
ABSTRACT 

SARAC, MEHMET FAHRI. Shape-Controlled Synthesis of Ni-Based Nanoparticles and 

Patterning for Carbon Nanofiber Growth. (Under the direction of Prof. Joseph B. Tracy). 

 This dissertation reviews a comprehensive set of research results comprised of three 

studies, which includes the synthesis of nickel (Ni) nanoparticles (NPs) and their conversion 

chemistry, methods for depositing them onto substrates, and catalysis of carbon nanofiber 

growth. The first part of the work is concerned with the synthesis of Ni NPs, dropcasting and 

growing them in alignment with carbon nanofibers along a silicon (Si) substrate. Following 

observed success of this step, Ni NPs were airbrushed across different substrates, attempting 

to observe differences while reporting the results of an extensive comparative analysis of the 

different substrates used. Here, it was observed that the Ni NPs had a tendency to have 

dendritic rather than spherical shapes, motivating an additional study of the cause of 

branching and how it can be controlled. All three portions of this study are presented and 

discussed in detail.  

 In the first set of experiments, vertically aligned carbon nanofibers (VACNFs) were 

created through ligand-stabilized Ni nanoparticle (NP) catalysts and plasma enhanced 

chemical vapor deposition; these NPs were used to allow growth of VACNFs in dense 

arrays. In the pregrowth heating process, the ligands are converted into graphitic shells that 

prevent agglomeration and coalescence of the catalyst NPs, resulting in a monodisperse 

VACNF size distribution. Meanwhile, VACNFs were grown from Ni NPs that had been 

airbrushed onto various substrates (silicon (Si), aluminum (Al), copper (Cu), and titanium 

(Ti)). Si micropowder was also used as a precursor for Si coatings formed in situ on 

VACNFs, causing rigidity. Growth of VACNFs on metal foils will facilitate applications that 



require thermal or electrical contact to the VACNFs, such as anode materials for Li-ion 

batteries and thermal interface materials. 

 A related study focused on the synthesis of Ni3C1-x NPs, the control of branching in 

dendritic Ni3C1-x NPs and the effect of branching on the conversion into nickel phosphide 

were investigated. Ni3C1-x NPs were synthesized through thermolysis of nickel 

acetylacetonate, with oleylamine as a reducing agent and 1-octadecene (ODE) as the solvent. 

Trioctylephosphine (TOP) was added as ligand and inhibited the formation of dendritic 

shapes, as well as inhibiting the incorporation of carbon. This was found to create Ni NPs 

which were spherical, while comparable findings have been observed from the use of 

octadecane (ODA) and trioctylphosphine oxide (TOPO) as solvents, but these have been 

observed to have fewer, larger branches than when using ODE, while producing Ni rather 

than Ni3C1-x NPs at 230 °C. Incorporating carbon from TOPO or ODA in Ni NPs required 

higher temperatures, while conversion of the dendritic NPs through this approach led to 

several voids in branches (rather than larger single voids for the spherical NPs). 

 These studies have generated important knowledge about the synthesis of Ni-based 

NPs and of their catalysis of VACNF growth. We have shown that ligands encapsulating Ni 

NPs have a critical role in preventing the NPs from agglomerating during the growth of 

VACNFs, giving a monodisperse VACNF diameter distribution. The ligands were converted 

into protective graphitic shells, but if the ligands are intentionally removed after deposition 

onto the substrate but before initiating VACNF growth, then a polydisperse VACNF 

diameter distribution are obtained, with a larger average diameter. We have also 

demonstrated VACNF growth on several metal substrates, where addition of Si micropowder 

allows the growth of Si-enriched coatings that make the VACNFs mechanically rigid. 



 Recommendations for ongoing research include investigating the conversion 

chemistry of Ni NPs into nickel chalcogenides or other transition bimetallic NPs and to 

explore application for nanomaterials in catalysis, plasmonics, electronics, and medicine.  
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1. Introduction 

1.1. Introduction to Nanomaterials 

  Nanotechnology is a quickly emerging field of science and engineering whereby the 

creation, manipulation, and exploitation of materials occurs at the nanometer scale. At this 

scale, nanotechnology focuses on refining current technologies and developing new 

technologies by viewing structural features of devices (or materials) from the atoms that 

make up the material to making bulk materials and devices that can be produced with 

efficiency and consistency. Nanotechnology deals with at least one dimension in the 

nanometer scale (1 nm = 10
-9

 m).
1
 Additionally, nanoscale materials can possess physical 

properties that may be significantly different from the same material of the same crystal 

structure and composition in the bulk (where all dimensions are much greater than the 

nanoscale). Such properties include, but are not limited to, surface area to volume ratio and 

electronic, optical, and magnetic properties. Control and development of materials at the 

nanoscale can allow for precise control of their properties. Although obtaining such control is 

not trivial, it can ultimately lead to new scientific understanding of nanoscaled and 

nanostructured materials, the development and enhancement of current technologies, and 

ultimately the breakthrough of entirely new devices and technologies.  

 Nanoparticles (NPs) are clusters of atoms, ions or molecules, where each dimension 

is on the order of 1-100 nm. Nanoparticles can be synthesized through various methods such 

as photolytic reduction, sonochemical methods, microemulsions, polyol process, and thermal 

decomposition of chemical precursors. Although these methods are efficient at producing 

nanoparticles, each method has advantages and disadvantages that would determine its 
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suitability for obtaining a certain set of properties or for use in a particular application. It is 

critical to understand the size evolution of the geometric and electronic structures of NPs 

clusters and their chemical and physical properties. Non-uniform properties can be obtained 

in a collection of NPs, if there are differences in their size, structure, or composition.. 

Therefore, to understand the behavior of any given type of NP, its structural and chemical 

characteristics must be known. NPs with different size and morphology display many 

interesting optical, electronic, magnetic and chemical properties which differ significantly 

from that of bulk materials. In our research group (Prof. Joseph Tracy), our research is 

focused on bottom-up techniques for synthesizing colloidal nanoparticles that are capped 

with one or more types of organic molecules. The composition of our nanoparticles can be 

composed of magnetic, metallic, and/or semi-conducting materials. Furthermore, the organic 

ligands that cap the nanoparticles give unique surface chemistries that can allow them to be 

dispersed in various media and allow controlled growth of the nanoparticle size and 

morphology. These nanoparticles with unique compositions and physical properties can be 

incorporated into devices and used for applications in electronics, optics, catalysis, and 

biomedicine.  

 NPs and other nanoscaled materials may be classified as follows: (1) Fullerenes and 

carbon nanotubes: Fullerenes are hollow spheres or ellipsoids composed of mixtures of 5- 

and 6-membered aromatic C rings, whereas carbon nanotubes are cylinders of graphene 

sheets that contain only 6-membered rings (except for on the end caps and at defect sites) 

wound around themselves in one or more layers. These kinds of materials are used in 

polymer solar cells, lithium-ion batteries, electronics, storage of gases, such as methane and 
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oxygen, hydrogen storage and electromagnetic shielding as polymer composites. (2) Metallic 

and magnetic NPs such as silver, gold, copper, iron, nickel and cobalt are widely used in 

catalysis, electronics, sensors, photonics, imagining and drug delivery. Magnetic materials 

are classes of NPs which respond to magnetic fields, which can sometimes be used to 

manipulate the NPs. (3) Ceramic NPs are formed from inorganic and non-metallic materials. 

Ceramic NPs can form coatings and can be used as precursors to synthesize bulk materials at 

reduced temperatures, which reduces manufacturing costs. A well known example is 

superconducting wire made from ceramic NPs. This wire is relatively flexible, whereas 

traditional ceramic materials are brittle. (4) Quantum dots are NPs of semiconductors 

materials that are small enough to display quantum mechanical properties, specifically its 

excitons are confined in all three spatial dimensions. Typical sizes of quantum dots are ~1-10 

nm in diameter, a size regime where they exhibit size-dependent optical and electronic 

properties. (5) Polymer NPs are of interest for drug delivery, including DNA for gene therapy 

and delivery of peptides. 

 The unique physical properties of NPs arise from their small dimensions and high 

surface area to volume ratio, causing the surface to have a more prominent role in 

determining the properties than in bulk materials. The novel physical properties of NPs are of 

broad interest from molecular electronics to biology. 
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1.2. Metallic Nanoparticles  

 The past two decades have witnessed rapid growth in the development of metal 

nanostructures, which have unique physical and chemical properties that can be tuned by 

altering the NPs size, shape, and composition. 

 Two approaches, known as “top-down” and “bottom-up,” are employed for 

synthesizing nanomaterials. The top-down approach involves division of a bulk solid into 

smaller portions. It includes physical methods like attrition or milling. The bottom-up 

approach involves condensation of atoms or molecular entities to build up a nanomaterial. It 

includes chemical methods like thermal decomposition of metal precursors, such as 

molybdenum, ruthenium, iron, nickel, palladium and platinum salts. The latter approach is 

more popular for the synthesis of NPs since it can give more monodisperse size distributions, 

morphological control, and crystallographic control of the NPs than the former approach.  

