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ABSTRACT 

 This thesis is focused on exploring the fundamental material properties of nickel-based 

metal nitride nanocomposites. A thorough review of synthetic pathways and catalytic 

applications for nickel/nickel nitride materials was conducted. With this information, methods to 

synthesize and characterize nickel-based metal nitride systems were devised. First, nitrogen-rich 

deep eutectic solvents were used as templating agents to direct the synthesis of facetted, carbon-

encapsulated nickel/nickel nitride nanocomposites. A variety of nitrogen functionalities were 

identified in these materials, some of which are associated with the nickel metal and others with 

the carbon support. By adjusting synthesis parameters, control over the surface chemistry can be 

realized, which provides an opportunity to tune properties. Second, composites of nickel with 

transition metal nitride supports were investigated, demonstrating that i) nitrogen sites on the 

support surface act as nucleation sites for nickel particles, which greatly increases nickel 

dispersion; and ii) metal nitrides affect the electronic structure of supported nickel particles. The 

close interaction between particles and the nitride support creates a polarization in surface 

charge, which is hypothesized to be the cause of improved catalytic activity of these composites 

as compared to a reference composite (nickel on an oxide support). Measures to gain further 

understanding of metal carbide/nitride formation and their structural stabilization using synthetic 

techniques and advanced characterization will also be discussed.  
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CHAPTER 1 
 

INTRODUCTION 

1.1 Background and Significance 

 With the continued growth in global population and increased demand in worldwide 

energy, the development of effective, alternative energy technology is critical to reducing 

dependence on fossil fuels and the emission of greenhouse gas from their use. In order to 

revolutionize the energy landscape and mitigate climate risk, a multi-facetted approach is 

required that integrates technologies like biofuels, electricity generated from wind and solar, and 

alternative vehicles based on fuel cells and high-performance batteries.1 Although the science 

and engineering challenges associated with these technologies are very different, a common 

obstacle amongst them all is the need to become more efficient, sustainable and cost-competitive 

with fossil fuels through the development of new materials. 

 The current state-of-the-art in alternative energy technology and many catalytic processes 

utilizes platinum group metal (PGM) elements, including platinum, palladium, ruthenium, 

rhodium and iridium. Unfortunately, these elements are not naturally abundant in the earth’s 

crust, and their high material cost makes PGM-based catalysts economically unfeasible for long-

term utilization in energy-related applications.2 It is therefore important to investigate materials 

consisting of more earth abundant elements now, in order to better address the energy needs of 

the future.  

 An emerging class of earth-abundant substitutes to PGM-based catalysts includes 

transition metal carbides and nitride materials (εC/εN). εC/εN’s first received significant 

attention in the scientific community with the discovery of the platinum-like behavior of 

tungsten carbide reported by Levy and Boudart.3 Since then, researchers have endeavored to 
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develop these materials as earth-abundant substitutes for rare and expensive precious metals 

catalysts in many alternative energy technologies, including biomass upgrading,4-6 fuel cells,7, 8 

and energy storage devices.9-12  

 Transition metals of Groups IV-VI and VII-X form stable carbides and nitrides.13, 14 

Carbon and nitrogen atoms occupy the interstitial vacancies in the crystal lattices of parent 

metals. The incorporation of the heteroatoms into the metal structure causes an expansion of the 

unit cell. This increases the distance between metal atoms, which broadens the d-band of the 

metal and creates a greater density of states (DOS) near the Fermi level.15 The redistribution of 

the DOS is hypothesized to be the cause of the similar electronic structure of εC/εN’s and 

noble metals. The similarity in electronic structure has also increased interest in εC/εN’s as 

support materials for noble metals, as studies report promoted electron transfer between the 

catalyst and support and enhanced stability of the supported catalyst.14, 16  

 The intercalation of carbon and nitrogen induces a covalent bond interaction with parent 

metal atoms. This increases the hardness of εC/εN’s, which provides these materials with high 

mechanical and thermal stability.17  However, the refractory nature of carbides and nitrides does 

have disadvantages. Typically, high synthesis temperatures are required to form the 

carbide/nitride phase, making final products prone to aggregation and low surface area.18 

Solution-based pathways have been reported, which do allow for the synthesis of nanoscale 

εC/εN’s.19, 20 However, these nanostructured materials are typically encapsulated within 

carbon matrices, meaning the synthesis of unsupported εC/εN’s and control over particle size 

remain elusive.  

 The characterization of εC/εN’s also presents several challenges. An example of this is 

the thermanolysis of nickel acetylacetoneate to nickel carbide. The colloidal synthesis of 
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rhombohedral nickel carbide (Ni3C) involves the reduction of the Ni2+ salt in the presence of 

carbon-rich alkylamine solvents.21 During synthesis carbon atoms intercalate into the hcp-Ni 

lattice. However, hcp-Ni and Ni3C have nearly identical bulk crystal structures.22 Therefore, the 

characterization of and ultimate control over the amount of carbon incorporation into the hcp-Ni 

structure remains extremely difficult.  

 The characterization of MC/MN surface chemistry is equally important. While the bulk 

of εC/εN’s may be composed of only one crystal phase, the surface may have many 

functionalities, which could play important roles in material properties and catalytic 

performance. For example, nickel hydroxide surface layers on nickel nitride electrocatalysts have 

been reported to facilitate the dissociation of water in the hydrogen evolution reaction.8, 23 

Moreover, passivation of εC/εN’s catalysts in dilute oxygen atmospheres has been shown to 

prevent bulk oxidation of the material when later exposed to atmosphere. However, passivation 

using other gases, such as H2S, has been reported to provide superior catalytic activity and 

stability in select systems.24, 25 Thus, the characterization of MC/MN surface and bulk structure 

is necessary to gain a holistic understanding of material properties. 

 In order to continue to maximize the efficacy of MC/MN-based catalysts and achieve an 

energy future less reliant on PGM catalysts, the structural, chemical and electronic properties, as 

well as interactions with support materials, of εC/εN’s must be better understood and 

controlled. The work reported in this thesis outlines a very multi-technique and collaborative 

approach to studying both supported and unsupported metal/metal nitride nanocomposites.  
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1.2 Thesis Organization 

 This thesis addresses methods for controlling material properties of metal/metal nitride 

nanostructures through synthetic processes, advanced bulk and surface characterization, and 

computation guidance, as outlined in Figure 1.1.  

 

Figure 1.1 Flow diagram representing the progression of this thesis work. A review of the 
literature pertaining to nanostructured nickel/nickel nitride materials and catalysts (Chapter 2). A 
wet-chemical pathway to produce carbon-supported nickel/nickel nitride nanocomposites with 
diverse nitrogen functionalities (Chapter 3). An examination of the strong metal-support 
interactions between TiN supports and Ni dopants (Chapter 4). Future work proposes methods to 
both fundamentally examine nucleation and growth of MC/MC nanocrystals and impart thermal 
stability to metal and MC/MN particles. 

 

 Chapter 2 is a published literature review in Catalysis Science and Technology pertaining 

to nanostructured nickel/nickel nitride materials, which are synthesized using wet-chemical 

methods. Fundamental properties of nickel nitride are introduced, including thermal, structural, 

and magnetic properties. The utilization of nickel/nickel nitride materials in a broad range of 

Review of Nickel Nitride 
Nanostructures

(Chapter 2)

Wet-chemical Pathway to 
Supported Nickel/Nickel Nitride 

Nanocomposites
(Chapter 3)

Metal-Support Interactions in 
TiN-Ni Nanocomposites

(Chapter 4)

Imparting Thermal Stability to 
Nanostructured Metals and Metal 

Carbides/Nitrides
(Chapter 5)

Advanced, in-situ and in-
operando Characterization

(Chapter 5)
Future Work

Scope 

of 

Work



5 

 

heterogeneous catalysis applications is discussed, including in hydrogenation reactions, 

electrocatalysis, and energy storage devices. 

 Chapter 3 is a published article in Catalysis Today which outlines a deep-eutectic solvent 

approach to synthesize nickel/nickel nitride nanocomposites. The deep eutectic is used as a 

nitrogen-rich solvent medium to direct the formation of carbon-encapsulated, facetted 

nanostructures. A deep-eutectic solvent/ nickel salt mixture is prepared and characterized with 

thermal degradation analyses to identify phase transitions. From this analysis, multiple synthesis 

temperatures are selected, which produce materials with varying properties. Bulk and surface 

characterization techniques are used to examine nanocomposites. A variety of nitrogen-

functionalities are identified, which are associated with both the carbon support matrix and the 

surface of the nickel particles. The pyrolysis temperature of the deep eutectic/nickel salt mixture 

influences the degree of particle faceting and the relative distribution of nitrogen functionalities.  

 Chapter 4 is a published article in the Journal of Physical Chemistry C. This work 

leverages in-depth microscopy, spectroscopy, and computation studies to examine the strong 

metal-support interactions present in TiN-Ni nanocomposites. TiN-Ni nanocomposites are 

compared to TiO2-Ni reference materials. STEM imaging and EDS mapping show that Ni forms 

smaller particles and distribute more homogeneously across the TiN support than on the TiO2 

support. Computational studies indicate that Ni preferentially adsorbes onto nitrogen atoms in 

the TiN structure. This is corroborated by surface characterization techniques that show Ni 

particles preferentially bind to nitrogen-containing sites on the TiN support surface. The close 

interaction between TiN and Ni also results in electronic interactions, in which TiN draws 

electron density from the supported Ni particles. Such strong metal-support interactions are not 

observed in the TiO2-Ni nanocomposite reference materials. 
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 Chapter 5 concludes this thesis by summarizing the work outlined in the previous 

chapters. The chapter also includes a future outlook and proposed work to further improve 

fundamental understanding of MC/MN properties, as well as suggestions to increase the 

durability and lifetime of nanostructured MC/MN materials.  

 Appendix A contains the permissions from the journals in which each chapter was 

submitted, as well as permissions from all co-authors to reuse the papers in this thesis. 
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CHAPTER 2 
 

SYNTHETIC ADVANCEMENTS AND CATALYTIC  

APPLICATIONS OF NICKEL NITRIDE 

A paper published in Catalysis Science and Technology, reprinted with permission from 

DOI: 10.1039/C6CY00712K (minireview) Catal. Sci. Technol., 2016, 6, 4059–4076. Copyright 

2016 Royal Society of Chemistry. 

Samuel H. Gage,1 Brian G. Trewyn,1 Cristian V. Ciobanu,2 Svitlana Pylypenko,1,* Ryan M. 

Richards1,* 

 

2.1 Abstract 

Transition metal carbides and nitrides have received a large amount of attention in 

chemistry and materials science due to their interesting properties and potential to substitute 

precious metal catalysts. Earth-abundant early transition metal carbides and nitrides were the 

primary focus of many efforts, while late transition metal alternatives are less explored. This 

brief review discusses recently published chemical reports that focus on the controlled synthesis 

of nickel nitride and its composites. The fundamental properties of nickel nitride, such as 

thermal, structural, and magnetic properties are examined. Furthermore, implementation of 

nickel nitride materials as catalysts in energy-related applications are thoroughly covered.    
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2.2 Introduction 

Metal carbides and nitrides first received attention in the scientific community with the 

discovery of the platinum-like behavior of tungsten carbide reported by Levy and Boudart.3 

Since then, researchers have endeavored to develop these materials as earth-abundant substitutes 

for expensive precious metals catalysts. However, the majority of studies have been focused on 

early transition metal carbides and nitrides, their structural, optoelectronic, and magnetic 

properties,26, 27 and performance in a variety of catalytic applications,28, 29 with numerous 

reviews.19, 30-32  

Early transition metal carbides and nitrides have also been implemented as support 

materials for later transition metal catalysts, such as cobalt and nickel nanoparticles. In some 

cases, these early transition metal carbide and nitride supports have been shown to alter the 

catalytic properties and selectivity of the active catalysts.6, 7 However, the study of independent 

(stand-alone) later transition metal (iron, cobalt, and nickel) carbides and nitrides has been less 

developed. Within this family of materials, iron carbide/nitride currently dominants the majority 

of the literature surrounding later transition metal carbides/nitrides.18 Cobalt-based systems are 

more toxic, less earth-abundant, and more expensive than nickel-based materials. Therefore, the 

development of nickel nitride nanostructures complements current knowledge of iron and cobalt 

carbide/nitride materials.  As a result, nickel nitride (Ni3N) continues to gain interest as a 

potential substitute material for precious metals such as ruthenium, rhodium, palladium, and 

platinum. 

Nickel and nickel nitride nanostructures have been explored in a variety of energy 

applications, including electromagnetic radiation absorbers,33-35 energy storage devices,10, 11, 36, 37 
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photovoltaic devices,38-40 and in the field of catalysis and electrocatalysis,41-43 including 

hydrogenation reactions,44-47 hydrogen and oxygen evolution reactions.7, 8, 48-50 

Nickel nitride was first synthesized in the 1940’s by flowing ammonia over metallic 

nickel. This material was found to be thermally unstable, as it decomposed in a nitrogen 

atmosphere at 440 °C.51 This represented the first evidence that nickel nitride was a thermally 

metastable material. Later, X-ray diffraction (XRD) was used to determine the hexagonal closed 

packed (hcp) structure of Ni3N, and through thermal decomposition of Ni3N, other phases of 

nickel nitride were detected, specifically the face-centered cubic (fcc) Ni4N.52 Nickel nitride has 

also demonstrated chemical fragility, with material degradation occurring at 157 °C in a 

hydrogen atmosphere53 and a propensity for irreversible oxidative degradation in NO and CO 

environments at 200 °C.54 

In more recent years, both physical and chemical approaches have been explored to 

synthesize nickel nitride. Physical methods include nitrogen ion implantation,55 plasma-based 

nitridation,56, 57 CVD,58-62 and sputtering techniques.63-65 Chemical methods have predominantly 

involved solvothermal processes using highly reactive azides or hydrazine,66-69 reactions with 

supercritical ammonia,70, 71 and ammonolysis of metallic nickel and nickel salt precursors.7, 72, 73 

However, the methods listed above have inherent drawbacks. Either they are limited to thin film 

technology or involve the use of toxic chemicals and dangerous temperatures and/or pressures.  

The focus of this brief review is to give a chemist’s molecular view of the state-of-the-art 

of nanostructured nickel nitride. We begin by discussing fundamental properties of nickel nitride, 

including the thermal, structural, and magnetic properties. We explain how these physical 

properties make the nanoscale synthesis of nickel nitride extremely challenging. Nevertheless, 

scientists have found pathways to circumvent the pitfalls of nickel nitride synthesis. These 
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methods, many of which are detailed in this short review, explore recent innovations to control 

the size and morphology of nickel nitride nanostructures by means of chemical synthesis and 

implementation of support materials that not only stabilize nickel nitride, but also impart 

additional beneficial properties. Herein, we detail the broad catalytic applicability of nickel 

nitride in processes relevant to biomass upgrading, energy storage, and energy conversion. 

 

2.3 Fundamental Properties of Nickel Nitride 

2.3.1 Thermal and structural Properties 

The bulk phases of nickel and nitrogen are well studied experimentally74 and 

theoretically,75, 76 and the phases shown in Figure 2.1 are, with some exceptions, largely 

accepted. The only pure stable solid phase is the hcp structure: this is the vertically elongated 

region in Figure 2.1, which is surrounded by zones with segregated liquid and hcp phases (high 

N content or high temperature) and with segregated fcc and hcp phases. Ni3N is a lower 

temperature stable phase on the boundary between the pure hcp and the hcp+fcc zones (Figure 

2.1). Its atomic structure is shown in Figure 2.2, and is akin to the known  phase of Fe3N. Planes 

of nickel atoms stack in an ABAB fashion within the unit cell. Nitrogen atoms occupy the 

octahedral sites of the nickel lattice (Figure 2.2) in an ordered fashion, which minimizes the 

repulsive N-N interactions. Therefore, nickel nitride (Ni3N) can be regarded as an interstitial 

metallic compound, with nitrogen atoms located in interstices.77  

While the consensus is that Ni3N is a metallic, interstitial nitride, the Ni-N interaction 

does possess some ionic character. We performed the Mulliken charge analysis after DFT 

calculations (GGA, PBE) and found that each Ni atom on average loses 0.23 electrons, while 

each N atom gains 0.7 electrons. This clearly establishes electron transfer from Ni to N, although 
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not nearly as much as it would be required for a pure ionic material in which the N atom receives 

3 electrons, in order to complete its outer shell. In summary, while there is a certain ionic 

character to the Ni-N bond, Ni3N is considered an interstitial nitride rather ionic nitride. 

Other than the most stable phase, there is sufficient evidence74 that other bulk phases 

exist in very narrow regions of the phase diagram, specifically, Ni2N, Ni4N cubic, Ni4N 

tetragonal, NiN6.  First-principles calculations have been conducted to study the various phases 

of nickel nitride.78 The computation revealed that all phases of nickel nitride possess positive 

formation energies, which indicates that these materials are intrinsically less stable than fcc-Ni 

and the nitrogen molecule. The hcp-Ni3N possesses the smallest formation energy 

(+32.9 meV/atom),70, 79 with the next most stable phase being rhombohedral Ni3N (+44.0 

meV/atom). These structures differ only in the arrangement of nitrogen in the octahedral sites. In 

hcp-Ni3N, the interstitial planes follow ABAB stacking, while in rhombohedral Ni3N, the 

interstitial planes have an ABCABC stacking. The difference in formation energy of these two 

phases is about 11 meV/atom, which is higher than the energy difference between the two most 

stable phases of nickel carbide. This result validates experimental observations, which indicate 

that nitrogen disorders less readily than carbon in hcp-Ni structures.70, 80  

When moving from bulk phases to nanoscale materials and compounds, there are even 

more reported stoichiometries of nickel nitride, i.e., NiN, Ni2N, Ni4N, Ni8N.18, 79 The difficulty in 

synthesizing Ni3N at the nanoscale lies in the fact that the phase boundaries in Figure 2.1 are 

computed for bulk phases, and they can change for nanoparticles with small radius: thus, even 

when one plans for the solid phase Ni3N region in Figure 2.1, the synthesis experiments can 

easily create conditions in which both Ni3N and fcc nickel are present. Fundamental studies have 

been conducted to gain better understanding of the structural properties of nickel nitride.70, 81 In 
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these experiments, Leineweber et al. synthesized nickel nitride using the reaction of 

hexaamminenickel chloride with sodium amide and degraded in the presence of supercritical 

ammonia.70 In a steel autoclave, the reagents were heated to 100 °C and held for 3 hours, before 

ramping at 30 °C/day to 250 °C. The temperature was then held for 1 week at 250 °C. At this 

present state, the pressure of the steel autoclave reached approximately 2000 bar. After cooling 

the vessel to room temperature and releasing the ammonia, the product was washed and dried.  

