalized to silicon internal reference.
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Figure A.16 pXRD comparison of the product obtained from reactions using 5 eq.
Ca3N2 in contrast to 3 eq. and 1 eq. TiO2 at 350 ◦C for 12 h. References
of TiN, TiO2, and silicon are indicated in blue, red, and green respectively.
The diffractions were normalized to silicon internal reference.

Figure A.17 pXRD pattern of the product obtained with and without the use of mag-
nesium as a reducing agent at 400 ◦C for 12h using Ca3N2 as the nitrogen
source.References of TiN, TiO2, and silicon are indicated in blue, red, and
green respectively. The diffractions were normalized to silicon internal
reference.
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Figure A.18 Rietveld refinement results, including the fit, discrepancy, and pertinent
Bragg peak details for the following samples after a 12 h reaction: (a) at
350 ◦C with molten salts, (b) at 600 ◦C with molten salts, and (c) at
1000 ◦C without molten salts. The refined attributes encompass the unit
cell, space group, phase proportion, and Bragg R-factor.184 | Chapter A



Figure A.19 XPS survey spectra of samples at different conditions: (a) 1000 ◦C , no
molten salts, (b) 600 ◦C with molten salts using Mg3N2 and Mg, (c)
600 ◦C with molten salts using Ca3N2 and Mg, (d) 600 ◦C with molten
salts using Ca3N2 without Mg, and (e) 350 ◦C with molten salts using
Ca3N2 and Mg.
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Figure A.20 XPS core level spectra of N1s at various x-ray energy from different sam-
ples: (a) 1000 ◦C without molten salts, (b) 600 ◦C with molten salts,
using Mg3N2 as the nitrogen source and Mg as the reducing agent, (c)
600 ◦C with molten salts, using Ca3N2 as the nitrogen source and Mg as
the reducing agent, (d) 600 ◦C with molten salts, using Ca3N2 as the ni-
trogen source without Mg, and (e) 350 ◦C with molten salts, using Ca3N2

as the nitrogen source and Mg as the reducing agent.
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Figure A.21 SEM images of products obtained with a titanium molality of (a) 0.57
mol/Kg and (b) 2.3 mol/Kg. The particles obtained at 0.57 mol/Kg ap-
pear bigger in size.
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A.3 Supporting information for chapter 5

Figure A.22 1H NMR spectra of the HfO2 particles were recorded at each stage of
the ligand exchange with HMS. Specifically, HfO2-OA corresponds to the
initial nanoparticles capped with oleic acid, HfO2-HMS represents the
nanoparticles obtained after two rounds of HMS addition and purifica-
tion, and HfO2-OA-HMS denotes the intermediate stage where the par-
ticles were capped with both ligands following only one HMS treatment.
Sharp resonances of HMS are discernible in the final graph, indicating the
presence of free ligands. This suggests that additional purification steps
are necessary to eliminate these unbound ligands.
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Figure A.23 HSQC spectrum of HfO2 particles capped with HMS via ligand exchange
from oleate. In this spectrum there is no observed correlation between
the resonance at 3 ppm and any carbon signal. This observation further
supports the notion that this particular resonance corresponds to an ex-
changeable proton resonance.
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Figure A.24 Noesy of HfO2 HMS capped particles following ligand exchange from oleate
reveals all resonances appearing as black signals (negative cross peaks),
indicating their interaction with the surface.

Figure A.25 (A) DOSY NMR analysis of free HMS molecules in benzene-d6. (B) Decay
curve fitting of the DOSY NMR data.
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