 Wet chemical synthesis is as an inexpensive route to synthesize NPs with controlled 

sizes and structures in large quantities. Due to the promising potential for application, much 

research has been conducted in synthesizing NPs with sophisticated control over their 

structural parameters. For instance, nm-sized metallic spheres, rods, wires, cubes, core-shell, 

hollow, heterostructures or other complex shapes have been reported by wet chemistry 

approaches.  

 Wet chemical approaches for synthesizing organically-capped colloidal NPs have 

become commonplace. NPs synthesized through thermal decomposition of metal precursors 

in organic solvents can have histograms with a narrow size distribution curve (i.e., exhibiting 

good “monodispersity”) as compared with metal nanopowders, which may have a rather 
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broad size distribution and limited dispersibility. Nanopowders are agglomerates of ultrafine 

particles, nanoparticles are sized between 1 and 100 nm. This method generally involves the 

use of a metal precursor (usually, a coordination complex or an inorganic salt), one or more 

organic stabilizers (typically, long-chained carboxylic acids or carboxylates, amines, 

phosphines, phosphine oxides, or thiols) and if necessary, a reducing or oxidizing agent. 

Decomposition of the precursors requires elevated temperatures, so the reaction is typically 

carried out in solvents with a high boiling point (e.g., phenyl ether, benzyl ether, 1-

octadecene, trioctylamine).  

Several parameters must be adjusted to control the size and shape of the NPs. These 

parameters include stirring rates, heating rate, reaction temperatures, reaction duration, 

selection of solvent(s), types of reagents (metal precursor, reducing agent and stabilizers), 

and stoichiometric ratios between metal precursors and stabilizers. For the synthesis of Ni 

and other types of NPs, it is necessary to perform the reaction under an inert atmosphere such 

as nitrogen or argon to avoid unwanted oxidation. 

 Co and Fe NPs are often prepared by thermal decomposition of dicobalt octacarbonyl 

and iron pentacarbonyl, respectively, in the presence of functional polymers.
2, 3

 The size of 

the NPs has been varied between ~5-100 nm for Co,
4
 and below 20 nm for Fe,

5, 6
 depending 

on the nature of the polymers and the metal:polymer ratio. Other stabilizers have been 

employed to obtain Co and Fe NPs with sizes below 20 nm and different shapes from other 

carbonyl complexes that contain fatty acids, amines, phosphines, and phosphine oxides.
7-11

 In 

some instances, the size of the NPs can be tuned by varying the size of the stabilizing 
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ligands, such that larger particles can be obtained using longer alkyl chains.
2, 12

 Some specific 

methods for the synthesis of Ni NPs are described below. 

 Xu et al. have reported that the Ni NPs with uniform, flower-like microstructures 

were synthesized through the reduction of nickel chloride with hydrazine hydrate in the 

presence of polyvinylpyrrolidone (PVP) in ethylene glycol under microwave irradiation.
13

 

Na2CO3 was necessary for the formation of monomorphic and uniform Ni nanoflowers. 

Small amounts of NaOH and higher concentrations of hydrazine were beneficial for the 

formation of Ni nanoflowers with a smaller diameter and a narrower distribution. TEM and 

X-ray diffraction measurements revealed that the Ni nanoflowers were composed from 

assemblies of hundreds of smaller primary NPs with an average dimension of about 6.3 nm. 

 Tzitzios et al. have reported nanosized hcp-Ni NPs with grain sizes in the range of 

13-25 nm through a reduction of Ni(NO3)2 in polyethylene glycol (PEG) with various 

molecular weights.
14

 The NPs form in a mixture of oleic acid and oleyl amine, which plays 

the role of a stabilizer and imparts solubility in non-polar solvents. The molecular weight of 

the PEG and subsequently the reaction temperature determine the crystal structure of Ni 

particles.  

 Highly disordered Ni NPs with a size range of 8−16 nm were produced by 

decomposition of Ni acetylacetonate (Ni(acac)2), in the presence of oleylamine as ligand, 

together with oleic acid and trioctylphosphine (TOP).
15

 Carenco et al. investigated the role of 

the binary ligand system comprising  oleylamine and TOP for the synthesis of monodisperse 

Ni NPs with tunable sizes of 2-30 nm through the thermal decomposition of Ni(acac)2.
16

 A 

mixture containing 10 mL of oleylamine (78.0 mmol) and varying amounts of TOP was 
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investigated. Increasing the amounts of TOP from 0.1 to 0.3 mL resulted in a decrease in the 

NP size from 25 nm to 13 nm. At 0.5 mL and 5 mL the NP diameter was reduced to 9 nm 

and became monodisperse. This shows that with a large nucleation rate determined by the 

amount of oleylamine, even minimal amounts of TOP stabilize the particles via coordination 

onto the surface and limitation the agglomeration of nuclei, giving a reduction in size (Figure 

1.1).  

 The same group also reported the effect of the amount of oleylamine on the NP size. 

The amount of oleylamine is correlated with the reduction rate and therefore with the number 

of nuclei produced, which gives control over the NP size. As shown in Figure 1.2, reducing 

the amount of oleylamine from 8 to 6, 4 and then 2 mL in the presence of 0.8 mL of TOP are 

resulted in limiting the nucleation and promoting the growth of the particles, yielding 

monodisperse species of 23 nm, 26 nm, 28 nm and 32 nm, respectively. Oleylamine served 

as the main reducing agent while TOP provided tunable surface stabilization through 

coordination on the Ni(0) surface.   

 A simple route for combining Ni(acac)2 with oleylamine at high temperatures was 

also studied by Zhang et al. through three different independent processes: direct 

thermolysis, seed-assisted growth, and hot injection. They developed a product has a simple 

solution-phase approach to prepare Ni NPs(20−60 nm) with narrow size distributions at 

160°C, in which dimethylformamide (DMF) acts not only as solvent but also as a reducing 

agent.
17

 Under other conditions, applying a strong reducing agent such as borane 

tributylamine resulted in small (~3 nm) Ni NPs using Ni(acac)2 as with oleylamine as the 
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solvent and oleic acid as another ligand.
18

 Those NPs showed good catalytic behavior for 

hydrogen release from the hydrolysis of ammonia-borane under ambient conditions. 

 Chen et al. studied the magnetic properties of Ni NPs that were synthesized by the 

thermal decomposition of Ni(acac)2 in alkylamines (trioctylamine, dodecylamine and 

hexadecylamine), which served as both solvents and reducing agents. This method illustrated 

the possibility of tuning the crystalline structure of the NPs. In principle, higher reaction 

temperatures (e.g., >240 °C) favored the formation of an hcp Ni phase, while lower 

temperatures yielded fcc Ni particles.
19

 The particle size distribution and morphology were 

further controlled by introducing additional surfactants (oleic acid and TOP). The same 

group improved their approach by using a TOPO/TOP surfactant mixture for better size 

control. As shown in Figure 1.3, control over the crystalline phase was achieved by adjusting 

not only the reaction temperature, but also the amine concentration and heating rate (Figure 

1.4).
20

 A similar fcc-hcp structure tuning was reported when Ni acetate was used as Ni 

source, while 1-adamantanecarboxylic acid (ACA) and TOPO facilitated size control in the 

range of 5−120 nm.
21

  

 Hou et al. have synthesized fcc-Ni NPs by using surfactants including HDA and/or 

TOPO.
22

 The solution reduction of Ni (acac)2 by sodium borohydride or superhydride in 

dichlorobenzene was employed to produce Ni NPs. Surfactants such as HDA, TOPO and 

oleic acid were used to control the growth of NPs and coat the NPs to prevent them from 

further oxidation and aggregation. 

 Hyeon and coworkers reported the synthesis of highly monodisperse Ni and NiO NPs 

through the thermal decomposition of Ni-oleylamine complexes. The Ni-oleylamine complex 
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was prepared by reacting Ni(acac)2 with oleylamine at moderate temperatures. The resulting 

solution was later injected into TPP (triphenylphosphine), followed by stronger heating 

conditions. Finally the NPs could be readily dispersed in non-polar solvents such as hexanes 

and toluene and had the capability to self-assemble into superlattices with long-range order 

via controlled solvent evaporation. In addition, these particles were active catalysts for a 

Suzuki coupling reaction.
23

 The Ni(acac)2- oleylamine system has been used for the synthesis 

and thorough characterization of Ni/NiO core/shell NPs.
24, 25

 

 The function of oleylamine in the synthesis of NPs is to inhibit the growth and 

agglomeration through the coordination of the amine to metals, oxides, and sulfide surfaces. 

Oleylamine is highly versatile because it can serve as a reducing agent and ligand
26

  and also 

have a very high boiling point, making it suitable as a solvent for some reactions. Alternative 

solvents and reducing agents are also available; Huaman et al. used 2-octanol as a reducing 

agent and solvent instead of using oleylamine in the synthesis of monodisperse Ni NPs.
27

 In 

their study, Ni NPs were synthesized through dissolution of layered hydroxides to produce 

free metal ions, which were subsequently are reduced by the alcohol, thus driving nucleation 

and growth of Ni NPs. The NP size and size distribution was controlled by adding small 

amount of OLA, hydroxyl ions or Ni acetate.    