One of the most powerful characterization techniques used in identifying the structure of nickel 

nitride is X-ray diffraction (XRD). Using XRD (Cu K-alpha source) the hcp structure of Ni3N is 

easily discernible from the fcc structure of metallic nickel, as seen in Figure 2.3.57 While this 

synthetic procedure does yield phase-pure nickel nitride, it is not trivial and has inherent 

disadvantages. The synthesis involves the formation of a nickel azide intermediate, which is 

extremely volatile when exposed to air. Furthermore, the long reaction duration is not ideal and 

handling a steel autoclave at a pressure of 2000 bar can be dangerous.  

 

Figure 2.3 X-ray diffraction patterns of Ni (down) and Ni3N (up).57 
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For comparison, Leineweber et al. conducted the same experiment without adding liquid 

ammonia to the vessel.70 This method formed nickel nitride containing metallic nickel impurities, 

indicating the vital role supercritical ammonia plays in the experiment. Furthermore, the 

supercritical reaction state had a tremendous influence on the product morphology. Scanning 

electron microscopy (SEM) images revealed a more compact structure in the supercritical Ni3N 

material.81 It was argued that the increased particle size could be an indication of better 

molecular transport, due to the ammonia fluid. The authors followed changes in the Ni3N 

structure as a function of heating conditions, and reported an emergence of a metallic nickel 

phase starting at 300 °C, which is consistent with previous reports51, 72, 82 of thermal degradation 

of nickel nitride at relatively low temperatures. The range of reported degradation temperatures 

is quite wide, from 287 °C to 440 °C. This indicates that material properties, such as size, shape 

and purity, may have a profound influence on the thermal stability of nickel nitride.  

In a second study, Leineweber et al. grew nickel nitride films on Ni-substrates, in order to 

explore the material properties at the Ni3N/Ni interface.81 The experimental results were also 

correlated to first-principle studies done on the material. Hexagonal Ni3N was grown on pure Ni 

substrate plates at a range of temperatures (175 °C – 550 °C) under a gaseous nitriding NH3/H2 

atmosphere. After the nitridation process, the material was quenched by submersion in water. 

Cross-sections of the material were examined with XRD and microscopy techniques to reveal a 

thin Ni3N layer on the Ni-substrate surface.  

From the synthesis, the temperature-dependent nitriding potential (rn) of Ni was found to 

be much higher than that of other 3d metals. With increasing temperature from 300 °C to 550 °C, 

the nitriding potential, decreased from approximately 1000 to 100 atm-1/2. Nevertheless, this is a 

few orders of magnitude higher than the nitriding potential of iron under similar conditions.83 
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This result is in agreement with the general trend that the thermodynamic stability of 3d 

transition metal nitrides decreases with increasing atomic number.84 

The single-crystal elastic constants of Ni3N have been calculated using first-principles 

density functional theory81, and indicate a modest degree of elastic anisotropy occurring along 

the [001] and [uv0] directions. Experimentally, the authors also found that the interface 

generated by the formation of a nitride layer on the Ni-substrate causes the material to develop 

an orientation-dependent macrostrain parallel to the surface of the layers.81 This defect appears to 

originate during the quenching phase of the synthesis. Upon quenching, a thermal misfit forms 

between the layers of the materials, due to the different thermal expansion coefficients of Ni3N
70, 

80 and Ni.85  

The authors did report some control over the macrostrains observed in the final product.81 

When the nitridation temperature was increased from 300 °C and 400 °C to 500 °C, a relaxation 

of elastic strain was observed in the material. This result was corroborated with SEM images, 

which showed that higher nitridation temperatures lead to higher porosity in the Ni3N layer.  

The advantage of this synthetic procedure is the purity of the surface Ni3N layer. Despite 

an observed elastic strain at the nitride-substrate interface, the lattice parameters in the bulk 

exhibit little variation, indicating a narrow range of homogeneity in the Ni3N phase. Leineweber 

et al. did draw comparisons to other chemical routes for Ni3N synthesis.81 They argued that the 

nitridation of a nickel substrate forms more pure Ni3N-material, while chemical-based syntheses 

introduce more heterogeneity in the structural composition. Despite the advantages, this method 

also has synthetic limitations. Only thin-film Ni3N can by produced, while the bulk of the 

material remains the Ni-substrate. In addition, this procedure excludes the nano-size regime and 

generally exhibits limited control over the morphology and size. 
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2.3.2 Magnetic Properties 

The most recent scientific consensus holds that highly pure nickel nitride is a non-

ferromagnetic material,64, 65 despite some earlier reports that claim nickel nitride is slightly 

ferromagnetic.57, 72 The ambiguity of the magnetic and dielectric properties of nickel nitride in 

the literature is most likely a result of sample purity. It has been repeatedly demonstrated that 

nickel nitride has low thermal stability. An introduction of a metallic nickel phase into the nickel 

nitride structure would thereby introduce a slight ferromagneticity to the non-ferromagnetic 

nickel nitride. Consequently, the purity of nickel nitride is highly dependent on thermal 

annealing time and temperature.  

The magnetic nature of fcc-Ni vs. hcp-Ni3N has also been rationalized using first-

principles calculations, which indicate that the nonmagnetic phase is most stable for hcp-Ni3N.  

This is because, in the case of hcp-Ni3N, the 3d states of Ni are located close to the valence band. 

If the material was ferromagnetic, this would facilitate an electron transfer from the nickel 3d 

states to the nitrogen 2p band. Such a transfer is energetically unfavorable, leading to the non-

ferromagnetic phase being of lower energy.  

Jia et al. recently studied the behavior of Ni3N/SiO2 crystalline nanocomposites under 

static and dynamic magnetic fields.35 The Ni3N/SiO2 nanocomposite was synthesized by first 

preparing Ni/SiO2 by mixing NiCl2 • 6H2O, N2H4 • H20 (80 wt%), NaOH, ethylene glycol and 

tetraethyl orthosilicate. The mixture was heated to 70 °C and held at that temperature for 2-

4 hours. After being washed and dried, the precursor was calcined in flowing ammonia to yield 

the final Ni3N/SiO2 nanocomposite.  

The ammonolysis was performed at both 300 °C and 350 °C for 5-48 hours, in order to 

determine the influence of nitridation temperature and time on the final product. The TEM inset 
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in Figure 2.4 shows Ni/SiO2 nanoparticles of about 200 nm in size.35 However after 

ammonolysis, the nanoparticles do not seem to grow or aggregate, thereby indicating that the 

immobilization of the nanoparticles onto a SiO2 support limits Ostwald-ripening and imparts 

stability to the nanocomposite.  

 

Figure 2.4 SEM-images of Ni/SiO2 (a), 300 °C-12 hr. (b), 300 °C-24 hr. (c), 300 °C-48 hr. (d) 
The upper right inset shows the corresponding TEM image of 300 °C-24 hr.32  
 

This study reported that ammonolysis of the Ni/SiO2 at 300 °C for a long duration 

(48 hours) yielded a fully nitrided product.35 Furthermore, an increase in temperature to 350 °C 

for only 5 hours resulted in formation of a fully fcc-Ni phase, due to the decomposition of nickel 

nitride to nickel and the evolution of nitrogen, according to the following reaction: 

2 Ni3N → Ni + 2 N2 

The optimized Ni3N/SiO2 material did not exhibit a magnetic response when subjected to 

both static and dynamic electromagnetic fields, indicating a non-ferromagnetic nature. 

Interestingly, the Ni/SiO2 produced by thermally degrading the Ni3N/SiO2 nanocomposite at 
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350 °C exhibited a higher saturation magnetization than the Ni/SiO2 precursor before 

ammonolysis. The authors hypothesize that this increase could be due to a cleaner surface, which 

possesses fewer surface defects due to the thermal annealing under the ammonia atmosphere.35 

This hypothesis, however, was not tested by examining the change in surface roughness as a 

function ammonolysis duration or temperature.   

Later transition metal nitrides have also been studied as potential microwave absorbing 

materials (MAMs). While this has mostly been limited to iron nitride composites,86-90 Ni3N/Ni 

nanocomposites are now emerging as another MAM candidate, because of the ability to control 

the magnetic properties of these nanocomposites through alterations in the material structure. 

Gong et al. recently showed that the thermal decomposition of non-ferromagnetic Ni3N/SiO2 

introduces the ferromagnetic phase of Ni into the Ni3N/SiO2 nanocomposite by evolving 

nitrogen.34 This suggests an ability to tune the magnetic properties of metastable metal nitride 

nanocomposites. 

In order to control the “doping” of the Ni3N/SiO2 nanocomposite with metallic nickel, the 

authors calcined the Ni3N/SiO2 material in flowing hydrogen/argon mixed gas at different 

temperatures: 340 °C, 350 °C, and 400 °C for 1 hour to yield Ni3N/Ni/SiO2 nanocomposites with 

varying amounts of metallic Ni. In Figure 2.5 the emergence of the Ni (200) peak in the XRD 

(Cu K-alpha source) clearly shows the growth of a ferromagnetic Ni phase through the 

thermally-controlled decomposition of non-ferromagnetic Ni3N.34 Obviously, the mixture of 

Ni3N and Ni produces a material with a blending of magnetic properties, which opens the door to 

new applications. In this particular case, the electromagnetic and microwave absorption 

properties of this Ni3N/Ni nanocomposite were studied. 
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The efficiency of an electromagnetic (EM) wave absorber is dependent on the synergetic 

relationship between the dielectric loss and magnetic loss of the material. These two properties 

must be in optimal proportion in a material, in order to induce good EM matching.91, 92 

 

Figure 2.5 XRD patterns of Ni3N/SiO2 composite and Ni3N/Ni composites obtained under 
different calcination temperatures: 300 °C, 340 °C, 350 °C, and 400 °C.31  

 

While pure Ni3N is able to dissipate power by dielectric loss, it exhibits poor impedance 

matching because of its non-ferromagnetic nature. However the growth of a ferromagnetic Ni 

phase within bulk Ni3N allows for an adjustment of the balance between dielectric loss and 

magnetic loss properties. Of all the calcination temperatures, the Ni3N/Ni composite prepared at 

340 °C exhibited the best EM absorption, because it best integrates the magnetic properties of Ni 

and the dielectric properties of Ni3N. 
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This work clearly demonstrates that the thermal decomposition of metastable metal 

nitrides can be controlled and result in nanocomposite materials with very specific magnetic 

properties.  

 

2.4 Hydrogenation Reactions 

Catalytically-driven hydrogenation reactions are of vital importance to many industries, 

including the petrochemical, biomass-conversion, food, and pharma industries. While precious 

metals such as platinum, palladium, and ruthenium have traditionally exhibited the best overall 

hydrogenation efficiency, these materials have limited abundance. Since the discovery of Raney-

Nickel, nickel-based catalysts have been arguably among the most investigated 3d metals for 

hydrogenation reactions.93, 94 Due to its more electron-rich structure, nickel nitride can express 

unique catalytic selectivity, in contrast to other nickel-based materials.  

By now it is well understood that nickel nitride is an interstitial metallic complex 

whereupon thermal degradation, nitrogen is released from the structure. Thus in the presence of 

hydrogen, nickel nitride and other metal nitrides may also be of interest as a source of activated 

nitrogen, which can be further used in reactions with target organic molecules.  

In order to test this hypothesis, Alexander et al. synthesized nickel nitride by 

ammonolysis at 480 °C for 6 hours using two different Ni precursors: NiCl2 and NiO.44 The 

ammonolysis of NiCl2 to Ni3N resulted in phase-pure Ni3N. The same treatment using a NiO 

precursor did not fully convert the oxide to the nitride, despite the fact that ammonia treated NiO 

has been reported in the past.53 This is not overly surprising, as nickel oxide is more 

thermodynamically stable than Ni3N. 
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The authors tested the stability of this material in a hydrogen atmosphere. Not 

surprisingly, Ni3N reduced completely at 250 °C in a 1/3 Ar/H2 flow, with 30 % of the lattice 

nitrogen converting to ammonia. The remaining 70 % was released as molecular nitrogen. While 

the authors did not explore different Ar/H2 gas ratios, it would be interesting to investigate 

whether gas mixture or flow rate could be altered to maximize the conversion of lattice nitrogen 

to ammonia.  

This denitridation also resulted in the formation of pores as seen in SEM images in 

Figure 2.6b, due to the release of sub-surface N2.
44 However, physisorption measurements were 

not conducted to determine the influence of the increased porosity on the material surface area. If 

the change in surface area is substantial, one could use this depletion of nitrogen from Ni3N to 

produce high surface area nickel catalysts. This suggests that nickel nitride could potentially be 

investigated as a dual purpose catalyst, in which reactive nitrogen species interact with target 

organic molecules and are further catalytically altered in the presence of the remaining porous 

nickel material.   

 

Figure 2.6 SEM images of Ni3N before denitridation at 250 °C (a) and after (b).43  
 

Molten or eutectic salts are another promising reaction media to produce nanoscale metal 

nitride materials. By definition when salt components in eutectic salt mixtures are mixed at 
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specific molar ratios, the eutectic salt has a melting point lower than the melting points of the 

individual salt components in the mixture.95 Moreover, the use of molten salts has shown to 

promote the formation of ordered structures and porous materials by acting as a template.96-98 

Shalom et al. recently reported the synthesis of a “sponge-like” Ni3N-containing material 

using a NiCl2/LiCl molten salt with a eutectic point of 600 °C.46 Dicyandiamide (DCDA), which 

is a common nitrogen source in carbon nitride synthesis,99 was introduced to the molten salt and 

thermally degraded under a nitrogen atmosphere to form the Ni3N-sponge. Transmission electron 

microscopy (TEM) images show the presence of Ni3N particles with a broad size distribution, 

encapsulated in an amorphous nitrogen/carbon matrix. The overall composite is very porous, 

with a measured surface area of ~350 m2/g.  

When pyrolysis temperatures are elevated to 700 °C and 800 °C, the C/N ratio increases 

from 1.7 to 3 and 10, respectively. The decrease in nitrogen content is a factor of the degradation 

of the Ni3N-sponges to Ni-sponges, as confirmed by XRD analysis. The SEM images in 

Figure 2.7 reveal the porous structure of the Ni3N- and Ni-sponges, with a visible increase in the 

porosity, as the pyrolysis temperature is increased from 600 °C to 800 °C.46 

This also results in a substantial increase in surface area from 350 m2/g to 580 m2/g and 

906 m2/g for 700 °C and 800 °C samples, respectively. This can be partially attributed to the 

evident increase in pore size from ~2 nm in the Ni3N-sponge to 2.3 nm to 2.5 nm in the Ni-

sponges, according to physisorption analysis. The authors rationalize this observation with the 

understanding that at temperatures above the eutectic point, molten salts disperse more 

homogeneously throughout the matrix, thereby increasing ultimate pore size.97, 100, 101 

This study also found that changing the eutectic point of the salt also changes the 

temperature at which Ni3N-sponges can form. The addition of KCl to the mixture lowered the 
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eutectic point to 500 °C, which led to a corresponding decrease in the formation temperature of 

Ni3N from 600 °C to 500 °C.46 Furthermore the additional salt content increases the pore size of 

the Ni-sponge from 2.5 nm to 3.1 nm in the Ni-sponge pyrolyzed at 800 °C. 

 

Figure 2.7 SEM images of NiCl2/LiCl/DDCA materials pyrolyzed at different temperatures.45 

 

The hydrogenation of nitrobenzene to aniline was used as a model reaction to test the 

catalytic performance of these materials. The results of the hydrogenation of nitrobenzene to 

aniline102 comparing samples prepared using different temperatures are shown in Table 2.1. It is 

important to note that this reaction had previously only occurred in the presence of catalysts, 

such as Pd or Pt.103 
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Table 2.1 Conversion from nitrobenzene to aniline.45 

Entry Sample Conversion (%) 

1 Ni3N at 600 °C 77 

2 Ni at 700 °C  55 

3 Ni at 800 °C >99 

4 Ni at 800 °C recycled 98 

 

While both Ni3N- and Ni-sponges demonstrate excellent conversion, the Ni-sponges were 

superior hydrogenation catalysts, showing good recyclability and oxidation stability. The higher 

conversion of the Ni-sponge is most likely due to the higher surface area. The authors also report 

that an increase in the pyrolysis temperature led to a decrease in the carbon and nitrogen content 

within the final product, which in turn could result in an increase of the surface nickel:carbon 

ratio. Further investigation using XPS analysis could be used to support this assumption and to 

confirm the evolution of the surface species, particularly changes in the relative amounts of 

nickel and carbon-nitrogen species. 

Although these Ni- and Ni3N-sponges are identified as large bulk-like structures by SEM, 

TEM images did reveal the presence of nanoparticles embedded within the amorphous 

nitrogen/carbon matrix. The authors, however, only report the existence of a broad particle size 

distribution in all the samples. A useful follow-up would be to correlate temperature effects on 

particle size/distribution and the ratio between nickel and the amorphous matrix.  

Most importantly, the authors demonstrated that nickel nitride can be synthesized at 

temperatures much higher than its reported degradation point.46 The eutectic salt medium 

appears to impart stability to the nickel precursor. The use of eutectic salt mixtures to synthesize 

metal nitrides is very promising, because the method does not employ hazardous chemicals and 
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is scalable. Moreover, the tunability of the molten salt medium allows for potentially superior 

control of the physical and chemical properties of the product. Nevertheless further study on this 

topic is necessary, in order to synthesize Ni3N-sponges with a controllable particle size.  

The thermal metastability of nickel nitride has been observed repeatedly in the literature. 

Because of this instability, the synthesis of nano-sized nickel nitride has been elusive. Recently, 

Clavel et al. synthesized carbon-encapsulated nickel nitride using a low temperature wet 

chemical, sol-gel type process known as the urea-glass route.45 The urea glass route involves the 

formation of metal-urea complexes, which upon thermal degradation under inert atmosphere 

form metal carbides and nitrides. 