 

1.3. Metal Nanoparticles on Vertically Aligned Carbon Nanofibers 

 Carbon nanofibers are a class of materials that consist of conical graphene layers 

stacked to form quasi-one dimensional “filaments.” Despite the distinct difference between 

nanotubes and nanofibers, nanofibers are often called nanotubes, as they have the same 
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cylindrical morphology. However, the physical and chemical properties of nanofibers differ 

drastically from those for nanotubes (Figure 1.5). 

 Vertically aligned carbon nanofibers (VACNFs) are a particularly useful form of 

nanostructured carbon because of their geometry and atomic structure. VACNFs have high 

aspect ratios that feature nanoscale tip diameters and microscale lengths, and they can be 

synthesized in a vertical orientation at controlled locations on planar substrates.
28-31

 VACNFs 

can be synthesized via catalytic, plasma-enhanced chemical vapor deposition.
32

 The catalyst 

NPs have usually been produced by a combination of lithography and physical vapor 

deposition. This process has been developed for wafer-scale fabrication of many devices, 

including electron field emission array sources,
33, 34

 electrochemical probes,
35

 multielectrodes 

for neural interfacing.
36

 cell mimetic structures, and scanning microscopy probes.
37

 An 

example of a microfabricated electron gun structure with an integrated focusing electrode 

using a single VACNF as the field-emission cathode is shown in Figure 1.6.  

 During synthesis of VACNFs from lithographically defined catalyst NPs, resist is 

patterned (by optical of electron beam lithography), and a Ni metal film is deposited by 

physical vapor deposition. Metal outside the pattern is removed by lift-off with a solvent that 

dissolves the resist. In another approach, solid-state dewetting, the film is not lithographically 

patterned, but the substrate is heated to 700 °C and pretreated with ammonia plasma prior to 

nanofiber growth, resulting in the film beading up (“dewetting”) to form catalyst NPs. Films 

with thicknesses below a few hundred nanometers are thermodynamically unstable. The NP 

surface density and their size distribution depend on the film thickness and the surface 

energies. It is possible to design the patterned film to produce single NPs at designated 
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locations. Alternatively, pulsed laser heating could be used to melt the film.
38

 Thin film 

dewetting provides additional control over NP formation and, potentially, a path to control 

the internal structure of carbon nanofibers.  

 Carbon nanostructures are an important class of materials because of their high 

chemical, electrochemical and thermal stability and their exceptional mechanical properties. 

A rich variety of carbon nanostructures (e.g., fullerenes, carbon nanotubes (CNTs), carbon 

nanofibers (CNFs), and graphene) can be formed because carbon has many possible bonding 

arrangements.
32

 Metal NPs, of which Ni, Co and Fe are especially well known, catalytically 

rearrange atoms from carbon precursors into graphitic nanostructures. Control over the 

catalyst Ni NP size and eliminating agglomeration are critical for growing uniform sizes of 

VACNFs and fully realizing their applications, since the VACNF diameter often controls 

their functionality. For example, in the case of electron field emitter,
33

 the field enhancement 

factor is proportional to the fiber length to tip diameter ratio. 

 Recently, a parallel microinjection-based method termed impalefection has been 

demonstrated using vertical aligned arrays of carbon nanofibers (Figure 1.7). In this 

technique, arrays of nanofibers are coated or covalently modified with DNA, and are directly 

inserted into many cells simultaneously using a variety of techniques, such as direct pressing 

of the DNA-modified array into tissue matrices. For successful use of VACNF arrays as gene 

delivery devices, nanofibers are required to be sharp, sparsely distributed on the substrate, 

considerably tall, rigid, and able to retain DNA during insertion.
39
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1.4. Carbon Diffusion into Metal Nanoparticles 

 Thermal decomposition of Ni precursors in organic solvents has been widely used for 

the controlled synthesis of Ni, NiO
40, 41

 and Ni chalcogenide NPs.
42-45

 Much literature has 

referred to the successful synthesis of Ni NPs. However, under some reaction conditions, 

Ni3C1-x NPs are formed by incorporating C from the solvent. Most kinds of hydrocarbons can 

serve as carbon sources for the formation of Ni3C1-x by entering into Ni lattice. Leng et al. 

used dichlorobenzene, diphenyl ether and 1-octadecene as solvents to investigate the factors 

that influence the formation of Ni3C NPs.
46

 Two distinct crystal structures were obtained 

from heating Ni NPs in these solvents for 30 min at different temperatures (Figure 1.8). The 

Ni NPs reacted with dichlorobenzene at 182 °C, resulting in fcc-Ni NPs, while diphenylether 

at 256 °C showed a mixture of fcc-Ni and Ni3C phases. For reactions carried out at 314 °C in 

1-octadecene, a Ni3C phase was the exclusive product, indicating that the high temperature 

facilitates both catalytic decomposition of the solvents and diffusion of carbon into the Ni 

lattice.  

 Leng et al. also reported the decomposition of Ni3C phase under different 

atmospheres, including Ar, air, and hydrogen (Figure 1.9).
47

 XRD combined with element 

analysis at high temperature indicated that nickel metal, together with solid amorphous 

carbon, was formed during Ni3C decomposition under Ar, while under H2 atmosphere, Ni 

metal was the only product. Both the Ni and C components of Ni3C reacted with O2 in the air 

to form their corresponding oxides. 
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 The introduction of atoms as C or H in the Ni crystal lattice has also been achieved 

using oleylamine as the reaction medium. More specifically, the addition of hydrazine 

facilitated formation of NiHx NPs.
48

 These NPs possess a larger lattice constant compared to 

pure Ni, and their magnetic characterization revealed both ferromagnetic and paramagnetic 

features, indicating the existence of two compositional phases. Additionally, Schaefer et al. 

showed that heating a mixture of Ni(acac)2 with oleylamine and octadecene caused formation 

of Ni3C1-x NPs, where the carbon content increased as the reaction time was prolonged 

(Figure 1.10). Due to the high catalytic activity of Ni, at high temperatures, Ni NPs are 

known to decompose ligands (such as organophosphines to form phosphides) or hydrocarbon 

solvents, driving the formation of metal carbides as impurities or as the primary phase. This 

point has often been neglected because some impurity phases are not easy to distinguish from 

their metal counterparts on the basis of the XRD diffractograms.
49

 Moreover, EDS mounted 

on electron microscopes is often not reliable for carbon detection. XPS analysis, however, 

allows carbides to be distinguished from organic carbon. For instance, Ni3C species have 

sometimes been misassigned as hcp-Ni, but XPS clearly showed a carbide contribution on 

the carbon spectrum, and it was later found that such carburization strongly influenced the 

magnetic properties of the NPs.
50

 

 Goto et al. reported the formation of hcp-Ni3C from the thermolysis of Ni(acac)2 in 

oleylamine according to the following mechanism:
51

  Metal Ni NPs are first formed by the 

thermal decomposition of the acetylacetonate and reduction of Ni(II) by oleylamine, 

followed by carburization into hcp-Ni3C occurs, with formation of cubic Ni3C as an 
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intermediate product (Figure 1.11). Carburization of fcc-Ni is proposed to be driven by CO 

gas emitted during acac decomposition above ~240 °C. 

 

1.5. Shape-Dependent Metallic Nanoparticles 

 Among recent nanotechnologies, one of the most versatile ways of fabricating metal 

NPs with well-defined structures is through colloid chemistry. Although the most well-

known and stable structure of metal NPs is face centered cubic structure, diverse shapes can 

be obtained by adjusting experimental parameters of the solution-based synthesis.
52

 There are 

four basic components for colloidal synthesis of metal NPs. For a typical synthesis, desired 

precursors such as ionic salts (e.g., chlorides, nitrates, sulfates, acetates, and 

acetylacetonates) are selected and dissolved into solvent in the presence of surfactants (e.g., 

amines, carboxylic acids, thiols, and phosphines). Two or more metal precursors can also be 

introduced to generate bi- or multi-metallic NPs in the same batch. The surfactant imparts 

colloidal stability to the NPs and prevents their agglomeration in solution. The ratio of 

concentration of the metal precursor to the surfactant(s) often determines the NP size and 

shape. Most metal halides, polymers and ammonium salt-based surfactants have good 

solubility in polar solvents such as water or alcohols (e.g., ethanol, methanol, ethylene 

glycol, polyethylene glycol). Surfactants have a critical role in directing NP growth and in 

limiting the NP size by interacting with the surface of the metal NP, thus serving to slow 

down growth. Moreover, the reducing agent is also another critical parameter because it 

guides the nucleation and growth processes when metal ions are reduced into NPs. For 
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example, oleylamine behaves as a reducing agent in the synthesis of Ni NPs through the 

thermal decomposition of Ni(acac)2.
53

 

 As the binding affinity of a surfactant varies from one crystal facet to another, 

preferential binding to one kind of facet can result in hindering the growth in directions 

orthogonal to the surface of the facet. Therefore, certain surfactants can serve as structure-

directing agents for shape control. Clever combinations of these four general components 

(precursors, surfactants, solvents and reducing agents) have been established for some 

systems that make it possible to obtain fine control over the size and shape of metal NPs.  