The urea-glass route, is a simple and non-toxic method that has shown to create 

supported nickel nitride/carbide nanoparticles. The enhanced control over particle size and 

structural composition gives the urea-glass route some benefits over more traditional methods for 

synthesizing nickel nitride and other transition metal carbides and nitrides.19, 20, 29  

The thermal degradation of nickel acetate-urea-ethanol complexes in an inert atmosphere 

results in the formation of nickel nitride nanoparticles, encapsulated within a graphitic carbon 

matrix.45 The carbon matrix have two important functions: it acts as a stabilizing media, limiting 

the aggregation of nanoparticles and also eliminates the need for stabilizing ligands on the 

particle surface. Both Ni3N@C and Ni@C were produced by controlling the degradation 

temperature. As shown in Figure 2.8, nickel nitride nanoparticles of ~20 nm were formed at a 

temperature of 350 °C in a nitrogen atmosphere, whereupon Ni nanoparticles were formed at 

elevated temperature (450 °C).45 
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Figure 2.8 TEM images of nickel nitride nanoparticles synthesized at 350 °C. (left) and metallic 
nickel obtained at 450 °C (right).44  
 

The authors performed a suite of hydrogenation model reactions, in order to probe the 

selectivity of the Ni3N@C and Ni@C materials.45 While Ni@C and Ni3N@C show comparable 

hydrogenation for nitro groups (>99 %), Ni3N@C showed poor activity in hydrogenating 

cyclohexene to cyclohexane (<10 %). 

Benzonitrile was also used as a benchmark reagent to test the selectivity of Ni@C and 

Ni3N@C catalysts, due to the multitude of possible hydrogenation pathways (Figure 2.9). In the 

comparison to Ni@C, the Ni3N@C catalyst demonstrated a biselectivity in benzonitrile 

hydrogenation reactions when subjected to different reaction temperatures. At the lower 

temperature (55 °C), Ni3N@C formed dibenzylimine at a >99 % conversion, whereas Ni@C 

formed mixed dibenzylimine/dibenzylamine products. Furthermore, at higher reaction 

temperatures (150 °C), Ni3N@C had an 88 % conversion of benzonitrile to benzylamine, 

whereas Ni@C continued to fully hydrogenate benzonitrile to dibenzylamine at a 92 % 

conversion. Under neither the low nor high temperature conditions did the Ni3N@C material 
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effectively hydrogenate the benzonitrile to dibenzylamine, which gives enhanced synthetic 

control over product formation. 

 

Figure 2.9 Reaction mechanism of the formation of benzylamine, dibenzylimine, and 
dibenzylamine from benzonitrile.44  
 

In addition to having unique temperature-dependant selectivity, the Ni3N@C material 

exhibited structural robustness in the presence of pressurized hydrogen. Structural stability test 

were conducted on the Ni3N@C material at 25 bar and 75 °C. The XRD diffractogram (Cu K-

alpha source) in Figure 2.10 demonstrates that even after H2 treatment, the nickel nitride 

structure does not degrade to metallic nickel. Furthermore, an elemental analysis of the Ni3N@ 

material was conducted both after the H2 treatment and after catalytic test. Table 2.2 shows that 

the material does not lose a substantial amount of nitrogen and carbon content after the analyses, 

which is a demonstration of material robustness.  

Table 2.2 Mass% of CHN from elemental analysis of nickel nitride nanoparticles synthesized at 
350 °C after H2 treatment and catalytic tests.44 

 N % C % H % 

Ni3N 350 °C 17.5 16.5 2 

After H2 treatment 15.4 15 2.15 

After Catalysis 12.75 13.45 1.9 
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Figure 2.10 XRD of nickel nitride nanoparticles synthesized at 350 °C before and after H2 
treatment (25 bar and 75 °C). Dotted lines in the XRD diffractogram represent the reference 
peaks of cubic Ni.44 

 

This work demonstrates that the urea-glass route, which has been so successful in the 

synthesis of early transition metal carbides and nitrides, can be extended to later 3d metal 

nitrides. Adjustment of pyrolysis temperature provides additional control over product formation.  

Nevertheless, the synthesis of free-standing Ni3N nanoparticles has not been 

demonstrated with this method to date. While the carbon matrix provides a high surface area 

material, the carbon encapsulation could be limiting available active sights on the Ni3N surface. 

Chemisorption analysis could be paired with physisorption, in order to determine the amount of 

available metal surface area verses carbon surface area. This would provide valuable insight into 

the influence of the carbon support on the catalytic properties of the Ni3N@C nanostructure.  
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As discussed previously in this minireview, the careful control of pyrolysis temperature 

can introduce a metallic nickel phase into the nickel nitride structure. This suggests that the 

construction of Ni3N/Ni@C nanomaterials with a controlled amount of metallic Ni 

characteristics may be possible. If properly synthesized these mixed Ni3N/Ni@C materials could 

exhibit not only a variety of magnetic properties, but could also potentially possess tuned 

hydrogenation selectivity to specific functionalities.  

 

2.5 Nickel Nitride in Electrocatalysis 

The development of low-cost water-splitting catalysts from earth abundant materials is a 

key component for developing a more sustainable energy production portfolio. Materials with 

the capability of catalyzing the hydrogen evolution reaction (HER) are key to the efficient 

production of hydrogen. Meanwhile, the oxygen evolution (OER) and oxygen reduction (ORR) 

reactions are of particular interest in the development of energy conversion and storage devices, 

such as fuel cells and metal air batteries. Metal carbides and nitrides have been targeted as a 

potential replacement for non-earth abundant, noble metal catalysts used in these reactions.31  

 

2.5.1 Hydrogen Evolution Reaction 

Theoretical calculations indicate that metal nitrides may possess electrocatalytic 

advantages over noble metal catalysts in water-splitting reactions.7 Most notably, metal nitrides 

provide higher electrocatalytic activities than their corresponding metallic forms. This increase in 

the electrocatalytic activity is attributed to higher electron density of the metal nitride surface as 

compared to pure metal, due to the presence of nitrogen. This results in an increased adsorption 

of hydrogen to the surface of the metal nitride.7, 45, 46, 104  
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Even so, while metal nitride composites such as Ni–Mo–N or Co–Mo–N have shown 

particularly high activity as electrocatalysts towards the HER,104 the most effective 

electrocatalysts still tend to be precious metals, such as Pt, Ir, and Ru.104-106 However, recent 

advances in nickel nitride electrode development are helping to further expand the portfolio of 

useful alternatives to expensive, precious metal electrocatalysts.  

Ni-foams have shown high stability in alkaline solutions and possess low overpotentials 

and high current density, enhancing the overall conversion efficiency.107, 108 Recently, Shalom et 

al. produced a Ni3N/Ni foam material with properties similar to those of Ni-foams.8 The novel 

Ni3N/Ni foams demonstrated low overpotentials (~50 mV) and good stability in alkaline media.  

The direct growth of nickel nitride on Ni-foams can be achieved by depositing a cyanuric 

acid, melamine acid, and barbituric acid (CMB) complex on the surface of a Ni-foam electrode.8 

This nitrogen-rich CMB complex has been shown in the literature to form carbon nitride 

complexes which, when combined with first row transition metal co-catalysts, create efficient 

photocatalytic hydrogen producing materials.109 The authors studied the thermal degradation of 

this CMB complex on the Ni-foam surface under a nitrogen atmosphere. At 475 °C, the CMB 

complex degraded to an amorphous carbon-nitride structure, while temperatures between 520 °C 

and 550 °C pushed product formation to nickel nitride. Further heating of the composite material 

led to the degradation of the nickel nitride surface layer through loss of nitrogen.  

The surface composition chemistry of the Ni/Ni3N foams was investigated with X-ray 

photoelectron spectroscopy (XPS). Analysis of the N 1s high resolution spectrum (Figure 2.11) 

showed that after the heat treatment under nitrogen, nitrogen is present as nickel nitride 

(398.1 eV) and carbon-nitrogen moieties (398.9 and 399.6 eV) in nitrogen-doped carbon matrix.       
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Potential cycling of the Ni/Ni3N material in alkaline solution resulted in evolution of 

Ni(OH)2 species on its surface. After 500 cycles, the high resolution Ni 2p XPS spectrum 

(Figure 2.11) confirms the formation of stable Ni(OH)2 on the Ni/Ni3N material surface.23, 110 

This cycling procedure also removed residual carbon species from the surface. While XPS 

reveals extensive surface nickel oxidation, XRD characterization shows that the bulk character 

remains nickel nitride.8  

In the alkaline HER, the modified Ni3N/Ni(OH)2 exhibited a 5-fold increase in the 

electrochemically active surface area as compared to the Ni-foam. The authors hypothesize that 

this is due to the growth of the hydrous nickel layer on the nitride surface. The presence of a 

nickel hydroxide layer facilitates the dissociation of water, whereupon protons migrate to the 

electron rich nickel nitride surface for reduction.23 

 

 

Figure 2.11 a) High-resolution XPS spectra of N 1s; (b) high-resolution XPS spectra of Ni 2p 
after the carbon-nitride removal (s stands for satellite).48   

(b) 



31 

 

Interestingly, when the Ni/Ni3N/Ni(OH)2 catalysts were tested in both the OER and HER, 

the material showed significantly smaller overpotentials and higher current densities in the HER, 

suggesting that the increased performance is not likely to be attributed to nitrogen-doped carbon. 

For comparison, the Ni-foams modified with carbon nitride were prepared by thermally treating 

the precursor material below the formation temperature of nickel nitride. These materials showed 

lower performance than Ni/Ni3N/Ni(OH)2 catalysts. It is important to note that temperature plays 

a very important role in the formation of nitrogen-doped carbons leading to different distribution 

of nitrogen functionalities. Therefore, it is possible that carbon-nitrogen species formed at lower 

temperatures might have a different impact on the catalytic activity than those formed at higher 

temperatures. Nevertheless, the Ni/Ni3N/Ni(OH)2 catalysts also outperformed these materials. 

After 500 oxidation scans, the Ni content in the KOH solution was measured at below 

1 ppm, indicating the electrode resists metal leaching. This was further confirmed by XRD 

analysis, which showed the Ni/Ni3N remained intact after cycling, which reaffirms the 

robustness of this material.  

 

2.5.2. Oxygen Evolution Reaction 

 While Ni3N/Ni/NiOH2 foams have shown to be effective electrocatalysts in the HER, Ni-

based electrocatalysts have suffered in the OER because of low conductivity and poor active site 

yield. In general, these materials tend to be either semiconducting or insulating, which limits 

electron transport to the electrode.111  

A theoretical study of 2-D Ni3N nanosheets, conducted Xu et al., revealed that the density 

of states (DOS) are located near the Fermi level, which implies that Ni3N is intrinsically 

metallic.48 According to the calculations, the carrier concentration and conductivity of Ni3N 
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could be further improved by imposing dimensional confinement. This planar, 2-D confirmation 

of Ni3N also offers increased contact with the electrode surface and the potential for more 

disordered structure, which can increase the number of active sites for OER.7, 111-113 

The authors synthesized the 2-D Ni3N nanosheets by first preparing Ni-nanosheet 

precursors using a previously published method.48, 114 In the synthesis, nickel acetate and 

hexamethylenetetramine were dissolved in water and undergo a hydrothermal treatment at 

120 °C for 12 hours. The Ni3N nanosheets were then prepared by heating the Ni-nanosheet 

precursor at 380 °C (10 °C/min) under a flowing ammonia atmosphere (500 sccm) for 3 hours. 

For comparison, bulk Ni3N was synthesized by ammonolysis of hexaamminenickel(II) nitrate.72 

On average, the height of the porous Ni3N nanosheet was reported to be 2.15 to 2.95 nm, 

according to TEM analysis.48 In addition, temperature-dependent resistivity measurements found 

that the Ni3N nanosheets had a 3.8 times lower resistivity than that of the bulk Ni3N, which 

agrees with the first-principle calculations. 

The authors conducted extended X-ray absorption fine structure spectroscopy (EXAFS) 

measurements at the Ni K-edge, in order to compare the local geometrical structure of Ni3N 

nanosheets and the bulk Ni3N.48 The intensity of the Ni-Ni pair decreases in the Ni3N nanosheets 

to 8.7 from 12 in the bulk Ni3N, which indicates that the nanosheets are a more disordered 

structure with vacancies resulting from the dimensional reduction.  

It is important to highlight that Ni-based catalysts have been investigated for the OER, 

some of which having a higher OER activity than the Ni3N nanosheets.115-117 These materials 

usually achieve good performance by possessing an amorphous structure or being of mixed 

metallic composition. Thus the activity of the Ni3N nanosheets could be further improved by 

doping with other elements.  
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With this in mind, the Ni3N nanosheets were grown on carbon cloth (CC).48 This hybrid, 

Ni3N nanosheet/CC nanocomposite exhibited an even higher current density (52.3 mA/cm2) at 

lower overpotentials (300 mV) than the unhybridized Ni3N nanosheets, making the material 

among the most efficient OER catalysts reported in the literature.118-125 Furthermore as shown in 

Figure 2.12, the Ni3N nanosheets/CC demonstrated a 92 % retention of current density after 

18 hours in alkaline solution, which confirms high material stability.48  

In summary, the 2-D structure of the Ni3N nanosheets ensures better contact with the electrode, 

thereby improving electron transport within the material. Moreover, the planar configuration 

contributes to the disordered structure and to the addition of OER active sights within the 

material. Finally, the implantation of earth-abundant OER electrocatalysts, such as 2-D Ni3N 

nanosheets, introduces a new regime of materials that could place current state-of-the-art 

IrO2 and RuO2 electrocatalysts.126, 127 

 

2.6 Energy Storage Devices 

Graphene, a monolayer of carbon, has long been used as an anode material for Li-ion 

batteries due to its many advantages, including high surface area, chemical tolerance, and 

electrochemical window.128, 129 Despite its high theoretical Li-storage capacity, all carbon-based 

electrodes suffer from serious drawbacks, including low initial coulombic efficiency and large 

capacity fading during cycling. 
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Figure 2.12 Chronopotentiometry of Ni3N nanosheets/CC at an overpotential of 0.4 V. Inset: 
Nyquist plots of Ni3N nanosheets/CC. Note: All the measurements were performed in O2 
saturated 1 M KOH solution.47 
 

While metal oxide-graphene composites have demonstrated high capacitance and longer 

cycling lifetime than pure graphene,130, 131 these materials possess a very high discharge voltage. 

This leads to irreversible reduction of the cell and a decrease in energy density. For this reason, 

nanostructured transition metal nitrides and nitrides on graphene supports, which demonstrate 

lower conversion potential and better overall cell stability, have been recently investigated.12  

 

2.6.1 Conversion Reactions with Lithium 

The first reported study of the reaction mechanism between nickel nitride and lithium 

was conducted in 2004 by Wang et al.36 This work had a tremendous influence on the application 

of the nickel nitride electrode in battery technology, setting the stage for multiple research 

reports in this area. In this first report, nickel nitride thin-film electrodes were synthesized using 
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reactive pulsed laser ablation on metallic nickel targets in the presence of reactive nitrogen. 

Nitrogen was activated by applying a DC bias on copper plates positioned between the target and 

the substrate.  

The authors studied the thin film material with XPS, in order to characterize the surface 

conversion of metallic nickel to nickel nitride.36 This study represents the first known XPS 

analysis of nickel nitride. The authors acquired high resolution spectra of both Ni 2p and N 1s 

and draw conclusions on the chemical composition from the binding energy positions for the 

peak maxima, without curve-fitting spectra. The N 1s peak maximum was observed at 397 eV, 

which the authors assigned to be predominantly nitride, due to similarity in peak position for 

N 1s in Fe3N.132 Moreover, the Ni 2p3/2 peak maximum is observed at binding energies close to 

those reported for Ni3P, which the authors believed to further support their hypothesis.133 The 

Ni:N ratio was also estimated to be 3.1:1 by integrating the peak areas of the entire Ni 2p and 

N 1s spectra, respectively. However, without comprehensive fitting of the spectra, which is 

extremely difficult to do for nickel spectra without appropriate standards, the presence of 

oxidized nickel species on the surface of the material was not taken into the account. In other 

words, it is unlikely that 100 % of the surface nickel is chemically associated with nitrogen in the 

form of nitride. Instead, while the overall Ni:N ratio is 3.1:1, nickel content could be distributed 

between nitride, oxide, hydroxide, oxyhydroxide species, etc.  

XPS analysis of the lithiated nickel nitride electrode demonstrated the formation of 

additional species, such as metallic nickel and Ni3+, which could be either nickel oxyhydroxide 

species or a higher valency nickel nitride (NiN). Regardless, the reaction of nickel nitride with 

lithium leads to an irreversible phase conversion of the nickel nitride electrode to metallic nickel, 

as confirmed by XRD analysis.36 This conversion was also reportedly visible, as the decrease in 
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the specific capacitance from the 1st to the 2nd cycle is accompanied by a color change in the 

material.  

Based on their results, the authors proposed the following electrochemical reaction 

between Ni3N and Li (1), and the following reversible reduction-oxidation reaction (2): 

Ni3N + 3δi → 3Ni + δi3N  (1) 

NiN + 2Ni + 3δi ↔ 3Ni + δi3N (2) 

These equations are two potential reaction mechanisms between nickel nitride and 

lithium, which have served as a blueprint in understanding the lithiation mechanism of nickel 

nitride.36 However, the authors could not clearly discern the role of metallic nickel in the reaction 

mechanisms. In one reaction, metallic nickel is nitrided and reduced in the lithium 

electrochemical reaction, and another reaction of nickel seems to act as an active spectator to 

drive the formation and decomposition of Li3N. 

 

2.6.2 Ni3N as Negative Electrode in Lithium-ion Batteries 

In order to further probe the electrochemical relationship between nickel nitride and 

lithium, Gillot et al. prepared nickel nitride using three different synthetic routes and 

electrochemically tested the materials against lithium.11 The authors investigated the products 

formed from the thermal treatment of nitrogen-rich nickel salts under a flow of ammonia. This 

bulk form of nickel nitride was obtained from a commercially available hexaamminenickel(II) 

bromide (Ni(NH3)6Br2) at 500 sccm of ammonia flow at 420 °C for 15 hours.  

The particle size of the bulk nickel nitride was approximately 10 m, with a porous surface 

structure revealed by SEM.11 The large pores are believed to form during the thermal 

decomposition of the precursor, due to the loss of bromine and ammonia.  
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For comparison, the authors also nitrided preformed 50 nm metallic Ni nanoparticles in a 

similar thermal ammonolysis reaction. XRD analysis (Cu K-alpha source) in Figure 2.13 shows 

the conversion of Ni nanoparticles to nickel nitride as a function of time of ammonia heat 

treatment at 260 °C.11 An ammonolysis duration of 130 hours was required to convert nickel to 

bulk nickel nitride. In addition, the heat treatment at 260 °C led to particle size growth from 

approximately 50 nm nickel particles to 1-3 m sized nickel nitride particles. This further 

reinforces the challenges in converting a stable metallic nickel to metastable nickel nitride.  