 The LaMer model is widely used to explain the formation mechanism of colloidal 

NPs,
54

 which can be described in three stages: First, super-saturation of the monomers 

formed from precursors stabilized by surfactants in solution increases steadily as a reaction 

proceeds. Once the concentration of monomers increases such that the solution is 

supersaturated, small clusters are spontaneously generated, which causes a decrease in 

monomer concentration through nucleation. When the monomer concentration drops below 

the saturation, the nucleation of new particles ceases and the remaining monomers are used 

solely for NP growth. Growth can also occur during the nucleation period, however. 

Therefore, a short nucleation phase and slow growth kinetics are favorable for minimizing 

size broadening. Nucleation and growth kinetics can both be controlled by adjusting the 

precursor concentrations and the reaction conditions. 

 Under certain reaction conditions, the growth of specific shapes of NPs can be 

favored, often through a combination of nucleation of well-defined structures and the use of 

shape-directing agents or additional ions to favor growth of a certain kind of shape. For 
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different systems, several kinds of structure directing agents exist, including metal ions (Ag 

+
,
 
Fe 

3+
, Co 

+
), complexes (W(CO)6), and reactive gases molecules (H2, O2, CO, NO).

55-57
 By 

introducing Ag 
+
 ions, the shape of Pt NPs can be adjusted from cubes to cuboctahedra, and 

to octahedra as the Ag 
+
 concentration is increased (Figure 1.12a-c). In a recent study, 

addition of Ag 
+
 ions enhanced the growth rate along the <100> direction of Pt NPs by 

preferentially adsorbing on more active {100}De surfaces.
58

 By controlling the reduction 

kinetics of a polyol process and adding FeCl3 and HCl, triangular and hexagonal Pd 

nanoplates were selectively generated (Figure 1.12d-e).
59

 Anisotropic Pd nanobars bound by 

{100} facets can also be synthesized in the presence of KBr under a kinetically controlled 

condition (Figure 1.12f). During a seed-mediated growth procedure, if the added metal atoms 

are the same component as the performed seed, then unary metal NPs with enhanced size and 

shape are generated by epitaxial growth on the surface of seeds. However, when different 

atoms are added to the seed, core/shell-typed bimetallic NPs can be produced. 

Heteroepitaxial growth can occur when there is a close lattice match between the seed and 

the added precursors (Figure 1.12g). 

 Habas et al. prepared Pt/Pd core/shell NPs by controlling the epitaxial overgrowth of 

a secondary metal on cubic Pt seeds.
60, 61

 In this study, the shapes of Pt/Pd core/shell NPs 

were selectively controlled from cube, to cuboctahedron, to octahedron, as the NO2 

concentration was increased. When seeded growth is combined with kinetically controlled 

overgrowth and selective etching, various kinds of elaborate nanostructures can be prepared, 

such as concave cubes, multi-pods, and highly-branched dendrites.
62, 63

 For instance, shapes 

of Pd NPs can be controlled from isotropic polyhedrons under thermodynamic growth 
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conditions to anisotropic multi-pods in kinetic regimes, in which the growth rates were 

controlled by the relative organic surfactant ratios of oleylamine and oleic acid in a 

pressurized reaction vessel.
64

 

 Some studies have investigated morphological control of multi-branched gold NPs 

(MBGNPs). Ahmed et al. controlled the shape of the MBGNs by varying the ratio of gold to 

the mild reducing agent ascorbic acid, using a seed-mediated growth approach.
65

 Higher 

ascorbate concentrations resulted in smoothing of the branches, resulting in NPs with more 

isotropic shapes (Figure 1.13).  

  Another study of MBGNs was conducted by the Kawamura group.
66

 MBGNs were 

prepared by a seed-mediated growth method using assistance of AgNO3 and 

cetyltrimethylammonium bromide (CTAB) to modify the surface of the NP. The number of 

branches and their length were varied by using different volumes of AgNO3 and organic 

additives such as acetone and cyclohexane (Figure 1.14). 

 A study by Ortiz et al. observed the effects of different metal precursor and showed 

how the capping agent can provide control over the morphology of Pd NPs.
67

 In particular, 

soft ligands (TOP or tert-butyl-amine (BTB)) with high affinity for Pd
II
 ions and Pd

0
 can 

both delay nucleation by blocking the coordination of the reducing agent and inhibit NP 

agglomeration. In contrast, precursors with labile ligands promote coordination of the 

reducing agent and more facile NP growth. Ligands of intermediate binding affinity toward 

Pd facilitate the aggregation-based assembly of spherical NPs into nanodendrites. Figure 1.15 

shows TEM images of Pd NPs synthesized from Pt(acac)2 in oleylamine.  If TOP or BTB was 
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also added, spherical Pd NPs were obtained because these ligands would inhibit 

agglomeration.  In the absence of TOP or BTB, the NPs agglomerate into nanodendrites. 

 Tzitzios et al. synthesized ferromagnetic CoPt polypod-like nanostructures by direct 

thermolytic reduction of Pt(acac)2 and Co(OAc)2 in hot oleylamine.
68

 In this study 

oleylamine had the role of coordinating solvent with a high boiling point, as well as a 

reducing and capping agent. It was proposed that oleylamine might act as a ligand to form 

stable complexes with Pt
+2

, while heating induced the thermolytic reduction of such Pt
2+

 

complexes to the metallic state, and the obtained small Pt seeds could reduce Co
+2

 to Co(0), 

thus generating CoPt NPs (Figure 1.16). 

 LaGrow et al. recently reported the synthesis of a range of pod-like Ni nanostructures 

which utilized the fcc-hcp polymorphism inherent in Ni.
69

 Ni nanostructures possessing hcp 

arms which were grown from single-crystal fcc truncated cuboctahedron seeds in a hydrogen 

atmosphere using hexadecylamine and trioctylphosphine as surfactants. Under conditions for 

slow growth, only cubic Ni nanostructures were formed, but when the growth rate was 

increased, pod-like, tripod and multipod shapes were produced. The number of hcp arms was 

determined by the number of {111} facets of the truncuated cuboctahedron core (Figure 

1.17).  

 

1.6. Conversion of Metallic Nanoparticles into Transition Metal Phosphides 

 Metal phosphides are an ideal system for highlighting the ability to control the 

morphology of the product (e.g., NP shape and porous vs. dense) by reacting morphology-

controlled metal NP precursors with TOP under different conditions. In the case of Ni2P, 
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Chiang et al. converted Ni NPs into hollow Ni2P NPs through Kirkendall effect initiated by 

decomposition of TOP in a mixture of oleylamine, TOP, and 1-octadecene.
70

 Such 

experiments suggest that certain metal NPs can catalyze cleavage of the P-C bond in TOP, 

which creates free phosphorus that can diffuse into the metal NPs. This mechanism presumes 

a solid-state reaction, in which the rate of diffusion of metal atoms from the interior occurs 

more rapidly than the influx of phosphorus atoms generated at the exterior by breakdown of 

TOP. Thus, Ni atoms are rapidly depleted from the core, yielding a hollow structure. 

Chiang’s research noted that the use of pure TOP led to solid NPs even when relatively large 

(12 nm) precursor particles were employed, and that reproducible hollow structure formation 

requires dilution of TOP with another solvent, such as 1-octadecene, along with the use of a 

non-reactive metal binding agent, such as oleylamine.
70

 This suggests that dense structures 

may form by dissolution of the metal particles and reprecipitation as phosphide when the 

TOP concentration is large, thereby obviating the solid-state Kirkendall mechanism and 

hollow particle formation. 

  Henkes et al. report that the size of the Ni NP precursor influenced whether hollow 

Ni2P NPs were observed. Small Ni NPs (~5 nm) yielded solid Ni2P NPs, while larger (>20 

nm) Ni NPs yielded hollow Ni2P spheres (Figure 1.18). The size of void depends on the 

diffusion distance as well as the relative diffusion rates, such that very small NPs produce no 

voids at all. Thus, 5.2 nm Ni NPs yield 5.6 nm dense Ni2P particles, whereas 10–20 nm Ni 

NPs transform into hollow Ni2P NPs, and NPs that are larger still give NPs encapsulated 

within the hollow structures.
71
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 Metal NPs in oleylamine have also served as a reaction medium for the synthesis of 

Ni2P−Ni core−shell NPs.
72

 In one such study, Ni NPs was first synthesized, followed by the 

addition of P4 and further in situ thermal treatment. A detailed study on the role of 

oleylamine concentration during the synthesis of Ni phosphides was reported by 

Muthuswamy et al. These researchers prepared hollow Ni12P5 and Ni2P particles as well as 

solid Ni2P NPs. It was shown that increasing oleylamine concentration favored the formation 

of Ni12P5 rather than Ni2P (Figure 1.19).
73

 The oleylamine concentration was also shown to 

serve as a lever giving tunable control over the void size in hollow Ni12P5 NPs formed at low 

P:Ni ratios. Oleylamine commonly serves as a reducing agent in metal NP synthesis,
26

 and 

thus the presence of excess amine could promote the stabilization of the more reduced phase 

(Ni12P5). 

 TEM micrographs of Ni12P5 NPs synthesized with a P:Ni precursor ratio of 1:12 

revealed hollow NPs with an average size of 25 nm (Figure 1.20). A gradual increase in P:Ni 

precursor ratio to 5:6 resulted in the transformation of hollow NPs into solid spherical NPs 

while simultaneously resulting in smaller NPs. 

 Muthuswamy et al. reported a comprehensive study of the reaction parameters that 

have been utilized as levers to tune the phase, size and morphology of nickel phosphide NPs, 

thus enabling phase-pure samples of Ni12P5 and Ni2P to be prepared in both solid and hollow 

morphologies (Scheme 1.1.).
73

 The P:Ni precursor ratio has been identified as the primary 

synthetic lever operating for controlling the morphology when the NPs initially form (200-

230 °C). At the nickel phosphide crystallization temperature (300-350 °C), addition of TOP, 

reaction time, and temperature all have key roles in determining the phase of the product. 
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 A common method for synthesizing metal phosphide NPs is through the thermal 

decomposition of metal-TOP complexes. A variety of core-shell and hollow structures have 

been obtained for the Ni-P system, including Ni, Ni12P5, and/or Ni2P in amorphous or 

crystalline states.
74

 Complete analysis of the spatial distribution of different phases within 

NPs can be challenging due to the small size of the NPs and due to the surface sensitivity of 

some techniques, such as XPS. The NP surface is usually passivated with TOP, which has 

been used as a ligand to limit the NP size. TOP also has a distinct effect on the final 

morphology of the NPs.  

 Researchers have used this method to synthesize Ni and NixPy NPs. Wang et al. 

reported that the P:Ni molar ratio controls the NP size and is a key factor in determining the 

nanostructure.
74

 Hollow metal phosphide NPs can be reached by colloidal synthesis and 

rational use of the metal precursor. They were obtained through the Kirkendall effect, which 

the metal atoms migrate outward during the phosphidation process. As shown in Figure 1.21, 

for molar ratios of 1-3, Ni NPs form below 240 °C and subsequently convert into crystalline-

hollow NixPy NPs at 300 °C. The ratio of phosphorus to nickel precursors determined 

whether the resultant NixPy NPs would have hollow or solid structures. Amorphous solid 

NixPy NPs were also synthesized by controlling the reaction temperature. Higher nucleation 

and growth temperatures are required to decompose the Ni-TOP complex when larger 

amounts of TOP are used, since TOP forms a molecular complex with Ni that inhibits the 

nucleation and growth Muthuswamy et al. hypothesized that formation of the more P-rich 

phase can occur by phosphidation of the more metal-rich phase, suggesting that Ni2P 

formation from Ni NPs occurs stepwise, with Ni12P5 as an intermediate.
75

 To test their 
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hypothesis, Ni12P5 NPs were prepared with two different morphologies (hollow and solid) 

and then reacted with TOP to yield Ni2P. In Figure 1.22, powder X-ray diffraction and TEM 

show when Ni12P5 NPs were combined with octyl ether and oleylamine and heated to 300 °C 

under Ar and then combined with 15 mL TOP and heated to 350 °C for 3-4 h, conversion 

into Ni2P NPs occurred.   

 Moreau et al. investigated whether the Ni phosphide NPs depend on the identical 

Ni/P ratios but with different reaction conditions.
76

 One reaction results in an amorphous 

phase and the other in crystalline Ni2P phase. In both phases, the Ni atoms retain fcc 

positions even with some level of phosphorous enrichment. Unintended phosphorus doping 

from TOP ligands during the Ni NP synthesis was characterized by extended X-ray 

absorption fine structure spectroscopy (EXAFS). The same group has reported a related 

study on defining crystalline/amorphous phases of nickel phosphide NPs by X-ray absorption 

spectroscopy at the same Ni/P molar ratio but with different reaction parameters, which 

allowed them to investigate use of TOP as a phosphorus precursor, even at temperatures as 

low as 230 °C .
76

  

 

1.7. Applications on Catalyst Nanoparticles 

 There has been tremendous interest in metal NPs for catalyzing reactions organic 

synthesis. Numerous reactions are catalyzed by metal NPs, where the activity and selectivity 

depend on the NP composition, size, and morphology. As compared with bulk metals, the 

high surface-to-volume ratios of metal NPs make them especially promising materials for 

catalysis. Industrial-scale synthesis usually uses heterogeneous catalysis, which benefits from 
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easy removal of catalyst materials and the possibility to use high temperatures but suffers 

from lack of selectivity. Although homogeneous catalysis can be very efficient and selective, 

and can offer superior recyclability, it suffers from the difficulty of catalyst removal from the 

reaction media and the limited thermal stability of homogeneous catalysts.  

 Nanoscale transition metal phosphides are an interesting class of materials because of 

their wide scope of properties and applications. Metal-rich phosphides show excellent 

activity for hydrogenation reactions. The overall efficiency of the hydrogenation of CO to 

methane on a Ni-based catalyst [Eq. (1.1)] is influenced through a variety of mechanisms by 

catalytically active nickel clusters. 

    CO + 3 H2 → CH4 + H2O    (1.1) 

 This process has recently awakened renewed interest as part of the search for 

renewable energy sources as replacements for fossil fuels. Gas mixtures mainly consisting of 

COx and hydrogen can be effectively produced by the gasification of biomass, which is a 

prime resource in several locations in the world. The results of studies estimating the fraction 

of human energy needs that could be covered by biomass vary widely depending on 

assumptions, but values of 25% are typically obtained.
77

 For the climate conditions of the 

Northern hemisphere and of Europe in particular, analyses show that biomass, after 

hydroelectricity, is the second most important and most competitive renewable energy 

resource.   

 Nickel and rhodium (Rh) phosphides catalyze the hydrogenation of acetylene to 

ethylene,
78

 Ni2P NPs the hydrogenation of butadiene to butane,
79

 and iron, cobalt nickel, 

molybdenum, and tungsten phosphides are active catalysts in hydrosulfurization (HDS) and 
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hydrodenitrogenation (HDN) reactions.
80-83

 HDS is the removal of sulfur atoms, and HDN is 

the removal of nitrogen atoms from sulfur- and nitrogen-containing molecules in petroleum 

feedstocks, respectively. Legislation has been introduced in many parts of the world that 

mandates very low sulfur levels in fuels. Improvements of the industrial HDS process have 

been ongoing for many years because of this urgent need for lowering the sulfur content. 

 In recent years, the hydrodeoxygenation (HDO) properties of metal phosphides have 

begun attracting attention because of the importance of HDO processing for upgrading 

biomass feedstocks to renewable transportation fuels. In HDS, HDN and HDO, 

hydrogenation and hydrogenolysis (bond breaking) reactions are required. Metals are the best 

catalysts for these reactions yet suffer from deactivation in hydrotreating (HDS, HDN) 

conditions. Metals decompose sulfur-containing molecules to sulfur atoms, which form a 

deactivating layer of sulfur on the metal surface. Metal phosphides have a range of 

thermodynamic stabilities and electronic properties. Some metal phosphides have potential as 

HDS, HDN and HDO catalysts. More than 100 binary transition-metal phosphides are 

known,
84

 with compositions from metal-rich M4P to phosphorus-rich MP15 (for instance, Ni 

forms eight phosphides, from Ni3P to Ni5P2, Ni12P5, Ni2P, Ni5P4, NiP, NiP2, and NiP3), and 

about one hundred bimetallic (M)x(M’)yPz metal phosphides (also called ternary phosphides) 

are known.  

 The differences in composition lead to a broad range of structural, electronic, 

magnetic, optical, and catalytic properties. Among transition metal phosphides, Ni-P systems 

have drawn great attention due to their promising application as anodes for lithium-ion 

batteries.
85

  For instance, NiP2 NPs have shown promise as reversible lithium-ion battery 



 

25 

electrodes.
86

 Since the pioneering work of Nazar et al. on transition metal phosphide anode 

materials,
87

 many studies have investigated the reaction mechanism of these new materials 

due to their high storage capacities and cyclability and low impedance. Phases with Ni/P > 1 

have been found to be electrochemically inactive in powdered form, which would have a 

positive effect on their cycling performances. For instance, Ni3P electrodeposited onto Ni 

foam delivered 400 mA h g
−1

 after 20 cycles.
88

 Ni2P wrapped by a layer of amorphous carbon 

had a high initial Columbic efficiency and good cyclic performance.
89

 Ni5P4/C composite 

also enhanced the electrochemical activity,
90

 leading to a high reversible capacity. Moreover, 

Lu et al. have reported that NiP2/graphene sheets exhibit enhanced electrochemical properties 

as anode materials for lithium-ion batteries in comparison with lithium due to the good 

electrical conductivity of the graphene sheets and the fast electron transfer between the active 

materials and the charge collector.
91

  

 Nanomaterial-assisted gene and drug delivery has become one of the hallmark 

medical applications of nanomaterials. VACNFs have ideal properties for probing live cells 

and for delivering material to them. VACNFs have been used for the massively parallel 

introduction of DNA, which can be tethered to the nanofiber scaffold, into many cells. 