For a final comparison, the authors experimented with the thermal decomposition of 

nickel amide to nickel nitride. This synthesis involved the use of hazardous chemicals, including 

potassium amide and liquid ammonia. In addition to the hazards, the authors also reported low 

yields of nickel nitride, due to contaminants, residual nickel amide precursor, or full reduction of 

the product to metallic nickel. This synthetic route proved to be extremely temperature and time 

sensitive. Only with a decomposition temperature of 130 °C at a reaction time of about 70 hours 

was phase pure nickel nitride observed with XRD.11 Despite these procedural drawbacks, this 

synthetic procedure produced the smallest nickel nitride nanoparticles, with sizes of 

approximately 50 nm in diameter as observed by TEM.  

The three nickel nitride materials were electrochemically tested against lithium as a 

potential negative electrode material for lithium ion batteries. Not surprisingly, the nickel nitride 

nanoparticles prepared with the nickel amide route exhibited the best overall capacity 

(1200 mAhg-1). This enhanced activity appears to be surface area related, as the nickel nitride 

materials from the two other synthetic routes had much larger particle sizes. However, the 

specific capacity quickly declined with increasing number of cycles.  
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Figure 2.13 XRD patterns corresponding to samples prepared through treatment of nickel 
nanoparticles under ammonia at 260 °C.33 

 

In order to maintain capacitance, the best performing nickel nitride material was further 

improved by casting the nanoparticles on a copper foil electrode. This was done by casting a 

slurry of sample, carbon black, and binder onto the foil by doctor blading. As seen in 

Figure 2.14, the cast electrodes showed a fairly stable capacity at 500 mAhg-1 after 10 cycles at 

high intensities (1 Li per 5 hours and 1 Li per hour).11 

The casted nitride electrodes outperformed uncasted nickel nitride nanoparticles, which 

showed poor reversibility and large capacity fading after the first reduction. More importantly, 

these results clearly show the necessity to stabilize nickel nitride on a support material. Further 

studies are required to understand the interactions between nickel and the support material, in 

order to optimize the performance of this nanocomposite in energy storage devices. 
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Figure 2.14 Capacity vs. cycle number for the same electrodes tested in a galvanostatic mode at 
different rates.33 
 

2.6.3 Ni3N as Negative Electrode in Sodium-ion Batteries 

Sodium-based batteries have several advantages over Li-ion batteries. Sodium provides 

high voltage and similar energy density to lithium. Additionally, sodium is far more abundant 

and lower in cost than lithium.134 Although graphite is commonly used as a negative electrode 

material for Li-ion batteries, graphite cannot intercalate the sodium ion,135 which necessitates the 

development of new negative electrodes for sodium-ion batteries.  

It has been previously established that metal nitrides can intercalate lithium ions via a 

conversion reaction mechanism.11, 36 However, little work has been done to understand the 

intercalation chemistry of the sodium ion in this system.  

For the first time, Li et al. recently studied nickel nitride as a negative electrode material 

in a sodium-ion battery.10 Nickel nitride was prepared in two manners. First, nickel nitride was 

synthesized according to a previously reported procedure,72 by dissolving nickel nitrate 
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hexahydrate in water and adding a 35 % solution of NH3 slowly to the nickel nitrate solution. 

This resulted in a colour change to a bluish-violet solution, signalling the formation of the 

hexaamminenickel (II) complex. The product was dried by evaporation under flowing NH3 and 

then further dried in a dessicator over BaO for 3 weeks. Ni3N was prepared by grinding the 

nickel precursor and heating it under flowing ammonia at 335 °C for 6 hours and 200 °C for 

8 hours, respectively.  

A second Ni3N material was prepared by reacting anhydrous nickel nitrate with 

ethylenediamine (EN), creating tris(EN)nickel nitrate. The salt was isolated with vacuum drying 

and annealed under flowing ammonia at 360 °C for 4 hours and 200 °C for 40 hours, 

respectively. Ethylenediamine, a bidentating molecule, is a well known complexant in inorganic 

chemistry. According to the chelate effect, the resulting metal-ethylenediamine complex is more 

thermodynamically stable than the metal-ammonia complex.136 Therefore, the thermal 

degradation of these two nitrogen-containing complex can result in nickel nitride with very 

different material properties. 

The material prepared from the hexaamminenickel (II) precursor was composed of large 

aggregates as seen in TEM and possessed a surface area of only 2.3 m2/g, and XRD showed the 

presence of NiO contamination.10 Phase-pure Ni3N was only obtained when the product was 

dried in a dessicator flushed with ammonia. Conversely, a much smaller Ni3N particle size 

(~20 nm) was synthesized by the ammonolysis of the tris(EN)nickel nitrate precursor. This 

material also possessed a slightly higher surface area (~16 m2/g), most likely due to the smaller 

particle size. However, XRD did reveal that this material also contained a small quantity of 

metallic nickel, which could not be removed from the final product.10  
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Certainly when degrading large metal organic precursors, the formation of carbon-

nitrogen by-products is a real possibility. These by-products could lead to surface contamination 

and deactivation of the nickel nitride catalyst.  The infrared (IR) analysis on the nickel nitride 

samples (Figure 2.15) indicated the presence of organic surface contaminants in the 

tris(EN)nickel nitrate-Ni3N material, in the form of amine group absorptions at 3150 cm-1 

( (NH)) and 1599 cm -1 ( (NH2)).
137, 138 These absorptions can be attributed to residual 

derivatives of ethylenediamine from the thermal degradation of the precursor. 

Both Ni3N materials were tested for their reduction-oxidation behavior vs. sodium foil 

using 1 M NaPF6 in ethylene carbonate-diethyl carbonate (1:1) electrolyte.139 The first reduction 

cycle showed an initial capacity of 120 mAhg-1 in the hexaammine nickel nitrate-derived Ni3N 

and 465 mAhg-1 in the tris(EN)nickel nitrate - derived Ni3N material. In both cases, the capacity 

fell significantly in the first 5 cycles and stabilized after 30 cycles. The tris(EN)nickel nitrate - 

derived Ni3N material possessed the higher specific capacity, which highlights the pivotal role 

that particle size plays in determining specific capacity.  

 

Figure 2.15 IR Spectrum of Ni3N derived from ammonolysis of [Ni(EN)3]∙ 2 NO3.
35 
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The specific capacity of Ni3N after 20 cycles (134 mAhg-1) exceeds the capacity of 

carbon black with comparable charge and discharge over a similar potential range.10 With further 

reduction in nickel nitride particle size, performance of Ni3N as a negative electrode in sodium-

ion batteries can be further improved. Decreasing the particle size will lead to an increase in 

active surface and thereby an increase in the initial specific capacitance.  

However, addressing the particle size issue neither imparts stability to the nickel nitride 

electrode nor addresses the problem of the sharp decline in electrode performance. A two part 

solution is necessary, in which small nickel nitride nanoparticles increase the specific 

capacitance of the electrode and a support material protects the electrode from degradation 

during cycling. 

 

2.6.4 Ni3N on Graphene Type Supports 

In order to address these stability issues, Lai et al. recently supported nickel nitride on 

nitrogen doped reduced graphene oxide nanosheet supports (N-rGO), by annealing metal-

ethylenediamine complexes and GO composites.12 Li-storage and cycling behavior was tested for 

three materials prepared with different metals: Fe, Ni, and Co. Even with low metal loading 

(~12.5 %), the transition metal nitrides (TMN) greatly improved the Li-ion storage capacity of 

the graphene support. 

The GO nanosheets were first synthesized using a modified Hummers method.140, 141 The 

NiN/N-rGO was prepared by dissolving 200 mg of nickel nitrate in ethanol and adding 1 mL of 

EN. The solution was stirred to create the Ni-EN complex. The complexed solution was then 

added to a 100 mL solution of 2 mg/mL GO and refluxed at 100 °C for an hour at ambient 

pressure. The precipitate was dried and calcined at 850 °C for 1 hour under NH3/Ar at a flow rate 
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of 120 sccm. The product was then ground with mortar and pestle and treated with 1 M H2SO4 at 

80 °C for 12 hours, before being filtered, washed with DI H2O, and dried under vacuum. 

The GO has abundant O-containing functional groups, which are capable of adsorbing 

TMn+-EN complexes simply through electrostatic interaction. During the reflux step of the 

synthesis, some O-containing function groups in GO are replaced by –NH2 groups from the 

TMNn+-EN complex. The synthesis of the TMN/rGO complex can be visualized in the 

schematic in Figure 2.16.12 

The calcination of the TMN/rGO sample performs three important steps: the formation of 

TMN nanoparticles, reduction of GO to rGO, and doping of rGO with nitrogen from the EN 

chelates. TEM analysis confirmed the presence of 1-2 nm sized nickel nitride nanoparticles on 

the N-rGO surface.12  

 

Figure 2.16 Schematic illustration for the preparation of TMN/N-rGO.134  
 

XPS analysis showed that the nitrogen dopants from the EN chelates form covalent C-N 

bonds with the graphene layers. By fitting the C 1s high resolution spectrum from the TMN-
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rGO, the authors characterized the carbon species at 284.5 eV, 285.1 eV, and 286.0 eV to be sp2-

hybridized C, C-N bonds, and C-O bonds, respectively. The authors also confirmed the presence 

of Ni and N by conducting electron energy loss spectroscopy (EELS).12 The core-loss K-edge of 

C and N is located at 284 eV and 401 eV, while the L2.3 edge of nickel is present at 850 eV.   

The material was tested using cyclic voltammetry against a Li metal counter and a reference 

electrode. At a current density of 50 mA/g, the capacity retention of NiN/N-rGO was 

730 mAhg−1. Conversely, the reversible capacity of the FeN/N-rGO and CoN/N-rGO was only 

698 mAhg-1 and 667 mAhg-1 after 50 cycles, respectively. 

The synthetic approach used in this work yielded very small nickel nitride nanoparticles 

with increased active surface area. Moreover, the immobilization of the nanoparticles on a 

reduced graphene oxide nanosheet support imparted stability to the fragile material. The N-

doping of the rGO was found to greatly improve graphene conductivity, by further enhancing the 

separation and transportation of ions in the material, thereby leading to improved capacity and 

cyclability. In all, the system demonstrated not only high initial capacitance, but also stable 

capacitance through 50 cycles, which is a vast improvement over reports mentioned previously 

in this minireview. It is important to state that the majority of research on 3d metals in LiTMxNy 

materials has been directed towards Co3N and Fe3N.142 Ni3N still remains largely unexplored. 

Nevertheless, the excellent cyclability, low charge/discharge potentials (<1.5 V), high reversible 

capacity values of Ni/N-rGO indicate that this material could be considered a prospective anode 

material for Li-ion batteries. 

While in general graphene-supported nickel oxide catalysts have been extensively studied 

as pseudocapacitive materials,143-148 Yu et al. recently investigated nickel nitride nanostructures 

on rGOs as a potential electrode material for pseudo-supercapacitor devices.37 
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The use of nickel-based electrode materials for pseudo-supercapacitors is challenging for two 

important reasons. Firstly, pseudo-supercapacitors store energy through a change in faradic 

charge. Nickel oxides are limited to the faradic redox reaction of only Ni (II) and Ni (III). 

Therefore, the use of a lower valency Ni (I)-species, such as nickel nitride, increases the amount 

of faradic charge in the redox reaction between Ni (I) and Ni (III), thereby increasing the specific 

capacitance of the material.  

Secondly, while nickel nitride remains an attractive material for pseduocapacitive 

material development because of its two step oxidation/reduction reaction between Ni (I) and 

Ni (III), this material traditionally lacks the electron transport efficiency of nickel. In order to 

mitigate this issue, highly conductive graphene supports were employed by the authors.37 Above 

all the tested carbon supports, rGO demonstrated to be the most promising material, due to its 

two-dimensional structure and high electrical conductivity, flexibility, mechanical strength, large 

specific surface area, and light weight.149  

Graphene oxide was prepared according to the modified Hummer’s method.141 An 

amount of either aqueous or alcoholic GO was added to glycol to form a uniform brown-

coloured suspension with high stirring and ultrasonication. Nickel nitrate hexahydrate was then 

dissolved in the suspension. Following the addition of 28 wt% ammonia dehydrate, the mixture 

underwent a 10 hour solvothermal treatment at 150 °C. The product was then washed and freeze 

dried. Finally, the sample was ramped at 5 °C/min to 350 °C and annealed for 2 hour under 

20 sccm NH3 flow.  

Ni3N-rGO composites were prepared using two different solution media: ethylene glycol 

and ethanol. The particles synthesized via a solvothermal method using ethylene glycol as 

solvent showed no XRD signals corresponding to NiO or Ni(OH)2 after annealing with NH3. The 
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hexagonal closed pack phase of nickel nitride was confirmed by XRD with no peak interference 

from the rGO support, as 2-D morphology and poor crystallinity result in weak diffraction 

characteristics. TEM images of the Ni3N showed small nanoparticles approximately 10 nm in 

size. The particles were visibly anchored to the underlying rGO supports, resulting in an 

excellent homogeneity and particle distribution as seen in Figure 2.17.37  

Ni3N-rGO synthesized via a hydrothermal treatment in the presence of alcohol did not 

form phase pure nickel nitride. The nucleation and crystallization process of the nickel nitride 

occurred at a much slower rate, which resulted in the formation of thin layers of nickel hydroxide 

on the rGO support hydrate, as detected in XRD and TEM. 

Based on Raman spectroscopy analysis, the Ni3N-rGO composite material exhibited an 

increased intensity of the defect band (D-band), as compared to rGO support without particles. 

The increase in the D-band versus the graphitic band (G-band) can be attributed to the formation 

of the defects, due to nitrogen doping from the NH3 treatment.150 

The valence states of the Ni were explored with XPS. The Ni 2p3/2 showed a strong peak 

at 852.4 eV, which has been previously reported as the +1 state of Ni in the literature.36, 63 Two 

distinct nitrogen species were identified in the N 1s spectrum. The peak at 397.4 eV derived from 

N-3 in Ni3N.36, 63 The other peak at 399.3 eV was characterized as a higher valent N species, 

resulting from the nitrogen dopants in the rGO support.  
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Figure 2.17 (a) TEM and (b) HRTEM images of the Ni3N/rGO nanocomposite.36 
 

The cyclability of the Ni3N/rGO nanocomposite was tested using cyclic voltammetry 

with a Pt sheet and Ag/AgCl as counter and reference electrode, respectively. The cyclic 

voltammogram in Figure 2.18 clearly shows the reversible conversion of Ni (I) → Ni (II) → 

Ni (III).37 Even at larger scanning rates, the material maintained high specific capacitance (Cs) 

values above 750 F/g, indicating that Ni (I) likely remains intact at least toward the more bulk 

regions of the sample despite the emergence of some Ni(II) species at 856.4 eV, evident in the 

high-resolution Ni 2p XPS spectra of the post-cycled sample. 

 This increased performance was only observed with the Ni3N/rGO nanocomposite. Pure 

Ni3N demonstrated poor pseudo-capacitance performance, with Cs values of no more than 

100 F/g. This highlights the importance of the flexile conductive substrate in improving the 

specific capacitance of the composite material. Moreover, the rGO support also played a major 

role in restricting the growth and size dispersion of the Ni3N nanoparticles. As stated previously, 

a) b) 
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the nanoparticle size of Ni3N on rGO was approximately 10 nm, whereas the pure Ni3N prepared 

with rGO ranged in size from 50-200 nm.  

 

Figure 2.18 CV curve of Ni3N/rGO electrode at a scan rate of 20 mV s-1, with a Pt sheet and 
Ag/AgCl (in saturated KCl) as counter and reference electrodes, respectively, in 6 M KOH.36   
 

The smaller nanoparticle size also contributed to the performance of the pseudocapacitive 

material, as the small sized nanoparticles expose more surface to undergo faradic redox reaction. 

In addition, the volume change during faradic reaction is a significant factor for pseudocapacitive 

materials.151 However, the flexibility of the rGO substrate and the strength of the Ni3N particle 

adhesion to the substrate prevents structural breakdown.152 

The durability of the nanocomposite was tested by cycling at different current densities. 

Even after 4000 cycles, the material maintained a specific capacity of more the 70 %. Even at the 

highest current density of 100 A/g, the specific capacity was 791.7 F/g after 4000 cycles. 
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The authors also fabricated an asymmetric supercapacitor cell to evaluate the material in 

practical supercapacitor applications. The asymmetric capacitors exhibited high specific 

capacitance at high current densities (2087.5 F/g at 1 A/g and 1160.8 F/g at 100 A/g). The device 

had a high energy density of 50.5 Wh/kg at a power density of 800 W/kg and exhibited a 

capacitance retention of 80 % after 500 cycles at different current densities.37 With high specific 

capacitance and stability, the Ni3N-rGO nanocomposites can be considered a viable candidate for 

nanostructured pseudo-supercapacitor electrode materials. 

It is now clear that rGO supports impart the stability to nickel nitride catalysts, which 

traditionally lacked material robustness. In addition, it has also become apparent that rGO 

reduces the particle size significantly. It can by hypothesized that the porous nature of rGO 

provides abundant nucleation sites, whereon nickel nitride seeds can grow. Furthermore, the 

support seemingly anchors the nickel nitride particle; so that the migration of particles is limited 

and particle growth through Ostwald ripening is reduced. 

 

2.7 Conclusions 

There is a growing interest in nickel nitride as a potential earth-abundant substitute to 

precious metal catalysts in a variety of catalytic reactions employed in energy-related 

applications. Traditionally, the thermal instability of nickel nitride has limited its use in practical 

applications. However, this material is no longer merely a topic of academic study. Researchers 

have developed novel synthetic routes to synthesize nanostructured and porous nickel nitride 

materials, which possess the appropriate size and effective surface area to carry out catalytic 

reactions with meaningful efficiencies.  
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In addition, support materials have been deployed to add stability to this inherently 

unstable material. The fundamental studies conducted throughout the decades have given 

valuable insight into structure-property relationships. Knowing that nickel nitride is a poor 

conductor and inefficient electron transfer mediator, scientists have designed doped carbon 

support materials that not only impart stability, but also improve the electronic properties of 

nickel nitride. Therefore, through fundamental knowledge, the properties of nickel nitride 

nanocomposite materials can be synthetically tuned to further address specific catalytic needs.   

Indeed, rational design of nickel nitride/ support nanocomposites is surely the way to 

further improve the performance and robustness of this material. Expanding from rGO supports, 

nickel nitride catalysts could be synthesized with mesoporous supports, which could further 

improve the structural integrity of nickel nitride and enhance the influence of the carbon support 

on the material properties. For example, integration of nickel nitride into doped mesoporous 

carbon could not only create nickel nitride nanoparticles with specific size and morphology, but 

also improve the thermal stability, chemical resistivity, and mechanical strength of nickel nitride 

catalysts.  

Moreover, other support materials could be investigated, namely mesoporous silica. Both 

hard and soft-templating procedures could foster the development of supported-nickel nitride 

catalysts. A soft-templated, core-shell structure with a Ni3N particle center and a mesoporous 

silica shell has been suggested. In addition, the incorporation of nickel nitride nanoparticles into 

the mesoporous silica structure through intercalation chemistry is an area of interest.  

As demonstrated in this minireview, computational analysis can serve as a viable method 

to understand fundamental nickel nitride properties and help direct experimental design. Looking 

forward, computational efforts could be focused on comprehending the chemistry at the interface 
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of the support material and catalyst. Through this, researchers could gain a better understanding 

of how the support materials affect catalytic properties.   

This chapter outlines the advancement in nickel nitride synthesis and applications, 

summarizing current understanding of this material and providing a roadmap for future 

developments. The analysis of existing literature motivates the advancement of nanoscale 

supported and unsupported nickel nitride. However, the investigation of nickel nitride should go 

in tandem with the development of iron and cobalt carbide/nitride, as these materials do possess 

similar properties and synthetic challenges as nickel nitride.  
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CHAPTER 3 
 

DEEP EUTECTIC SOLVENT APPROACH TOWARDS NICKEL/NICKEL  

NITRIDE NANOCOMPOSITES 

A paper published in Catalysis Today, reprinted with permission from DOI: 

10.1016/j.cattod.2016.12.016 (article) Catal. Today, 2016. Copyright 2016 Elsevier B.V. 

Samuel H. Gage,1 Daniel A. Ruddy,2 Svitlana Pylypenko,1,* Ryan M Richards1,* 

 

3.1 Abstract 

Nickel nitride is an attractive material for a broad range of applications including 

catalysis. However preparations and especially those targeting nanoscale particles remain a 

major challenge. Herein, we report a wet-chemical approach to produce nickel/nickel nitride 

nanocomposites using deep eutectic solvents. A choline chloride/urea deep eutectic solvent was 

used as a reaction medium to form gels containing nickel acetate tetrahydrate. Heat treatment of 

the gel in inert atmosphere forms nanoparticles embedded within a nitrogen-doped carbon 

matrix. Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) were used to 

understand the decomposition profile of the precursors and to select pyrolysis temperatures 

located in regions of thermal stability.  
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X-ray diffraction (XRD) confirmed the presence of metallic nickel, whereas X-ray 

photoelectron spectroscopy (XPS) suggested the existence of a nickel nitride surface layer. 

According to transmission electron microscopy (TEM) analysis these mixed phase, possibly 

core-shell type nanoparticles, have very defined facets. These materials represent a unique 

opportunity to tune catalytic properties of nickel-based catalysts through control of their 

composition, surface structure, and morphology; in addition to employing potential benefits of a 

nitrogen-doped carbon support. 

 

3.2 Introduction 

Nickel-based catalysts are recognized as viable earth-abundant substitutes to expensive 

and rare noble metal catalysts.153 Nickel nitride (Ni3N) has gained particular interest due to 

unique bulk and surface properties. The presence of nitrogen in the Ni3N structure results in a 

larger amount of electron density being located at the surface of the material, causing Ni3N to be 

more electron-rich than metallic nickel (Ni).7 However, Ni3N is a metastable interstitial metal 

nitride and is reported to degrade at temperatures ranging from 287-440 °C.153 In the presence of 

reactive gases such as carbon monoxide, nitric oxide, and hydrogen, this degradation occurs at 

much lower temperatures.53, 54 The degradation of Ni3N results in the evolution of molecular 

nitrogen out of the structure, creating voids in the crystal lattice where nitrogen was previously 

present.44 Physically this corresponds to the growth of a cubic nickel phase in Ni3N, creating a 

biphasic Ni/Ni3N composite material. These Ni/Ni3N composites often display material 

properties that bridge both Ni and Ni3N. In fact, the ability to control the ratio of Ni/Ni3N 

enables the creation of catalysts with tuned physical, chemical, and electronic properties. As 

such, Ni and Ni3N nanostructures have been used as catalysts in a variety of energy related 



54 

 

applications including the hydrogen and oxygen evolution reactions,8, 48 hydrogenation 

reactions,45, 46 lithium and sodium ion batteries,10-12, 36 supercapacitors,37 dye-sensitized solar 

cells,38, 39 and microwave absorbing materials.34 

While the production of thin-film Ni3N through ion-based55-57 and deposition 

techniques60, 61, 63 is well understood, the synthesis of nanoscale Ni3N particles has historically 

been elusive. Many traditional chemical methods include high temperature decomposition of 

nickel salt precursors in the presence of supercritical ammonia,70 highly reactive azides, or 

hydrazine.69 However in recent years, derivatives of sol-gel chemistry have emerged as popular 

methods to produce nanoscale Ni3N and Ni/Ni3N catalysts. This is in part due to the ease and 

low-cost associated with synthesis and the use of green procedures that do not require hazardous 

reagents or extreme reaction conditions.153  

For example the urea-glass method, which has been demonstrated to be an effective 

synthetic method to produce a wide range of early transition metal carbides and nitrides ,20, 29 has 

recently been extended to Ni3N and Ni/Ni3N nanocomposites. The pyrolysis of an ethanolic 

solution of nickel acetate tetrahydrate and urea forms carbon-encapsulated Ni3N nanoparticles.45 

In this particular case, both a specific molar ratio of metal:urea and precise control of pyrolysis 

temperature are required to successfully form the Ni3N phase. Increasing the pyrolysis 

temperature above 350 °C introduces a Ni phase into the product and leads to growth of 

nanoparticle size. Another intriguing technique is the use of high temperature nickel-containing 

eutectic salt solutions. By carefully tuning the mixture of the eutectic salt and nickel precursor, 

along with pyrolysis temperature, both Ni3N and Ni/Ni3N “sponges” can be obtained.46 

However, the high melting point of the eutectic salt mixture necessitates pyrolysis temperatures 

above 600 °C. As a result, these Ni/Ni3N composite materials are large bulk-like structures with 



55 

 

a high porosity. Nevertheless, both techniques involve the formation of nitrogen-rich, nickel-

containing gels; whereupon precise thermal degradation form the desired Ni3N or Ni/Ni3N phase.  

Deep eutectic solvents (DES’s) are yet another promising reaction medium for metal 

nanoparticle synthesis. DES’s are a type of ionic liquid (Iδ), typically composed of quaternary 

ammonium salts and a metal salt or hydrogen bond donor. The charge delocalization between the 

halide ion and the hydrogen donor is responsible for the drop in melting point temperature.154 

Generally, DES’s form viscous liquids at temperatures below 100 °C. Due to their low cost, low 

toxicity, and biodegradability;155 DES’s have grown in popularity as green solvent systems for 

metal processing.95 εoreover, DES’s have demonstrated the ability to act as templating agents 

for porous structures156 and promoters of facetted nanoparticles.157, 158 The unifying advantage of 

the DES’s is the gel-like consistency, which can be synthesized in large scale quantities and 

processed to produce a multitude of catalytic materials.   

Herein we report the use of a DES, composed of choline chloride and urea, for the 

synthesis of facetted Ni/Ni3N nanostructures. This particular DES forms a liquid at room 

temperature when prepared at a 1:2 molar ratio of choline chloride:urea.95 By adding nickel 

acetate tetrahydrate (Ni(Ac)2) to this DES, followed by pyrolysis at 320–600 °C, we observe the 

formation of facetted Ni/Ni3N nanocomposites comprised of a bulk metallic Ni and a surface 

layer of Ni3N. These facetted nanoparticles are stabilized by a nitrogen-doped carbon matrix, 

which is formed during synthesis. The relative amount of Ni to Ni3N, along with the degree of 

nitrogen incorporation into the carbon matrix, is dependent on the pyrolysis temperature. We 

report a scalable, wet-chemical route to produce supported Ni/Ni3N nanocomposites with 

varying composition and morphology. As such the physical, chemical, and electronic properties 

of these supported nanocomposites can be tuned to target specific catalytic applications. 



56 

 

3.3  Experimental 

3.3.1 Preparation of Ni/Ni3N Nanocomposite 

A deep eutectic solvent of choline chloride and urea (molar ratio = 1:2) was first prepared 

in a 20 mL scintillation vial. The contents were stirred and heated to approximately 50 °C on a 

hot/stir plate. Once the clear viscous liquid had formed, an amount of nickel acetate tetrahydrate 

was added in order to yield a 0.5:1.0:2.0 molar ratio of Ni(Ac)2:choline chloride:urea. The deep 

eutectic solvent/nickel acetate tetrahydrate (DES/Ni(Ac)2) gels were stirred until the nickel 

acetate tetrahydrate was dispersed in the DES. 

The gels were heated at 5 °C/min to the target temperature and then held for 4 hours 

under a continuously flowing N2 atmosphere at 200 mL/min. The product after pyrolysis is a 

black solid which could be ground into a fine powder for characterization and/or catalytic 

testing. In addition, the synthesis can be easily scaled to generate large amounts of product. 

Pyrolysis temperatures, ranging from 320 °C to 600 °C, were probed in order to vary the 

properties of the resulting Ni/Ni3N nanocomposite.  

 

3.4 Characterization 

3.4.1 Thermogravimetric Analysis (TGA) and Differential Thermal Analysis (DTA) 

TGA/DTA were measured using a Setaram Setsys Evolution, simultaneous 

TGA/DTA/DSC instrument. The sample chamber was purged with nitrogen at 200 mL/min and 

heated at 5 °C/min from room temperature to 800 °C under a constant nitrogen flow of 

40 mL/min.  
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3.4.2 Brunauer-Emmett-Teller (BET) Surface Area Analysis 

Specific surface area and nitrogen adsorption-desorption were determined using an 

ASAP 2020 surface area and porosity analyzer (Micromeritics) via the Brunauer-Emmett-Teller 

(BET) method. A gaseous mixture of nitrogen and helium was allowed to flow through the 

analyzer at a constant rate of 30 ml/min. Nitrogen gas was used to calibrate the analyzer and also 

used as the adsorbate at liquid nitrogen temperature. The samples were thoroughly outgassed for 

2 h at 473K, prior to exposure to the adsorbent gas at 77 K.  

 

3.4.3 Transmission Electron Microscopy (TEM) 

A small amount of the nanocomposite powders were sonicated in methanol and drop-cast 

onto holey carbon supported on copper TEM grids. Bright field images were acquired at 200 kV 

using a Phillips CM 200.  

 

3.4.4 X-ray Diffraction (XRD) 

The nanocomposite powders were finely ground using a mortar and pestle. The samples 

were pressed into the cavity of a zero background XRD plate. The plate was loaded into a 

PANalytical PW3040 X-

source, with 45 kV accelerating voltage and 40 mA of current. The scanning ranged from 10 to 

150° 2θ with a step size of 0.083° and a scan speed of 3.175 s/step. 

 

3.4.5 X-ray Photoelectron Spectroscopy (XPS) 

The samples were prepared for XPS analysis by pressing the catalyst powders onto double-

sided tape on a multi-sample plate. XPS analysis was performed on a Kratos Nova spectrometer. 
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X-rays were supplied by a monochromatic Al K source operated at 300 W. High-resolution 

spectra were collected for carbon (C 1s), oxygen (O 1s), nitrogen (N 1s), and nickel (Ni 2p) at an 

analyzer pass energy of 20 eV. Data analysis was performed using CasaXPS software. A linear 

background was applied to C 1s, O 1s, and N 1s. A Shirley background was applied to the Ni 2p 

spectra. The spectra were calibrated by setting the C 1s peak maximum to 284.8 eV, which is in 

accordance with XPS studies of nickel compounds in the literature.110, 159 

 

3.5 Results 

3.5.1 Thermal Degradation on DES/Ni(Ac)2 gels 

After preparation of a 0.5:1.0:2.0 Ni(Ac)2:choline chloride:urea gel, the thermal 

properties of the DES/Ni(Ac)2 precursor were measured using TGA/DTA. Figure 3.1 shows the 

wt% loss of the gel from room temperature to 800 °C under a continuous nitrogen flow. At 

temperatures 320 °C, 425 °C, and 600 °C, plateaus in the wt% loss were observed. These 

plateaus represent phase changes occurring during the thermal degradation of the DES/Ni(Ac)2 

gel. The thermal decomposition of carbon/nitrogen-rich gels in the presence of nickel salts has 

been shown to promote the formation of surface nitride phases in bulk nickel materials.8 TGA 

data indicates that metastable species briefly form at 320 °C and 425 °C before thermally 

degrading at higher temperatures. Beginning at 600 °C phase changes no longer occur, 

suggesting the terminal formation of metallic Ni.  The phase changes at 320 °C and 425 °C are 

particularly interesting because they are within the reported range of nickel nitride formation, 

and their small window of thermal stability is also consistent with the fragile Ni3N structure. 

From this data, pyrolysis temperatures of 320 °C, 425 °C, and 600 °C were chosen for the heat 
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treatment of DES/Ni(Ac)2 gels, and the bulk and surface properties of the resulting materials 

were characterized. 

 

3.5.2 TEM and BET surface area of pyrolyzed DES/Ni(Ac)2 gels 

The bright-field TEM images in Figure 3.2 were acquired for the DES/Ni(Ac)2 gels 

pyrolyzed at 320 °C, 425 °C, and 600 °C. The pyrolysis of the carbon/nitrogen-containing 

precursor causes the nanoparticles to be embedded within a carbon matrix, which is visible in all 

three samples. The increase in temperature from 320 °C to 600 °C corresponds to a modest  

 

Figure 3.1 TGA and DTA of DES-Ni(Ac)2 from room temperature to 800 °C, analysis performed 
at 5 °C/min under continuous nitrogen flow 
 

increase in material surface area from 29 m2/g to 50 m2/g, which is likely attributed to the 

formation of higher surface area carbon networks.  
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The synthesized nanoparticles are fairly polydisperse in size, ranging from 20 nm to 

150 nm. The materials prepared at 320 °C and 425 °C form cubic and hexagonally-shaped 

nanoparticles with very defined facets. The faceting becomes somewhat diminished at 600 °C, as 

the particles become more spherical in shape. Nevertheless, our observations add to the growing 

body of evidence that DES’s can direct the formation of facetted nanostructures without the need 

for surface stabilizing surfactants. 

 

Figure 3.2 TEM images of Ni/Ni3N nanocomposites synthesized at (a) 320 °C; (b) 425 °C; and 
(c) 600 °C. 
 

3.5.3 Crystallographic Analysis of the pyrolyzed DES/Ni(Ac)2 gels 

It has been previously shown that the pyrolysis of a nitrogen-rich reaction medium has 

the ability to not only incorporate nitrogen into the formed carbon support, but also to nitride the 

surface of Ni nanoparticles.8  In other cases, the pyrolysis of nickel salts in the presence of 

nitrogen-rich precursors has even directed the formation of phase-pure nickel nitride.45, 46 
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Therefore, we predicted that the facetted nanoparticles may have a crystal structure that 

mimics either metallic Ni, Ni3N, or a composite of the two phases. In order to fully understand 

the structural composition of the pyrolyzed DES/Ni(Ac)2 gels, a reference of carbon-

encapsulated nickel nitride was synthesized according to a known procedure.45 In addition, a 

metallic nickel reference was prepared by simply pyrolyzing an ethanolic solution of Ni(Ac)2 at 

600 °C in the absence of choline chloride and urea. Figure 3.3a illustrates the stark 

crystallographic differences between face centered cubic (fcc)-metallic nickel and hexagonal 

close packed (hcp)-nickel nitride. The X-ray diffractograms of the pyrolyzed DES/Ni(Ac)2 gels 

are shown in Figure 3.3b. Clearly the crystal structure of the nanoparticles synthesized at all 

three temperature resembles metallic Ni. However, XRD is a bulk characterization technique and 

does not have the sensitivity to measure the surface properties of these materials. 

 

3.5.4 XPS of pyrolyzed DES/Ni(Ac)2 gels 

Because the nanoparticles are not stabilized with surface ligands, XPS is an excellent 

technique to measure the surface properties of the carbon supported nickel-containing 

nanostructures. XPS has been used in previous reports to study the electronic differences 

between Ni and Ni3N.8, 36  Since the nickel in Ni3N is a rare (+1) state, the nickel species are 

more electron deficient than metallic Ni. Thus the metallic nickel peak in the Ni 2p spectra of 

Ni3N is shifted to a slightly higher binding energy position than the metallic nickel peak of Ni.  

The pyrolyzed DES/Ni(Ac)2 samples were compared to several reference materials: 

metallic nickel, nickel nitride, nickel hydroxide (Ni(OH)2), and nickel oxide (NiO). The relative 

atomic concentration (at%) of the carbon, oxygen, nickel, and nitrogen species were quantified 

for all the pyrolyzed DES/Ni(Ac)2 samples and listed in Table 3.1. At the increased pyrolysis 
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temperatures, both nickel and oxygen content are significantly less than the nickel and oxygen 

content of the sample prepared at 320 °C. However, the carbon and nitrogen content remains 

relatively the same amongst the three samples. This suggests that the nitrogen is incorporated 

into the carbon matrix and does not evolve out of the material with increasing pyrolysis 

temperature.  

 

Figure 3.3 (a) XRD of reference Ni3N and Ni;  (b) XRD of DES-Ni(Ac)2 pyrolyzed at 320 °C, 
425 °C, and 600 °C. 