Impalefection, gene delivery via impalement using VACNFs, has promise as a high-

throughput method for evaluating genetic manipulation for a large set of targets.
39

 In this 

method, DNA that codes a target protein is coated onto a carbon nanofiber. An array of 

VACNFs then presses into genes to the cells` nuclei. The implanted DNA can be expressed 

by the recipient cells, even while they are still tethered to the nanofiber scaffold. For optimal 

transfection, each cell should be impaled by only one carbon nanofiber to minimize 
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disruption of cellular function. Therefore, the areal density of the array should be tuned to a 

particular cell size and tissue type to optimize impalefection. 

 Aligned carbon nanostructures also have great potential in energy storage devices 

such as electrodes in supercapacitors or batteries.
92

 The structure of pores in aligned carbon 

nanotubes exerts a strong influence on charge-discharge rates and total energy that can be 

stored. The straight pores of carbon nanotube arrays have demonstrated potential for ultrafast 

transport of ions. Tailoring the catalyst spacing for large-scale production is crucial for such 

applications, where fast ion diffusion and high surface area are needed and need to be 

controlled and optimized for maximum performance. Optimization of nanotube spacing is 

also a critical factor for fabricating large-area electron field emission arrays for lighting 

sources or displays.  

 

1.8. Thesis Goal and Overview 

 A series of studies were conducted concerning the synthesis of Ni NPs and their 

conversion into phosphides and patterning for carbon nanofiber growth on various. 

Specifically, these studies report an improved understanding of (1) how to control the size 

and morphology of Ni NPs, (2) how to convert dendritic Ni3C1-x NPs into nickel phosphides 

and (3) how to pattern catalyst NPs for VACNF growth on metal substrates.  

 Chapter 2 reports the use of chemically synthesized catalyst Ni NPs for VACNF 

growth on Si substrates. Chapter 3 demonstrates a process that expands the utility of 

VACNFs toward impalefection schemes by replacing the typical Si substrate with 

inexpensive Al and replacing the e-beam evaporated catalyst deposition step with air-brushed 
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Ni NPs. Airbrushing of pre-synthesized catalyst NPs lifts the substrate flatness requirement 

and provides a highly monodisperse NP size distribution, which allows deposition of catalyst 

NPs over large areas with controlled surface coverage. Si has limited ability to withstand 

harsh processing conditions compared to most metals. Free-standing VACNFs in PDMS may 

serve as a new drug-delivery system. Chapter 4 investigates how TOP affects the shape and 

composition of Ni3C1-x and Ni NPs synthesized using 1-octadecene and describes to 

understand how the shape of Ni3C1-x/Ni NPs affects void formation during conversion into 

Ni12P5 NPs. To understand the incorporation of C into Ni NPs, octadecane and 

trioctylphosphine oxide were used as solvents instead of octadecene. Finally, Chapter 5 

concludes with a summary of the findings and their potential for future work. 
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Figure 1.1. Ni NPs obtained from 10 mL OA and (a) 0.1 mL TOP, (b) 0.3 mL TOP, (c) 0.5 

mL TOP, and (d) 5 mL TOP.
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Figure 1.2. Ni NPs obtained from 0.8 mL TOP and (a) 8 mL OA (23 nm), (a) 6 mL OA (26 

nm), (a) 4 mL OA (28 nm), (a) 2 mL OA (32 nm).
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Figure 1.3. XRD patterns of Ni NPs synthesized through the thermal decomposition of 

Ni(acac)2 in oleylamine at 215 °C (a), 240 °C (b) and 260 °C (c), respectively. The asterisks 

in sample (c) represent unidentified phases.
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Figure 1.4. Structural analysis by XRD data of Ni NPs synthesized through the thermal 

decomposition of Ni(acac)2 in (a) trioctylamine at 260 °C, (b) trioctylamine at 285 °C, (c) 

dodecylamine at 215 °C, (d) dodecylamine at 280 °C, and (e) hexadecylamine at 280 °C.
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Figure 1.5. Schematic structure of carbon (a) nanotubes, which are composed of graphene 

cylinders, but (b) nanofibers are formed from of stacked graphene cups/cones.
36
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Figure 1.6. A single VACNF as a field-emission cathode.
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Figure 1.7. SEM image of hamster ovary cells (CHO) impaled on a nanofiber array.
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Figure 1.8. XRD patterns of the products obtained from different solvents after heating for 

30 min at different temperatures (a) dichlorobenzene, 182 °C  (b) diphenyl ether, 256 °C  and 

(c) 1-octadecene, 314 °C.
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Figure 1.9. XRD patterns for powders obtained after decomposing in (a) Ar, (b) H2, and (c) 

in air at various temperatures.
47
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Figure 1.10. Powder XRD data of NI3C1-xNPs  formed with different degrees of 

carburization obtained at different reaction times: (a) a sample with a dwell time (t) of 

<2 min at ~215°C (red) and (b) the sample after 1 hour (blue). XRD patterns (black) 

in (a) and (b) correspond to hcp-Ni and Ni3C, respectively. The vertical lines 

correspond to the peak positions of hcp-Ni.
50

  



 

51 

 

Figure 1.11. Powder XRD of NPs after heating after 30 min at various temperatures, and 

reference spectra of fcc-Ni, hcp-Ni, and Ni3C. Peaks are labeled  fcc-Ni (    ), hexagonal Ni3C 

(○), and an unexpected cubic phase (▼), which is proposed to be an intermediate cubic 

nickel carbide.
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Figure 1.12. TEM and (insets) HRTEM images of different shapes of (a-c) Pt NPs, (d-f) Pd 

NPs, and (g) PdPt dendritic NPs.
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Figure 1.13. SEM images with a common 200 nm scale bar of MBGNPs prepared using (a) 

1:1, (b) 3:2, (c) 2:1, (d) 4:1, (e) 8:1, and (f) 16:1 AA:Au molar ratios. (g) Dependence of the 

average branch (squares) and  core (circles) on the AA:Au ratio.
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Figure 1.14. SEM images of MBGNs synthesized using different amounts of AgNO3, 

increasing from (a) to (f).  Each scale bar is 100 nm.
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Figure 1.15. TEM images of spherical and dendritic Pd NPs obtained from heating Pd(acac)2 

in TOP and oleylamine for 22.5 h, and Pd(hfac)2 in oleylamine for 6 h, respectively.
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Figure 1.16. TEM images of  nanopolypod CoPt NPs. (Inset: Electron diffraction pattern).
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Figure 1.17. TEM images (left) and the corresponding models (right) of different shapes of 

Ni NPs.
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Figure 1.18. (a) TEM images of ~20 nm Ni NPs (inset, lower left corner) and their 

conversion into hollow Ni2P NPs; (b-d) HR-TEM images of hollow Ni2P NPs. Scale bars in 

(c) and (d) are 20 nm.
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Figure 1.19. XRD patterns of Ni12P5 and Ni2P NPs synthesized using varying amounts of 

oleylamine at 250 °C. Dashed lines correspond to peaks for diffraction of Ni2P and Ni12P5.
73

 



 

60 

 

Figure 1.20. TEM images of Ni12P5 NPs synthesized using different P:Ni precursor molar 

ratios: (a) 1.12, (b) 2.24, (c) 4.48, and (d) 5.6.
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Scheme 1.1. Summary of how several levers control the synthesis of NixPy NPs in terms of 

size, morphology, and phase.
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Figure 1.21. TEM, HRTEM, and SAED of (a-c) amorphous-solid and (d-f) crystalline-solid 

NixPy NPs obtained from the thermal decomposition of TOP at (a-c) 240 °C and (d-e), 300 

°C.
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Figure 1.22. TEM images and powder XRD of the Ni12P5 precursor NPs and the Ni2P 

products obtained for (a) hollow NPs and (b) solid NPs.
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2. Effects of Ligand Monoloyers on Catalytic Nickel Nanoparticles for Synthesizing 

Vertically Aligned Carbon Nanofibers 

 

 “Reproduced with permission from ACS Applied Materials & Interfaces (Vol. 3, pp. 

936 – 940, 2011) as “Effects of Ligand Monolayers on Catalytic Nickel Nanoparticles for 

Synthesizing Vertically Aligned Carbon Nanofibers” by Mehmet F. Sarac, Robert M. 

Wilson, Aaron C. Johnston-Peck, Junwei Wang, Ryan Pearce, Kate L. Klein, Anatoli V. 

Melechko, and Joseph B. Tracy. Copyright 2011 American Chemical Society” Sarac’s 

contribution to the research included synthesizing the Ni NPs for observing graphitic shell on 

the NPs, collecting and analyzing the TEM data, and writing the manuscript. 