 

Table 3.1 XPS Elemental Composition in Atomic Percent (at%) 

Sample C 1s O 1s Ni 2p N 1s 

DES/Ni(Ac)2-320 °C 70.6 9.8 9.1 10.7 

DES/Ni(Ac)2-425 °C 78.4 5.7 4.8 11.4 

DES/Ni(Ac)2-600 °C 76.8 6.2 6.1 11.2 

 

The N 1s high resolution spectra of the nanocomposites are shown in Figure 3.4. The 

broadness of the spectra immediately indicates that the carbon-supported nanocomposites 

contain a variety of nitrogen moieties.160, 161 Typically the N 1s spectra of nitrogen-doped 

b a 
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carbons are fit with three main components attributed to pyridinic, pyrrolic, and graphitic 

nitrogens.162 However, the large binding energy window observed in the spectra and the 

complexity of the pyrolyzed Ni-containing nanocomposites merited a larger number of peaks 

used in fitting of the spectra, in order to determine the nature of the nitrogen species in the 

samples. In accordance with reported XPS analysis of similar complex nitrogen-doped carbon 

system,163 seven components (constrained to fwhm = 1.0 eV ) were used. Average binding 

energies are reported along with quantified relative at% and possible assignments (Table 3.2).   

 

Figure 3.4 N 1s spectra of Ni/Ni3N nanocomposites pyrolyzed at (a) 320 °C; (b) 425 °C; (c) 
600 °C. 
 

Table 3.2 Quantification of High-Resolution N 1s Spectra of the pyrolyzed DES/Ni(Ac)2 series 

ID 

Pyridinic, 

Imine, 

Nitride 

Pyridinic 
Pyrrolic, 

Amine 

Pyrrolic, 

Amine 

Pyrrolic, 

Graphitic 
Graphitic Graphitic 

Avg. BE (eV) 398.0 398.7 399.5 400.4 401.1 401.9 402.8 

 Realitive Amounts (%) 

DES/Ni(Ac)2-
320 °C 

15.1 25.5 18.9 20.3 14.9 3.4 1.9 

DES/Ni(Ac)2-
425 °C 

15.1 30.3 16.2 15.2 15.7 5.6 2.0 

DES/Ni(Ac)2-
600 °C 

14.7 29.6 16.2 15.0 15.5 6.0 3.1 

 



64 

 

Low binding energy species located at 398.8 eV and 398.0 eV are typically attributed to 

pyridinic nitrogen. However, other possible contributions to the peak located at 398.0 eV are 

imine-like functional groups present in carbon164 and metal nitride species, specifically 

associated with Ni3N.8, 165 The peaks located at 399.5 eV and 400.4 eV can be assigned to both 

pyrrolic and amine species.166 In particular, the amine species originating from urea have been 

reported at 399.9 eV.167 The higher binding energy peaks located above 401.1 eV can typically 

be assigned to graphitic nitrogen.164   

When qualitatively assessing the N 1s spectra in Figure 3.4, the two regions found at 

approximately 398.5 eV and 401.0 eV are clearly more defined in the 425 °C and 600 °C 

samples than in the 320 °C sample. The values of at % listed in Table 3.2 show that this shape 

change corresponds to a respective growth in pyridinic/nitride and graphitic species and a loss in 

the pyrrolic/amine species as pyrolysis temperature increases. The decrease in at% of 

pyrrolic/amine species may specifically correspond to a conversion of the initial nitrogen 

precursors to other nitrogen species.  

In addition to providing proof that the carbon support in these nanocomposites is nitrogen 

doped, this observation also serves as evidence that the nitrogen moieties in this system can be 

tuned by adjusting pyrolysis temperature. The nitrogen functional groups that are introduced to 

the carbon support have the ability to impart beneficial properties to the supported catalyst. 

These include decreasing particle size, increasing particle dispersion, and enhancing material 

robustness through support/catalyst interactions.168, 169 

Due to the shared assignment of the nitride peak at 398.0 eV with pyridinic and imine-

like nitrogens, the N 1s spectra do not provide the best opportunity to investigate the nitride 

character in these nanocomposite materials. Rather the Ni 2p high resolution spectra were closely 
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examined, in order to identify whether the nickel species present in these samples have metallic 

or nitride character. Figure 3.5a shows a stacking of Ni 2p3/2 spectra of references of metallic 

nickel, nickel nitride, nickel hydroxide, and nickel oxide; compared to the Ni 2p3/2 spectra of 

DES/Ni(Ac)2 gels pyrolyzed at 320 °C, 425 °C, and 600 °C. The XPS analysis clearly shows that 

the main surface species of the DES/Ni(Ac)2 is Ni(OH)2. This corresponds to the main peak 

located at 855.5 eV. The line drawn in Figure 3.5a is located at 852.2 eV, which is the peak 

maximum of the metallic nickel species in the metallic nickel reference. Because Ni3N is more 

electron deficient than metallic nickel, a slight shift to higher binding energy is expected in the 

metallic nickel peak of the Ni3N reference in comparison to the metallic nickel reference.36 

Indeed, we observe a 0.3-0.4 eV shift to higher binding energy in both the Ni3N reference and all 

pyrolyzed DES/Ni(Ac)2 gels. This shift of the metallic nickel peak in the Ni 2p3/2 spectra 

suggests that a Ni-N bond is formed, and the surfaces of the pyrolyzed DES/Ni(Ac)2 materials 

are Ni3N rather than pure metallic nickel,39 thereby confirming the hypothesis that the facetted 

nanoparticles are indeed Ni/Ni3N nanocomposites embedded within a nitrogen-doped carbon 

matrix. Furthermore the nitride shoulder is most pronounced in the 425 °C sample, indicating 

that this pyrolysis temperature may yield a higher concentration of surface nitridation than the 

320 °C and 600 °C samples. 

The nitride shoulder in the 600 °C sample is less pronounced because of a broadening of 

the spectra at approximately 854.7 eV. This peak broadening lines up with the peak maximum of 

the NiO reference in Figure 3.5a. The growth of NiO causes the nitride peak in DES/Ni(Ac)2-

600 °C to be less defined as more surface nickel becomes oxidized to NiO. The stacking of the 

O 1s spectra in Figure 3.5b confirms the observation in the Ni 2p3/2 spectra. The majority of the 

samples have defined Ni(OH)2 species, located at approximately 531.1 eV. However, the 600 °C 
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sample displays significant growth of a peak at 529.5 eV, which is within the reported range for 

NiO (529.6 ±0.4 eV).110 As a result of the NiO growth, the 600 °C sample has much more 

diverse nickel surface speciation. Due to presence of various nickel species (nitride, oxide and  

    

Figure 3.5 (a) Ni 2p3/2 comparison of nickel references and the pyrolyzed DES/Ni(Ac)2 gels; (b) 
O 1s comparison of the nickel references and the pyrolyzed DES/Ni(Ac)2 gels 
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hydroxide) on the surface of these catalysts, their catalytic reactivity and/or selectivity will be 

affected and potentially can be tuned for specific functionalities.   

 

3.6 Conclusions 

In summary, we report a scalable and green method to form Ni/Ni3N nanostructures 

embedded within a nitrogen-doped carbon matrix using deep eutectic solvents. By employing a 

combination of bulk and surface characterization techniques, we hypothesize the presence of a 

nitride layer on the surface of bulk metallic nickel nanoparticles. We demonstrate some control 

over the end composition and morphology of these nanocomposites by varying the pyrolysis 

temperature of the gel precursor. In addition, this one-pot method is a simple pathway to not only 

form facetted nanoparticles without the use of surface ligands, but also to support those 

nanoparticles on nitrogen-doped carbon. XPS analysis clearly shows an assortment of nitrogen 

moieties in the carbon support, whose presence may affect the nucleation and growth of the 

supported particles as well as provide beneficial support/catalyst interactions. An increase of the 

pyrolysis temperature resulted in supported nanocomposites with varying relative amounts of 

pyridinic, pyrrolic/amine, and graphitic nitrogen species. Furthermore, XPS analysis indicated 

that the oxidation profile of nickel changes as a functioning of pyrolysis temperature. An 

increase from 320 °C to 600 °C introduces a nickel oxide phase to the surface hydroxide and 

nitride phases. Thus by emphasizing certain nitrogen and nickel species in the supported Ni/Ni3N 

nanocomposites, one can design highly selective catalysts that target specific processes or 

applications.  

Due to the simplicity of this method, it can easily be extended to a variety of different 

nickel salt precursors. For example, nitrogen-containing nickel salts, which have been used in 
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other syntheses for Ni3N,11, 12, 37 could create phase-pure Ni3N or Ni/Ni3N nanostructures with a 

greater amount of bulk Ni3N properties. The use of nitrogen-containing molecules and chelates, 

such as ammonia or ethylenediamine, with deep eutectic templates may be implemented to create 

facile Ni3N catalysts with different nitrogen moieties within the carbon matrix. More broadly, 

DES’s could serve as a low cost reaction medium for industrial scale synthesis of a multitude of 

highly specialized, facile metal and mixed metal nitride catalysts. 

 

3.7 Author Information 

Corresponding authors: 

E-mail addresses: spylypen@mines.edu (S. Pylypenko), rrichard@mines.edu (R. M. Richards). 

 

3.8 Acknowledgements 

The authors would like to thank the Colorado School of Mines, the NSFCHE-MSN grant 

1508728 and REMRSEC,NSF DMR-0820518 for financial support. The authors also 

acknowledge facilities at Colorado School of Mines and National Renewable Energy Laboratory. 

  



69 

 

CHAPTER 4 
 

STRONG METAL-SUPPORT INTERACTIONS OF TIN- AND TIO2-NICKEL  

NANOCOMPOSITE CATALYSTS 
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4.1 Abstract 

This study investigates the electronic configuration of titanium nitride-nickel (TiN-Ni) 

nanocomposites, in order to explain the high stability and activity of this hydrogenolysis catalyst. 

TiN-Ni is compared to a titanium oxide-nickel reference (TiO2-Ni). Strong metal-support 

interactions are observed between the TiN and Ni. Scanning transmission electron microscopy 

(STEM) and energy-dispersive X-ray spectroscopy (EDS) illustrate that the Ni distributes more 

homogeneously on the nitride support. Computational comparison of TiN-Ni and TiO2-Ni 

provides evidence of preferential Ni adsorption onto nitrogen sites of the nitride support.  
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DFT calculations also predict a charge polarization between Ti and Ni atoms. X-ray 

photoelectron spectroscopy (XPS) corroborates computational analysis by revealing a 

suppression of surface nitride species upon deposition of Ni onto TiN. Shifts in Ti 2p and Ni 2p 

binding energy positions are also evident, which indicate an electronic perturbation between TiN 

and Ni. We conclude that the presence of nitrogen in the nitride support influences the electronic 

and structural properties of TiN-Ni and is partly responsible for the beneficial catalytic properties 

reported for this nanocomposite. 

 

4.2 Introduction 

The electronic modification of supported metal catalysts is an ever-growing approach to 

design catalysts with specific functionalities, related to their activity, selectivity and stability. We 

recently reported a titanium nitride-supported nickel (TiN-Ni) nanocomposite catalyst, which 

exhibited high activity in the hydrogenolysis of model aryl ether compounds, as well as Kraft 

lignin.6, 170 This catalyst was compared to nickel supported on TiO2 (TiO2-Ni), which is a known 

hydrogenation catalyst.171-174 Although the TiN-Ni and TiO2-Ni nanocomposites were prepared 

using similar methods, TiN-Ni had higher Ni dispersion, superior activity and lower tendency to 

deactivate during lignin hydrogenolysis.170 We hypothesize that the enhanced catalytic 

performance of the TiN-Ni nanocomposite originates from a unique electronic interaction 

between TiN support and Ni catalyst.    

Electronic interactions between supports and supported metals have been reported in a 

large variety of catalytic systems, and interest in understanding these interactions has grown 

considerably in recent years. It has been found that catalytic properties of heterogeneous 

materials can be tuned by electronic modification of an existing support168 or by employing 



71 

 

different support materials.175 These electronic perturbations between supports and metals can be 

predicted by computational modeling176 and characterized by methods such as X-ray 

photoelectron spectroscopy (XPS).177 Using these techniques, shifts in electron binding energy 

provide evidence of charge transfer between the elements of nanocomposite catalysts.  

TiO2 has been a widely studied support material, due in part to its ability to influence the 

electronic character of supported noble metal catalysts (e.g., Pt and Ru).167, 175, 178-182 In these 

cases, a shift of electron density occurs from the supported metal to the TiO2 support, causing a 

partial reduction of the support and partial oxidation of the supported noble metal. Similar metal-

support interactions between Ni and TiO2 have also been reported. These studies largely 

investigated changes in Ni/TiO2 surface properties both in photocatalysis183 and in the presence 

of chemisorbed gases.184-187 The increase of lower valent Ti(III) species in TiOx supports has 

been shown to alter the H2 chemisorption properties of supported Ni, creating more active Ni 

sites.188, 189 We hypothesize that the presence of Ti(III) in TiN may also facilitate strong metal-

support interactions in the TiN-Ni nanocomposite which could be responsible for its unique 

material and catalytic properties.   

Metal carbides and nitrides have increasingly been employed as support materials for 

metal catalysts.7, 20, 190-193 Extensive studies, utilizing metal carbide supports for gold 

nanoparticles, have demonstrated that the carbide character of the support influences the 

electronic and chemical properties of the gold.194 Specifically, TiC has shown to exhibit a strong 

interaction with supported Au clusters and nanoparticles. In these cases, a charge transfer 

resulting in a polarization of the supported metal is observed, which imparts unique properties to 

the Au/TiC nanocomposite.195 Namely, strong Au-TiC interactions enhance dissociation of O2 

for CO oxidation purposes.196 
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Conversely, TiN has been less studied as a support for metal catalysts. To date there have 

been several reports of electrochemical deposition of metals on TiN films and substrates, 

including Pt,197, 198 Ag,199 Cu,200, 201 and Zn.167 However, these studies comment little on the 

electronic interactions between support and catalyst. Wet-chemical routes for the synthesis of 

metal catalysts on TiN supports are even less developed, but there is increasing evidence that 

wet-chemically prepared metal/TiN nanocomposites have unique electronic properties which 

lead to greater catalytic activity and/or selectivity.202 

Herein, we report a thorough electronic and structural comparison of TiN-Ni and TiO2-Ni 

using a variety of techniques, including computational studies, XPS, scanning transmission 

electron microscopy (STEM), energy-dispersive X-ray spectroscopy (EDS) elemental mapping, 

and X-ray diffraction (XRD). We provide evidence of strong metal-support interactions between 

Ni and TiN, by which electron density is transferred from the Ni to the TiN. This electronic 

effect imparts the beneficial material properties that make TiN-Ni nanocomposites highly active 

hydrogenolysis catalysts.   

 

4.3 Experimental 

4.3.1 Synthesis of TiN-Ni and TiO2-Ni Nanocomposites 

The synthesis of TiN-Ni and TiO2-Ni using the urea route was previously disclosed.6, 29, 

170 A typical synthesis begins with the formation of a gel-like titanium chloroethoxide-urea 

precursor (Ti-urea gel), which upon thermal degradation under nitrogen atmosphere forms the 

TiN product and under air forms the TiO2 product. Following the formation of TiN and TiO2, the 

support is impregnated with an ethanolic solution of nickel acetate tetrahydrate. The drying and 

pyrolysis of the powder yields the desired TiN-Ni and TiO2-Ni nanocomposites. In this study, Ni 
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loadings of 1, 10, and 20 wt % were investigated. As Ni loading increase, the Ni particles grow 

differently on respective nitride and oxide supports. This results in significant differences in 

particle size. While previous XRD studies indicate the particles to be the metallic nickel phase,6, 

170 close examination using XPS shows that nickel surface chemistry is much more diverse. As 

will be discussed hereafter in this work, particles size strongly influences the amount of nickel 

oxide character in TiN-Ni and TiO2-Ni nanocomposites. 

 

4.3.2 Characterization Techniques and Parameters 

All chemical systems were studied by ab-initio calculations using density functional 

theory (DFT) with the CRYSTAL14 package.203, 204 A global hybrid (B3LYP) functional was 

adopted with an all-electron double and triple ζ quality basis set (Table 4.S3). All basis sets were 

derived from previous work and have been readapted optimizing the exponent of external 

Gaussians.205-207 Further computational details are provided in the SI. 

Mulliken Populations analysis, electron charge density (and in sequence the spin density, 

for unrestricted wave functions) has been derived from calculations. Bi-dimensional maps 

(density and differential density) have been plotted in a selected geometrical plane perpendicular 

to the surface. Differential volume densities were performed in a dense grid of points to elucidate 

the charge transferring phenomena between the metal and their relative supports.  

For TEM analysis a small amount of each composite material was sonicated in methanol 

and drop-cast onto holey carbon supported copper TEM grids. Imaging and elemental analysis of 

the nanocomposites were performed on an FEI Talos F200X TEM with chemiSTEM EDS 

detector, operated at 200 kV with emission current of 221 A, extraction voltage of 3800 V, spot 

size 6, and C2 aperture of 70 microns. EDS Hypermaps (where spectra are taken for each pixel) 
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were obtained over 2- 12 minutes at 1054 x 1054 pixel resolution, and presented without 

smoothing after 3-count averaging (9 pixels or 1 pixel with its neighbors) to show counts of each 

elemental signal chosen. Quantification and background correction of the EDS measurements 

were produced via Cliff-Lorimer methods and all data collection/processing was done via Bruker 

ESPRIT 1.9 software.   

Samples were prepared for XPS analysis by pressing the catalyst powders onto non-

conductive double-sided tape and arranging them on a multi-sample plate, which was 

subsequently loaded into a Kratos Nova XPS instrument. X-rays were supplied by a 

monochromatic Al K source operated at 300 W. High-resolution spectra were collected for 

carbon (C 1s), oxygen (O 1s), nitrogen (N 1s), chlorine (Cl 2p), titanium (Ti 2p), and nickel (Ni 

2p3/2) at an analyzer pass energy of 20 eV, while providing charge neutralization. Data analysis 

was performed using CasaXPS software. A linear background was applied to C 1s, O 1s, N 1s, 

and Cl 2p spectra, and a Shirley background was applied to Ti 2p and Ni 2p3/2 spectra. The 

spectra were calibrated by setting the Ni 2p3/2 peak maximum to 855.7 eV, which is within the 

reported binding energy position for nickel hydroxide (Ni(OH)2).
110 

 

4.4 Physical Properties of TiN-Ni and TiO2-Ni Nanocomposites 

4.4.1 Structural Characterization of TiN-Ni 

The synthesis of TiN nanoparticles involves the formation of a titanium dioxide (anatase) 

phase at low temperatures, due to the initial reaction of Ti with oxygen from the ethoxide groups 

in the Ti-urea gel. Small anatase nuclei are detected by the broad XRD signals at 300 – 500 °C 

(Figure 4.1). As temperature increases beyond this point, TEM shows that the nuclei grow in size 

(Figure 4.1). The amorphous organic matter decreases in mass at higher temperatures 
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(Figure 4.S1 and Table 4.S1), producing a titanium dioxide structure at 500 °C. Titanium dioxide 

is then converted into TiN at temperatures above 600 °C. Performing the reaction under nitrogen 

at 800 °C leads to TiN particles with better dispersion and higher surface areas.  

In order to understand the role of urea, we also performed the pyrolysis of titanium 

chloroethoxide in an inert nitrogen atmosphere in the absence of urea. This experiment yielded a 

predominantly rutile phase material (Figure 4.1), suggesting that urea is necessary as a nitrogen-

donor to convert titanium dioxide to nitride. Moreover, a highly aggregated system was observed 

in the absence of urea, pointing to a potential contribution of urea as a size control/templating 

agent.208 While the pyrolysis of Ti-urea gel is a convenient way to produce nanosystems of TiN, 

it is important to note that the final system contains structural defects.170, 209 

 

Figure 4.1. (a) XRD of TiN samples prepared at a range of temperatures with and without urea. 
*μ TiNν •μ TiO2 (anatase)ν †μ TiO2 (rutile). TEM images of TiN samples prepared at (b) 600 ºC, 
(c) 700 ºC, and (d) 800 ºC 
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4.4.2 Structural Characterization of TiO2-Ni 

The observed temperature profile suggests the possibility of controlling synthesis towards 

the formation of TiO2, by means of calcinations rather than pyrolysis under nitrogen. For this 

reason, we designed a urea-route synthesis to obtain titanium dioxide with similar physical 

characteristics to TiN (Table 4.S2). The powders obtained from calcining Ti-urea gel showed 

that organic species derived from urea degradation are present up to 400 °C, yielding an orange-

brown color (Figure 4.S2). Due to the lower combustion temperature of organic matter, particles 

of titanium dioxide are already visible at low temperature and are free from organic matter at 

500 °C (Table 4.S2). At temperatures above 500 °C, the particles sinter to form larger aggregates 

in the micrometer range. Anatase (kinetically favored) is the main allotrope of TiO2 obtainable 

through the urea-route, whereas rutile (thermodynamically favored) can be obtained as a minor 

component at low temperature (300 °C) or high temperatures (> 600 °C).  We chose TiO2 

prepared at 500 °C as the candidate for comparison to TiN prepared at 800 °C, due to similar 

physical properties (Table 4.S2). 

 

4.4.3 Microscopy and EDS Mapping 

The elemental content and different distributions of Ni on TiN-Ni and TiO2-Ni were 

analyzed by EDS at Ni loadings of 1, 10, and 20 wt % (Figures 4.2 and 4.S3). High-angle 

annular dark field (HAADF) STEM images and accompanying elemental maps show that Ni is 

distributed across the entire support, with areas of higher signal at higher loading (Figure 4.S3). 

Quantification of different areas within each sample provides further insight into the elemental 

distributions (Table 4.1). Exact quantification of the dispersions for such heterogeneous 

materials is largely dependent on resolving individual particles and on the magnification; the 
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quantification here is to demonstrate heterogeneity of larger areas at moderate sample 

magnification. The differences in Ni content between the nitride and oxide supports are evident 

from overlays of the Ti and Ni EDS maps (Figure 4.2), where Ni supported on TiO2 shows 

higher tendency to form agglomerates. At 1 wt% loading, Ni appears homogeneous across both 

support materials. However, there is a much finer dispersion across the TiN support, suggesting 

that Ni is present in atomic form and incorporated into the support structure. Previously reported 

XRD analysis supports this observation, showing incorporation of Ni into the support (via 

doping of TiN) as evidenced by peak shifts to higher angles.170  

 

Figure 4.2 Representative EDS elemental maps showing the distribution of Ti (blue) and Ni (red) 
for TiN and TiO2 with nickel loadings of 1 %, 10 %, and 20 %, with boxes indicating areas 
quantified in Table 4.3. Within each sample, areas with low Ni signal have similar Ni wt %, 
while areas with larger agglomerates of nanoparticles show higher Ni wt%. 
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Table 4.1 Normalized weight percentages of Ti, N, Ni, and O quantified by EDS analysis of TiN-
Ni and TiO2-Ni 

 
 

TiN-Ni 

Normalized wt% 

TiO2-Ni 

Normalized wt% 

 Box Ti N Ni O Ti N Ni O 

1 % 

1 74.3 19.8 0.6 5.4 68.1 0.0 0.8 31.1 

2 72.6 19.0 0.9 7.5 71.8 0.0 0.9 27.4 

3 77.3 17.2 0.7 4.8 73.8 0.0 0.9 25.4 

4 73.9 18.0 0.7 7.5 72.1 0.0 0.7 27.1 

          

10 % 

1 63.5 19.7 5.5 11.4 62.0 0.0 10.2 27.8 

2 65.8 16.2 7.4 10.6 59.4 0.0 10.8 29.8 

3 50.5 7.7 29.5 12.3 40.7 0.0 34.9 24.4 

4 25.9 8.3 41.6 24.9 58.2 0.0 10.9 30.9 

5 46.8 8.2 27.7 17.3 13.2 0.0 72.5 14.3 

6 59.4 12.8 16.3 11.5 - - - - 

          

20 % 

1 62.4 16.6 11.9 9.1 49.4 0.0 19.7 31.0 

2 55.1 16.2 14.4 14.2 47.9 0.0 20.7 31.4 

3 58.4 16.3 12.8 12.4 42.6 0.0 24.6 32.8 

4 61.8 16.0 12.4 9.8 43.6 0.0 20.8 35.6 

5 50.6 13.7 28.3 7.4 36.7 0.0 38.8 24.5 

 

As the loading increases to 10 wt%, both samples demonstrate heterogeneous distribution 

of Ni on the length scale of several hundred nanometers. Although some areas with dominant Ti 

(blue) color appear to not contain Ni, quantification of these regions (Figure 4.2, Table 4.1) show 

approximately 6 – 8 wt% Ni on TiN (areas 1, 2) and 10 – 11 wt% Ni on TiO2 (areas 1, 2, 4). 

Analysis of other regions on the same materials shows similar results. Despite varying amounts 
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of Ni quantities, the overall distribution appears finely dispersed on TiN, while on TiO2 there are 

more areas with Ni agglomeration – particularly visible in the Ti/Ni overlays. At the higher 

loadings, Ni is increasingly heterogeneous on both supports (Figure 4.S3), though the oxide 

distinctly contains a greater number and wider size distribution of Ni agglomerates. Overall, 

these observations suggest that certain regions of each substrate may contain more Ni nucleation 

sites than others, and once these sites are exhausted, Ni starts forming agglomerates. The TiO2 

tends to induce more agglomeration of Ni, while TiN tends to promote formation of more 

distributed Ni.  

We hypothesize that the improved dispersion of Ni on TiN is due to nitrogen sites. 

Incorporation of nitrogen defects into the structure of carbon supports has been shown to 

promote nucleation and decrease catalyst nanoparticle size.168, 169 Combined with XRD from 

previous studies,170 STEM-EDS analysis suggests that some Ni may be incorporated into the 

structure of TiN, resulting in more uniform dispersions than when nanoparticles are formed on 

the surface of the support. This suggests that nitrogen sites facilitate interactions between TiN 

support and Ni. Computational studies have been performed to further probe the electronic 

relationship between TiN and Ni, and the binding environment of the Ni on the TiN support. 

 

4.5 Computational Modeling of TiN-Ni and TiO2 Ni Surface Structure 

Ab–initio DFT calculations were performed in order to analyze the different properties of 

the composites. Initially, TiN and TiO2 anatase were taken into account and the electronic 

properties of the isolated supports explored. In order to compare simulation trends to 

experimental materials, a Ni atom was adsorbed over the (100) surface of the nitride and (101) of 

the oxide. Overall, four different combinations were modeled: TiN, TiO2, TiN-Ni, and TiO2-Ni.  
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TiN (100) and TiO2 (101) have been modeled as 2-D periodic slabs using the cell parameters 

from each respective unit cell calculated in 3-D periodic bulk model (Figure 4.S4). The number 

of atomic layers in the non-periodic z-direction of the two supports is 9 and 24 layers, 

respectively, corresponding to a slab thickness of approximately 1.5 nm. Relaxations of atomic 

coordinates were performed without modifying the cell parameters estimated from the bulk 

structure optimization.  In these cases, the slabs have enough thickness that their energy of 

formation is sufficiently converged. The number of layers chosen represents a good 

approximation in terms of computational costs and energy accuracy. 

 

4.5.1 Calculated Adsorption Sites of Ni on TiN and TiO2 

Adsorption models were developed keeping the maximum number of symmetry 

operations. The Ni atom has been symmetrically placed on both sides of the support slabs 

(Figures 4.3a and 4.4a), in order to avoid spurious effects due to an artificially induced dipole. In 

both simulations the central regions of the nitride and oxide slabs have been frozen (locking the 

atomic coordinate). Only the surface atoms (4 for each side for the TiN slab and 6 for the TiO2 

slab) are allowed to relax, preserving the bulk structure in the middle of the slab supports.  

The TiN-Ni interfacial structure features two different possible sites for the nickel 

deposition: Ni positioned over the nitrogen atoms (Figure 4.3b and c), and nickel above the 

titanium atoms. The deposition of Ni on the nitrogen site is predicted to be more energetically 

favorable than Ni deposition on titanium (ΔE ~ 34.2 kcal/mol), which indicates that nitrogen 

sites may influence the binding, growth and dispersion of Ni on the nitride support. 
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Figure 4.3 Models showing (a) symmetrical placement of Ni atoms on both side of  2x2 TiN slab 
supercell, (b) Ni attached to nitrogen site (favorable position), and (c) top-down view of Ni 
interaction with TiN slab. Mulliken analysis: the interatomic distances, between the first and 
second neighbors, are reported with relatives overlap populations (small italic). The atomic 
charges and spin density (small italic) are in bold. 

 

 

Figure 4.4 Model showing (a) symmetrical placement of Ni atoms on both sides of TiO2 slab, (b) 
Ni atom positioned in the cavity between two oxygen atoms (favorable), and (c) view of TiO2-Ni 
nanocomposite, built using the favorable energetic configuration. Mulliken analysis follows an 
identical symbolism used in Figure 4.3. 
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Concerning the interaction of the Ni over anatase, a more complex scenario is evident, 

and the evaluations of preferential adsorption sites must be deduced by different geometry 

optimizations. This procedure requires the identification of non-equivalent adsorption sites as 

initial guess starting points. Each of the proposed sites is optimized, and the different binding 

positions obtained are discriminated from each other using criterion of the energy minimum (see 

Figure 4.S5).  

Another approach involves the single optimization calculation of the Ni atom placed 

about 2.5 Å over the highest surface atom of the slab in the center of the cell. The whole internal 

coordinates of the support are fixed and all symmetry operators are removed, allowing only the 

Ni atom freedom to move. In this case the optimization process explores different Ni 

configurations over the support surface, finding the minimum energy value through a conjugate 

gradient algorithm. Both methodologies inferred the same results. From the ensemble composed 

by the explored configurations the Ni positioned in the cavity between two oxygen atoms 

(Figure 4.4) is more energetically favorable. 

From the optimized geometries obtained from the previous calculation, supercell 2x2 slab 

models are built with only one Ni atom adsorbed over both sides of the surface. The models 

correspond to ¼ of the Ni concentration per surface area and produce a weaker interaction 

between the metal atoms. These supercell models are in good agreement with single cell models 

(Table 4.S8).  

Finally, a doping model is explored by replacing the Ti (cation) atoms of the surface slabs 

with Ni atoms in both TiN-Ni and TiO2-Ni systems. While this calculation predicts a positive 

insertion energy for Ni into both support types, the Ni insertion inside the TiN lattice is found to 

be more energetically favorable than the substitution in TiO2 (Table 4.S7). This provides some 
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computational explanation to the incorporation of Ni into the TiN lattice, which was 

experimentally observed in previous studies.6, 170   

 

4.5.2 Computational Modeling of Surface Interactions 

Modeling the atomic charge of Ti and Ni within these nanocomposite materials provides 

theoretical insight into the surface interactions between TiN and TiO2 supports and deposited Ni. 

A charge population analysis using a Mulliken partition method (PPAN) was performed, in order 

to highlight the redistribution of electronic charge when Ni atoms interact with each support 

(Figure 4.3 and 4.4). In Figure 4.3b and 4.4b, the PPAN charges show a slightly oxidized Ni 

state, in which formal charges are +0.10 for TiN-Ni and +0.45 for TiO2-Ni.  

The positive values of the overlap bond populations (OVB) indicate a significant shared 

electron density between the metal and both supports (0.15 for TiO2-Ni and 0.11 for TiN-Ni): 

these values correspond to an intermediate situation between a ionic (OVB≈0)210 and a covalent  

(OVB≈0.3) systems.211 Both hybridized supports exhibit magnetic behaviors localized over the 

Ni atom (Figure 4.3b and 4.4b): these spin density values, obtained through the analysis of the 

alpha-beta populations, show positive values of spin close to the unit.  

Unfortunately, the PPAN determinations are affected by the arbitrary assignment of the 

non-diagonal terms in the calculated matrices (P•S) to each atomic center, and therefore cannot 

represent a reliable model to explain this kind of phenomenon. To overcome these limitations the 

differential electronic densities have been evaluated. This parameter is expressed using the 

following equation: 

∆ρ=ρ(TiX-Ni)-ρNi                    (X=N, O2)                           (1) 
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The differential bidimensional density map (Figure 4.5c and 4.5f) shows a charge 

depletion regions in both systems. Particularly in the case of TiN-Ni, there is a normal 

orientation respect to slab surface and more remarkable extension outside the slab.  

A 3-D charge density has been computed in Gaussian cube format in a dense grid of 

points in each hybridized system. Performing an average over of xy plane the differential 

Δρ<xy> values are obtained using the above equation as z-functions. Figure 4.S6 displays the 

Δρ<xy> multiplied by the cell area. It represents the derivative of electron number along the z 

directions perpendicular to the slab surfaces. In both simulations the positions of the Ni atoms 

correspond to a negative value, with an accentuated minimum in the case of TiN-Ni. 

 

Figure 4.5 The bidimensional 2D charges densities (a,d), spin densities (b,e) and differential  
charge density (c,f) maps of Ni adsorbed over the two supports. Isodensity lines differ by 0.01 
|e|/(a0)

3 spin density is truncated at ± 0.1 |e|/(a0)
3. Red, blue and gray lines indicate positive, 

negative and zero values, respectively. The TiN-Ni case is represented in (a, b, and c). The TiO2-
Ni case is represented in (d, e, and f). Magnetic environment are localized over Ni in both cases. 
Nickel in blue, titanium in silver, oxygen in red and nitrogen in turquoise. 
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Clearly, calculating surface phenomena between Ni atoms and idealized oxide and nitride 

atoms is not ideal. This model neither accounts for electronic effects occurring several 

nanometers away from the support, i.e. at the surface of the particles, nor the variety of surface 

oxide and hydroxide species, which readily form on materials when exposed to air. However, 

experimental results do encompass the broad distribution of particle size and surface chemistry. 

 

4.6 XPS Analysis 

XPS was chosen as a complimentary technique to probe the electronic properties of 

actual TiN-Ni and TiO2-Ni nanocomposites.212The acquired high-resolution Ni 2p3/2 spectra 

reveal chemical and electronic differences of the Ni on the nitride and oxide supports 

(Figure 4.6).  

For comparison, the spectra of Ni(OH)2 and NiO references are also provided 

(Figure 4.6a). Clearly, the nickel surface species of TiN-Ni and TiO2-Ni are largely dominated 

by Ni(OH)2 and NiO. The high amount of surface oxidation is likely due to their storage under 

atmospheric conditions. However, clear differences in nickel chemistry arise as Ni concentration 

increases. 

Comparing the binding energy shifts of metallic Ni species in the 1% samples 

(Figure 4.6b) is challenging, due to a dominant Ni(OH)2 surface speciation and low 

concentration of metallic Ni. However, the relative atomic concentration of surface nickel in the 

1 wt% samples is significantly different: 0.7 % in TiN-Ni 1 % and 1.7 % in TiO2-Ni 1% 

(Table 4.S9). The lower relative concentration of detectable surface Ni in TiN-Ni 1% indicts that  
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Figure 4.6 Ni 2p3/2 spectra of (a) overlaid Ni(OH)2 and NiO. Ni 2p3/2 spectra of overlaid TiN-Ni 
and TiO2-Ni at (b) 1 %, (c) 10 %, and (d) 20 %. 
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Ni atoms are being incorporated the TiN support structure, corroborating previous XRD 

studies.170 

The Ni 2p3/2 spectral overlay of 10 and 20 wt% samples (Figure 4.6c and 4.6d) shows 

distinctly different nickel surface speciation between the two supports, with a measurable shift in 

the metallic Ni binding energy position. Typically, metallic Ni species are reported in the 

literature at 852.5 ± 0.5 eV.213 In the TiO2 samples, the peak due to metallic Ni species is located 

at 852.2 eV, which falls within the reported range. The metallic Ni shoulder in the TiN-Ni 

samples is shifted 0.2 - 0.3 eV to higher binding energy versus TiO2-Ni samples with the same 

Ni loading. This shift suggests that Ni deposited on the surface of TiN is more electron deficient 

than Ni on the TiO2 support.  

Although both samples show significant amounts of nickel hydroxide species, the 

oxidation profile of the Ni 2p3/2 spectra develops differently as a function of Ni loading on the 

two supports. A NiO phase is found to be present in larger amount on the oxide support than on 

the nitride support (Figure 4.6c-d), which we hypothesize to be caused by differences in Ni 

nanoparticle size. Due to the sampling depth of XPS, smaller particles are being sampled deeper 

into the particle bulk, while for the larger particles species from the bulk are not being measured. 

Thus, it can be assumed that the larger Ni particles found in the TiO2-Ni nanocomposites 

(Figure 4.6) result in a higher amount of oxide features than the smaller Ni particles found in the 

TiN-Ni nanocomposite.   