 

2.1. Motivation 

 Vertically aligned carbon nanofibers (VACNFs) have ideal properties for probing live 

cells and for delivering genes to them. Each cell should be penetrated (impaled) by only one 

carbon nanofiber to minimize disruption of cellular function. In this study, monodisperse 

sizes of catalytic Ni NP were synthesized and deposited onto Si substrates by dropcasting. 

VACNFs were synthesized by catalytic, direct-current, plasma-enhanced chemical vapor 

deposition. The objective of was to demonstrate growth of VACNFs from chemically 

synthesized Ni NPs and to assess the effect of a ligand shells encapsulating the NPs on 

VACNF growth.  
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2.2. Abstract  

 VACNFs were synthesized using ligand-stabilized Ni nanoparticle (NP) catalysts and 

plasma-enhanced chemical vapor deposition. Using chemically-synthesized Ni NPs enables 

facile preparation of VACNF arrays with monodisperse diameters below the size limit of thin 

film lithography. During pregrowth heating, the ligands catalytically convert into graphitic 

shells that prevent the catalyst NPs from agglomerating and coalescing, resulting in a 

monodisperse VACNF size distribution. In comparison, significant agglomeration occurs 

when the ligands are removed before VACNF growth, giving a broad distribution of VACNF 

sizes. The ligand shells are also promising for patterning the NPs and synthesizing complex 

VACNF arrays. 

 

2.3. Introduction 

 The synthesis of ligand-stabilized nanoparticles (NPs) has attracted intense interest 

due to their anticipated applications in optoelectronics,
1
 magnetics,

2
 catalysis,

3
 and 

biomedicine.
4
 Apart from the magnetic properties of the 3d-ferromagnets, Fe, Co, and Ni are 

also well known as catalysts for growing carbon nanostructures.
5-8

 There is strong interest in 

improving control over the uniformity and patterning of carbon nanotubes (CNTs), carbon 

nanofibers (CNFs), and inorganic nanowires by controlling the composition, size,
8
 and 

assembly of the catalyst NPs. Synthesizing CNFs with uniform diameters requires both a 

uniform catalyst NP size distribution and thermal stability up to temperatures of 700 °C, at 

which CNF growth is initiated. In the synthesis of vertically aligned carbon nanofibers 

(VACNFs) by plasma-enhanced chemical vapor deposition (PECVD), the nanofibers grow 
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from catalyst NPs that have been deposited or patterned on a substrate.
9
 When using Ni NP 

catalysts, as reported here, VACNFs are known to grow through tip-type growth, where the 

catalyst NP is attached to the free end of the CNF.
9
 Agglomeration is no longer possible once 

the catalyst NPs have been lifted above the substrate at the beginning of CNF growth. 

VACNFs have been used as electron field emitters,
10

 tips for atomic force microscopy,
11

 

elements of solar cells,
12

 intracellular electrodes,
13

 and as porous membranes for biomimetic 

cells.
14

 Obtaining uniform and controllable VACNF size distributions is crucial for achieving 

the desired function in such applications, which generally requires that agglomeration of the 

catalyst NPs be avoided. 

 Many methods for chemically synthesizing ligand-stabilized FexOy,
15-20

 Co,
21-24

 and 

Ni
25-29

 NPs with size control have been developed. The ligand shells are also potentially 

useful for their ability to facilitate patterning of the catalyst NPs. In comparison to the 

extensively developed methods for NP synthesis,
30

 much less is known about how to prevent 

NPs from agglomerating at high temperatures. While covering metal NPs with oxide shells is 

known to prevent agglomeration,
31

 significant surface coverage of catalyst NPs with 

inorganics would likely perturb the reaction products during carbon nanostructure growth. 

Encapsulating NPs with graphitic shells has also been shown to protect against 

agglomeration at high temperatures or under harsh chemical environments.
32,33

 

 Here, we report a study of the effects of ligands covering Ni catalyst NPs on the 

synthesis of VACNFs, and we show that the ligands catalytically convert into graphitic shells 

that prevent agglomeration at high temperatures, resulting in a monodisperse distribution of 

VACNF diameters that correlates with the Ni NPs size. In samples where the ligands were 
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removed prior to VACNF growth, significant agglomeration and coalescence occurred, 

which gave a broad distribution of VACNF diameters. Further benefits of ligand-stabilized 

NPs are their tunable sizes and facile preparation and deposition onto substrates for VACNF 

growth. Methods utilizing chemically-prepared NPs are potentially more reproducible and 

less expensive than lithography and thin film dewetting approaches that are commonly 

employed for VACNF growth.
34

 

 

2.4. Experimental Section 

2.4.1. Nickel Nanoparticle Synthesis and Characterization. Ni NPs with 

average diameters of 25 nm were synthesized following a method that we 

recently reported:
28

 Amounts of 0.200 g nickel acetylacetonate (Ni(acac)2, 98%, 

TCI America), 2.0 mL oleylamine (OA, 97%, Pfaltz & Bauer), and 5.0 g 

trioctylphosphine oxide (TOPO, 99%, Strem) were heated at 60 °C in a three-

necked, round-bottomed flask for 1.5 h under vacuum to remove oxygen before 

backfilling with nitrogen. By syringe, 0.1 mL trioctylphosphine (TOP, 97%, 

Strem) was injected into the mixture before rapidly heating the solution to 240 

°C (over ~10 min) with vigorous stirring. After aging for 30 min at 240 °C, the 

mixture was cooled to room temperature. The product was isolated from the 

high-boiling solvent and excess ligands by adding methanol, briefly centrifuging 

and then discarding the supernatant and redispersing the NPs in hexanes. The 

NP size was measured using a JEOL 2000FX transmission electron microscope. 
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2.4.2. VACNF Synthesis and Characterization. A solution of the Ni NPs 

with a concentration of 1 wt. % in hexanes was spin cast onto small (~1 cm
2
) Si 

substrates (As-doped, 1-10 Ω-cm), which provides approximate monolayer 

coverage. Ligand removal was performed on one set of samples by treatment 

with ultraviolet light and ozone (UVO)
37,45

 for 4 min. The samples were loaded 

into the growth chamber at room temperature, followed by evacuation to 0.1 

Torr. Flowing ammonia (NH3) vapor was introduced into the chamber and 

equilibrated at a flow rate of 85 sccm and pressure of 4 Torr, which was 

maintained throughout the growth. While keeping the pressure constant at 4 

Torr, the temperature was increased to 700 ± 5 °C. Once the chamber reached 

700 °C, flowing acetylene (C2H2) was switched on at rate of 60 sccm. After 

waiting 10 s, the plasma was turned on with a current of 200 mA and ramp time 

of 15 s. After completing 10 min of growth, the plasma, NH3, C2H2, and the 

heater were turned off, and the chamber was evacuated and cooled to 100 °C 

before venting with nitrogen and unloading the samples. Images of the VACNFs 

were acquired using a Hitachi S-4700 field-emission scanning electron 

microscope. For plotting histograms of the diameters, the diameters of 500 

VACNFs were measured for each sample. 

 

2.4.3. Characterization of the Pregrowth Process. For characterizing the 

evolution of the Ni NPs with ligands intact prior to growth by TEM (Figure 2.3), 

three samples were prepared. The ligand-coated Ni NPs were imaged as-
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deposited on SiO films (Ted Pella, product number 01829). An identical 

specimen was heated at 450 °C under an NH3 atmosphere for 10 min on an SiO 

film. The third sample was deposited onto a 50 nm-thick SiN membrane 

(Protochips,  DuraSiN) and was heated to 700 °C under an NH3 atmosphere for 

10 min. The sample that was not annealed was imaged using a JEOL 2000FX 

TEM, and the annealed samples were imaged using a Philips/FEI CM300FEG 

TEM. 

 

2.5. Results and Discussion 

 Ligand-stabilized Ni NPs were synthesized by the high-temperature reduction of 

nickel(II) acetylacetonate in the presence of trioctylphosphine (TOP) and oleylamine (OLA) 

ligands.
28

 Phosphines interact more strongly with the Ni surface than amines; after 

purification, the ligand monolayer coating the NPs contains only TOP. Measurements of the 

Ni NPs by transmission electron microscopy (TEM) show that they have spherical shapes 

with an average diameter of 25 nm (Figure 2.1a). By adjusting the reaction conditions, the 

diameter could be tuned between 8 nm and 100 nm.
28,29

 Scanning electron microscopy 

(SEM) images of the VACNFs (Figure 2.1) show distinctly different diameter distributions 

(Figure 2.2), depending whether the ligands had been removed.  

 Leaving the ligands intact resulted in highly monodisperse sizes. The histogram of the 

VANCF diameters for growth from Ni NPs whose ligands were not removed shows a narrow 

size distribution, with a mean NP diameter of 21 nm (Figure 2.2a). In comparison, ligand 

removal from the same batch of catalyst NPs by treatment with ultraviolet light and ozone 
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(UVO) resulted in an average diameter of 46 nm and a significantly broader size distribution 

(Figure 2.2b, where the largest sizes lie outside of the range of the histogram). Therefore, 

leaving the ligands intact suppressed agglomeration and resulted in diameters very close to 

the size of the catalyst NPs, but ligand removal caused substantial agglomeration and 

coalescence. 