Finer dispersions of Ni on the TiN support, accompanied by the shift in the binding 

energy positions of metallic species, motivate a detailed analysis of Ti 2p spectra. Examination 

of the Ti 2p spectra shows a large difference in peak maximum between the TiN reference 

(458.7 eV) and TiN-Ni 20% (458.4 eV) (Figure 4.7, Table 4.3). In contrast, the overlaid Ti 2p  
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Figure 4.7 Ti 2p spectra of (a) overlaid TiN-Ni and (b) TiO2-Ni materials. Ti 2p spectra with 
fitted components of (c) TiN reference, (d) TiN-Ni 1%, (e) TiN-Ni 10%, and (f) TiN-Ni 20%. 

 

Table 4.3 Atomic concentration by XPS analysis of Ti 2p components in TiN-Ni 
Sample TiN 

pos. 

(eV) 

TiN 

fwhm 

(eV) 

TiN 

(At%) 

TiN     

(At)% 

norm. 

TiON 

pos 

(eV) 

TiON 

fwhm 

(eV) 

TiON 

(At%) 

TiON 

(At%) 

norm. 

TiO2 

pos. 

(eV) 

TiO2 

fwhm 

(eV) 

TiO2 

(At%) 

TiO2 

(At%) 

norm. 

TiN 

reference 

455.6 1.2 17.3 4.9 457.0 1.5 29.7 8.5 458.7 1.3 53.1 15.1 

TiN-Ni 

1% 

455.5 1.5 16.8 4.2 457.0 1.5 21.0 5.3 458.7 1.4 62.3 15.7 

TiN-Ni 

10% 

455.5 1.5 15.5 2.9 456.7 1.5 21.5 4.0 458.4 1.5 63.0 11.6 

TiN-Ni 

20% 

455.4 1.5 10.1 0.9 456.6 1.5 15.4 1.4 458.4 1.4 74.5 6.8 
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spectra of TiO2 and TiO2-Ni (Figure 4.7b) do not show a similar shift in the binding energy, 

regardless of Ni loading. Additionally, increasing Ni loading on the TiN support appears to 

disproportionally decrease the signal from regions at the binding energies lower than the peak 

maximum (458.7 eV).  

Because these materials are stored in ambient conditions, we expect the TiN support to 

have multiple surface oxide species. For this reason, the Ti 2p spectra were fit with three 

components: titanium nitride (TiN), titanium oxynitride (TiON), and titanium dioxide (TiO2), in 

accordance with reported methods in literature.214, 215 The only constraint applied to the 

components was to limit the full width at half maximum (FWHM) to not exceed 1.5 eV. Atomic 

concentrations (at%) of the relevant components from Figure 4.7 and Table 4.3 reflect the 

relative amounts of  TiN, TiON, and TiO2 contributions to the overall titanium content in each 

sample.  

Increasing Ni loading to 20 wt% on TiN results in a shift in all three components to lower 

binding energy: 0.2 eV shift in TiN, 0.4 eV shift in TiON, and 0.3 eV shift in TiO2. These shifts 

to lower binding energies in the Ti 2p spectra of TiN-Ni indicate that the support material draws 

electron density and exists in a partially reduced state.  

The relative at% of all three Ti species decreases with increasing Ni loading. However, 

the relative at% of TiN and TiON components decreases far more significantly than TiO2. In 

comparison to native supports, TiN-Ni 20% surface concentrations of TiN, TiON, and TiO2 

decrease by 81.6 %, 83.5 %, and 55 %, respectively. This suggests that Ni particles preferentially 

grow on the lower valent Ti species’ (TiON and TiN) surface sites, thereby decreasing the XPS 

signal of those species more predominantly than signal attributed to TiO2.  
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The overlaid N 1s spectra of TiN and TiN-Ni nanocomposites (Figure 4.8) also confirm 

the suppression of Ti-N species when Ni is deposited onto the nitride support. Even at 1 wt% Ni 

loading, the peak attributed to TiN (397.4 eV) is significantly depleted relative to the species 

assigned to TiON (396.4 eV). While the assignment of the TiON species in N 1s spectra has 

been a topic of contention, the recent scientific consensus holds that XPS peaks at binding 

energies lower than that of Ti–N (397.4 eV) are attributed to TiOxNy.
216-218 While these species 

are initially pervasive, growth of Ni on the surface of TiN continues to decrease the nitrogen 

signal with increasing Ni loading. It is understood that the utilization of nitrogen-doped supports, 

e.g. N-doped carbon, affects the size and distribution of nanoparticles on that support.168 We 

infer from surface characterization that lower valent, nitrogen-containing Ti-species in the TiN 

support, i.e. TiN and TiON, may act as preferential nucleation sites for Ni nanoparticles, leading 

to greater particle dispersion. 

 

Figure 4.8 N 1s spectra of TiN reference and TiN-Ni nanocomposites, showing that the TiN site 
is blocked upon nickel deposition onto TiN. With increasing Ni loading, the peak shifts to lower 
binding energies. 
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4.7 Conclusions 

A series of computations were performed to compare the electronic nature of TiN-Ni and 

TiO2-Ni nanocomposites. DFT calculations of surface electrons provided a preliminary 

indication that strong electronic metal-support interactions exist between Ni and TiN. In order to 

confirm this prediction, nanocomposites of TiN-Ni and TiO2-Ni were synthesized with Ni 

loadings from 1 %, 10 %, and 20 wt%. XPS analysis of Ti 2p and Ni 2p3/2 spectra revealed 

binding energies shifts in the TiN and metallic Ni species. These electronic perturbations had a 

significant effect on the physical properties of TiN-Ni and TiO2-Ni 

Comparative STEM imaging and elemental analysis of all nanocomposites clearly show 

that Ni is deposited more homogeneously on the TiN support than on the TiO2 support. Ni 

readily assembles into discrete agglomerates in the TiO2-Ni system, while forming smaller better 

dispersed Ni nanoparticles in the TiN-Ni system. XPS analysis of Ni 2p3/2 spectra showed large 

amounts surface oxidation for both materials. However, the TiO2-Ni nanocomposites grow NiO 

species more readily than TiN-Ni. The larger Ni particles size in TiO2-Ni is likely the cause for 

the differing Ni oxidation profiles between the two nanocomposites. XPS analysis of Ti 2p and N 

1s species concluded that nitrogen helps facilitate the electronic interaction between TiN and Ni. 

The Ti 2p spectra were fit with TiO2, TiON and TiN components, in order to observe changes in 

surface speciation as a function of increasing Ni loading. The atomic concentration of TiON and 

TiN species decreased at a greater rate than that of TiO2 surface species, indicating that Ni 

blocks lower valent Ti surface sites when deposited onto TiN. Spectra of N 1s species in the 

TiN-Ni nancomposites corroborated the decrease in surface TiN after Ni deposition, which 

suggests that Ni particles preferentially nucleate on nitrogen-containing surface sites. 
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Computational analysis predicts that Ni has a preferential bonding interaction with the 

nitrogen atoms of TiN with a remarkable charge depletion region oriented normal to the (100) 

surface. The XPS analysis also provides strong evidence of metal-support interactions between 

Ni and TiN, which result in electronic properties that are different from the TiO2-Ni 

nanocomposite. A comparison of the Ti 2p and Ni 2p3/2 spectra reveals binding energy shifts in 

TiN and metallic nickel, resembling a pulling of electron density from the Ni to the nitride 

support.  

We hypothesize that the enhanced catalytic activity of TiN-Ni in the hydrogenolysis of 

aryl ether molecules is due to these metal-support electronic interactions. The nucleation of 

smaller Ni particles on the lower valent, nitrogen-containing Ti-sites increases catalyst dispersion 

of electron density in TiN-Ni nanocomposites that creates a unique electronic environment and 

provides increased catalytic activity.6, 170 

This study of surface phenomena gives clarity to the differences in catalytic performance 

of TiN-Ni over TiO2-Ni nanocomposites. TiN supports induce strong metal-support interactions 

with supported Ni particles, which significantly alter material properties. Continued investigation 

of TiN and other early transition metal nitrides is crucial to design new earth-abundant catalysts 

with tuned electronic, chemical, and physical properties. In doing so, nanocomposites like TiN-

Ni may become the next generation materials for challenging industry- and energy-related 

catalysis. 

 

4.8 Associated Content 

The Supporting Information is available free of charge on the ACS Publications website 

at DOI: 10.1021/acs.jpcc.7b08682. 
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CHAPTER 5 
 

CONCLUSIONS AND PERSEPCTIVES 

 

5.1 Conclusions and Perspectives 

 This thesis reaffirms εC/εN’s as potential earth-abundant substitutes to PGM-based 

catalysts. A summary of the literature was performed to explore the unique structural, thermal, 

and electronic properties of nickel/nickel nitride nanostructures and their application in 

numerous energy- and catalysis-related applications. With a grasp of the literature related to 

these materials, solution-based approaches were undertaken to address issues in synthesis and 

characterization, including the formation of nanoscale materials with tunable bulk and surface 

properties. Nitrogen-rich deep eutectic solvent were used as solvent media to synthesize facetted, 

carbon-encapsulated nickel/nickel nitride nanocomposites. The pyrolysis of deep eutectics and 

nickel salts introduced nitrogen functionalities, which were associated with the nickel metal and 

with the carbon support matrix. The pyrolysis temperature greatly influenced the relative 

distribution of nitrogen species in the end product, which represented an avenue to tune the 

surface chemistry of these facetted, carbon-support nickel/nickel nitride nanocomposites (Figure 

5.1).  

 The electronic properties of metal/metal nitride nanocomposites were also examined 

thoroughly. Strong metal-support interactions were observed in TiN-Ni nanocomposites. TiN 

supports impart greater stability to supported Ni particles, increasing the dispersion of small Ni 

particles on the support surface. The close interaction between TiN and Ni also resulted in a 

redistribution of surface electron density, in which the TiN support draws electron density away 

from metallic nickel. Nitrogen in the TiN materials is extremely influential to the interaction 
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between TiN and Ni particles. Using microscopy, spectroscopy and computational analysis, Ni 

particles were observed to preferentially grow on nitrogen-containing surface sites (Figure 5.2). 

 

Figure 5.1 Portrayal of carbon-encapsulated Ni/Ni3N nanocomposites, synthesized from deep-
eutectic solvents, with a variety of nitrogen functionalities 

 

 

Figure 5.2. Strong metal-support interactions in TiN-Ni nanocomposites. The close interaction 
between TiN and Ni cause an electronic effect, in which TiN draws electronic density from the 
support Ni particles. This interaction is facilitated by nitrogen in the TiN support, as Ni particles 
preferentially grow on nitrogen surface sites. 
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 The studies in this thesis exemplify the profound effect that nitridation of metals can have 

on material properties. By using novel synthetic pathways and robust bulk and surface 

characterization techniques, a better fundamental understanding of the correlation between 

material structure and material properties is realized. From this work, measures to control 

properties such as shape, size, phase and composition are provided, which can in turn 

significantly impact material design by tuning and improving functionality for specific 

applications.  

 

5.2 Future Work 

 The wide-scale implementation of MC/MN catalysts has still not yet been realized, 

because of unresolved synthetic and characterization challenges. In order to better control the 

size distribution of MC/MN particles and improve thermal and chemical stability, hard-

templating process can be implemented. By encapsulation of metallic species inside the 

framework of highly porous support materials, such as mesoporous silicas, thermal insulation 

can be imparted to particles, while maintain access to catalytic active sites.  

 Advanced characterization techniques are also needed to examine how nanostructured 

MC/MN’s nucleate, grow, and respond to stimuli. Simultaneous in-situ small angle- and wide 

angle X-ray scattering (SAXS/WAXS) are techniques that provide the opportunity to observe the 

nucleation and growth of MC/MN particles, while simultaneously observing the changes in 

crystal structure. This advancement would be revolutionary, as it would represent a real 

opportunity to tune the amount of carbon or nitrogen dopants inside of parent metal crystal 

lattices for specific applications. Moreover in-operando studies, such as environmental XPS, 

would allow for in-situ observation of binding interactions of probe molecules onto active 
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surfaces. This would greatly improve the fundamental understanding of catalyst reaction 

pathways, by characterizing the types of surface functionalities which contrite to adsorption and 

reactivity. 
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APPENDIX A 
 

PERMISSIONS FOR USE IN CHAPTERS 2, 3 AND 4 

 

A.1 Background 

This appendix contains the rights retained by journal authors from Catalysis Science and 

Technology, Catalysis Today and The Journal of Physical Chemistry C, as well as email 

correspondence from the coauthors granting permission for re-use of the publication as a chapter 

in this thesis. 

 

A.2 Rights retained by journal authors 

A.2.1 Chapter 2 – Catalysis Science and Technology  

The following was taken from the Royal Society of Chemistry website 

(http://www.rsc.org/AboutUs/Copyright/RightsRetainedbyJournalsauthors.asp):  

When the author signs the exclusive License to Publish for a journal article, he/she 

retains certain rights that may be exercised without reference to the RSC. He/she may:  

• Reproduce/republish portions of the article (including the abstract)  

• Photocopy the article and distribute such photocopies and distribute copies of the PDF 

 of the article that the RSC makes available to the corresponding author of the article upon 

 publication of the article for personal or professional use only, provided that any such 

 copies are not offered for sale.  

Persons who receive or access the PDF mentioned above must be notified that this may 

not be further made available or distributed.  
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• Adapt the article and reproduce adaptations of the article for any purpose other than the 

 commercial exploitation of a work similar to the original 

• Reproduce, perform, transmit and otherwise communicate the article to the public in 

 spoken presentations (including those which are accompanied by visual material such as 

 slides, overheads and computer projections)  

The author(s) must submit a written request to the RSC for any other use than those 

specified above. All cases of republication/reproduction must be accompanied by an 

acknowledgement of first publication of the Work by the RSC. The acknowledgement depends 

on the journal in which the article was published.  

• For New Journal of Chemistry the acknowledgement isμ ◦[Original citation] - 

 Reproduced by permission of The Royal Society of Chemistry (RSC) on behalf of the 

 Centre National de la Recherche Scientifique (CNRS) and the RSC  

• For PCCP the acknowledgement isμ ◦[Original citation] - Reproduced by permission of 

 the PCCP Owner Societies  

• For Photochemical & Photobiological Sciences the acknowledgement isμ ◦[Original 

 citation] - Reproduced by permission of The Royal Society of Chemistry (RSC) on behalf 

 of the European Society for Photobiology, the European Photochemistry Association, and 

 RSC  

• For all other journals the acknowledgement isμ ◦[Original citation] - Reproduced by 

 permission of The Royal Society of Chemistry (RSC)  
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A.2.2 Chapter 3 – Catalysis Today 

The following formation was taken from the Elsevier website: 

(https://www.elsevier.com/about/our-business/policies/copyright#Author-rights): 

Please note that, as the author of this Elsevier article, you retain the right to include it in a 

thesis or dissertation, provided it is not published commercially. Permission is not required, but 

please ensure that you reference the journal as the original source.  

 

A.2.3 Chapter 4 – The Journal of Physical Chemistry C 

Permission/license is granted for your order at no charge. 

This type of permission/license, instead of the standard Terms & Conditions, is sent to 

you because no fee is being charged for your order. Please note the following: 

 Permission is granted for your request in both print and electronic formats, and 

translations. 

 If figures and/or tables were requested, they may be adapted or used in part. 

 Please print this page for your records and send a copy of it to your 

publisher/graduate school. 

 Appropriate credit for the requested material should be given as follows: "Reprinted 

(adapted) with permission from (COMPLETE REFERENCE CITATION). Copyright 

(YEAR) American Chemical Society." Insert appropriate information in place of the 

capitalized words. 

 One-time permission is granted only for the use specified in your request. No 

additional uses are granted (such as derivative works or other editions). For any other 

uses, please submit a new request  
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A.3 Email correspondence from coauthors for Chapters 2, 3 and 4 

A.3.1 Chapter 2 

Emails from co-authors were received in response to the following email sent on 22 February 

2018μ “Dear all, If you are receiving this message, I require a response from you. I wish to re-use 

part or all of the publication “Synthetic advancements and catalytic applications of nickel 

nitride”, and to comply with current protocols for including published material in a dissertation, I 

am required to obtain written consent from all coauthors. Can you all please reply to me with 

your consent? Here’ san example responseμ “I, [your name], hereby authorize Samuel H. Gage to 

use any part or all of DOI: 10.1039/C6CY00712K in his published dissertation. Thank you for 

your assistance, Sam Gage” 22 February 2018, 2μ40 Pε. 

The responses received to the email were as follows: 

“I, Brian Trewyn, hereby authorize Samuel H. Gage to use any part or all of DOI: 

10.1039/C6CY00712K in his published dissertation.” 22 February 2018, 2μ55 Pε 

“I, Svitlana Pylypenko, hereby authorize Samuel H. Gage to use any part or all of DOIμ 

10.1039/C6CY00712K in his published dissertation.” 22 February 2018, 3μ56 Pε 

“I, Ryan Richards, hereby authorize Samuel H. Gage to use any part or all of DOIμ 

10.1039/C6CY00712K in his published dissertation.” 22 February 2018, 4μ05 Pε 

“I, Cristian Ciobanu, hereby authorize Samuel H. Gage to use any part or all of DOI: 

10.1039/C6CY00712K in his published dissertation.” 23 February 2018, 1μ38 Pε   

 

A.3.2 Chapter 3 

Emails from co-authors were received in response to the following email sent on 22 February 

2018μ “Dear all, If you are receiving this message, I require a response from you. I wish to re-use 
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am required to obtain written consent from all coauthors. Can you all please reply to me with 

your consent? Here’ san example responseμ “I, [your name], hereby authorize Samuel H. Gage to 

use any part or all of DOI: 10.1039/C6CY00712K in his published dissertation. Thank you for 

your assistance, Sam Gage” 22 February 2018, 2μ40 Pε 
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“Sam, glad to hear you’re writing your dissertation! –Dan “I, Daniel Ruddy, hereby authorize 
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dissertation.” 22 February 2018, 2μ48 Pε 

“I, Ryan Richards, hereby authorize Samuel H. Gage to use any part or all of DOIμ 

10.1016/j.cattod.2016.12.016 in his published dissertation.” 22 February 2018, 4μ21 Pε 

 

A.3.3 Chapter 4  
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am required to obtain written consent from all coauthors. Can you all please reply to me with 

your consent? Here’ san example responseμ “I, [your name], hereby authorize Samuel H. Gage to 
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