 These results imply that bare NPs (after ligand removal) agglomerate and coalesce 

before VACNF growth begins. Agglomeration is possible only before VACNF growth 

starts,
35

 because Ni NPs catalyze tip-type growth of VACNFs, which lifts the catalyst NPs 

off the surface of the substrate.
9
 This pregrowth phase includes heating the substrate to 700 

°C under a reducing NH3 atmosphere followed by a brief period of plasma heating
36

 after 

acetylene has been introduced, until graphitic layers start to form under the NPs. In a prior 

study from our group that used identical UVO treatment conditions for ligand removal, the 

UVO treatment at room temperature did not itself cause agglomeration.
37

 

 Several reports of similar experiments have shown that the ligands can be converted 

into graphitic shells while heating in a reducing atmosphere.
33,38,39

 A plausible mechanism 

for converting the ligands into graphitic shells (Figure 2.3a-d) includes three main steps: (i) 

Nickel NPs catalytically decompose TOP at ~300 °C,
29

 which liberates elemental 

phosphorous and hydrocarbon chains. (ii) At ~400-500 °C, the Ni NPs catalytically 

decompose the hydrocarbons into atomic carbon, (iii) which is then restructured into 

graphitic layers.
40

 Some of the hydrocarbons could also desorb from the NP surfaces, and 

some of the atomic carbon might also dissolve in the NP core. To test this hypothesis, a set of 

annealing experiments was performed, in which NPs with intact ligands were deposited onto 
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thermally-robust TEM substrates, followed by annealing at 450 °C or 700 ° C under NH3 

atmosphere for 10 min. The products after annealing at 700 °C are encapsulated by one or 

two graphitic layers (Figure 2.3g-h). We further note that the ligands also serve as an ample 

carbon source for the start of nanotube growth, when the graphitic shell detaches from one 

side of the NP (Figure 2.3g-h). The solid-state, catalytic conversion of amorphous carbon has 

been extensively studied by in situ TEM.
41,42

  

 The pregrowth phase is the critical process, when the ligands are converted into 

graphitic shells that encapsulate the NPs and protect against agglomeration by preventing 

transport of Ni along the surface of the substrate. In contrast, after ligand removal, the bare 

NPs lack a carbon source for forming graphitic shells, which allows mobility on the substrate 

at high temperatures that gives rise to agglomeration. In these experiments, the native oxide 

on the Si substrates is sufficient for eliminating interdiffusion of Ni and Si as a possibility.
8
 

Previously, depth profiling with an Auger microprobe has shown that the Ni content in the 

substrate is undetectable.
41

 On a time scale of several hours, however, interdiffusion and 

silicide formation cannot be excluded from consideration.
42

  

 Control over the catalyst NP size and eliminating agglomeration are critical for 

growing uniform sizes of VACNFs and for fully realizing their applications, because the 

VACNF diameter often controls the functionality. For example, in the case of electron field 

emitters, the field enhancement factor is proportional to the length/tip diameter ratio. In 

nanospearing of cells for gene delivery, the VACNF diameter determines its ability to 

penetrate the cell membrane.
43

 Catalyst NPs for VACNF growth are commonly prepared by 

dewetting metal thin films, which produces a broad size distribution, whose average size 
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increases with increasing with film thickness.
44

 Dewetting of thin films patterned by 

photolithography is useful for producing NPs with uniform diameters greater than 100 nm. 

Electron beam lithography (EBL) can be used to pattern smaller NPs with sizes of a few tens 

of nanometers.
34

 Use of EBL adds significant complexity and cost that is especially 

problematic for commercialization, but this chemical synthetic approach allows facile 

preparation of small catalyst NPs with narrow size distributions. We anticipate that soft 

lithography techniques, such as microcontact printing, could be useful for patterning 

chemically-synthesized NPs. Moreover, the ligands on ligand-stabilized NPs prevent 

agglomeration and coalescence of the catalyst NPs at the high VACNF growth temperatures, 

giving rise to a monodisperse VACNF size distribution that is controlled by the size of the 

catalyst NPs. 

 

2.6. Conclusions 

 Chemical synthesis is an appealing approach for preparing catalyst NPs for VACNF 

growth. Synthetic methods are already well established for obtaining highly monodisperse 

ligand-stabilized NPs with tunable sizes. Here, we have shown that when using ligand-

stabilized Ni NPs for catalyzing VACNF growth, the ligands also serve a critical role in 

preventing the NPs from agglomerating, which gives a monodisperse VACNF size 

distribution. The ligands are converted into protective graphitic shells. If the ligands are 

removed after deposition on the substrate, ligand removal does not itself cause 

agglomeration, but substantial agglomeration of bare NPs occurs during heating in the 

pregrowth phase, which results in larger, polydisperse VACNF sizes. We are currently 
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investigating how to extend these results to the synthesis of complex patterns of VACNFs by 

patterning the ligand-stabilized catalyst NPs. 
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Figure 2.1. (a) TEM image of ligand-stabilized Ni NPs with an average diameter of 25 nm 

before VACNF growth. SEM images of (b,c) 30° tilted views and (d,e) top views of 

VACNFs grown from the Ni NPs (b,d) without ligand removal and (c,e) after ligand 

removal. 

  

(a) (c)

(d) (e)

(b)
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Figure 2.2. Histograms of the diameters of VACNFs grown from Ni NP catalysts: (a) with 

ligands intact or (b) after ligand removal. Some VACNFs after ligand removal had diameters 

greater than 150 nm that are not tabulated. 
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Figure 2.3. (a-d) Graphical depiction of the decomposition of trioctylphosphine on a Ni NP 

and its conversion into a graphitic shell; bright-field TEM images (with a common scale bar) 

of Ni NPs with ligands intact (e) prior to heating, and after annealing for 10 min under NH3 

atmosphere (f) at 450 °C (arrow indicates the shell surrounding a NP) and (g-h) at 700 °C 

(arrows point to a fringes of graphitic layers). 
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3. Airbrushed Nickel Nanoparticles for Large-Area Growth of Vertically 

Aligned Carbon Nanofibers on Metal (Al, Cu, Ti) Surfaces 

 

 “Reproduced with permission from ACS Applied Materials & Interfaces (Vol. 3, pp. 

8955 – 8960) as “Airbrushed Nickel Nanoparticles for Large-Area Growth of Vertically 

Aligned Carbon Nanofibers on Metal (Al, Cu, Ti) Surfaces” by Mehmet F. Sarac, Bryan D. 

Anderson, Ryan C. Pearce, Justin G. Railsback, Adedapo A. Oni, Ryan M. White, Dale K. 

Hensley, James M. LeBeau, Anatoli V. Melechko, and Joseph B. Tracy. Copyright 2013 

American Chemical Society.” Sarac’s contribution to the research included synthesizing Ni 

NPs, airbrushing Ni NPs onto various substrates, collecting and analyzing SEM and TEM 

data, and writing the manuscript.  

 

3.1. Motivation 

  Aligned carbon nanostructures have great potential for application in energy storage 

devices, such as electrodes in supercapacitors or batteries. For maximizing the conductivity, 

growth of VACNFs on metal substrates are desirable rather than on Si, which are the 

substrate commonly used for VACNF growth. Control over the pore structure of aligned 

carbon nanotubes has a strong influence on charge-discharge rates and the total energy that 

can be stored. The straight pores of carbon nanotube arrays show potential for ultrafast 

transport of ions. Manufacturing of such VACNF arrays for commercial applications requires 

the continuous synthesis of controlled-density of arrays of VACNFs on large-area substrates. 

In this study, our aim is to demonstrate large-area growth of VACNFs on Al, Cu and Ti 
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surfaces by using airbrush method which lifts the flatness requirement of Si and provides a 

well-controlled dispersion on the substrate. 

  

3.2. Abstract 

 VACNFs were grown by plasma-enhanced chemical vapor deposition (PECVD) 

using Ni nanoparticle (NP) catalysts that were deposited by airbrushing onto Si, Al, Cu, and 

Ti substrates. Airbrushing is a simple method for depositing catalyst NPs over large areas 

that is compatible with roll-to-roll processing. The distribution and morphology of VACNFs 

are affected by the airbrushing parameters and the composition of the metal foil. Highly 

concentrated Ni NPs in heptane give more uniform distributions than pentane and hexanes, 

resulting in more uniform coverage of VACNFs. For VACNF growth on metal foils, Si 

micropowder was added as a precursor for Si-enriched coatings formed in situ on the 

VACNFs that impart mechanical rigidity. Interactions between the catalyst NPs and the 

metal substrates impart control over the VACNF morphology. Growth of carbon 

nanostructures on Cu is particularly noteworthy because the miscibility of Ni with Cu poses 

challenges for VACNF growth, and carbon nanostructures anchored to Cu substrates are 

desired as anode materials for Li-ion batteries and for thermal interface materials. 

 

3.3. Introduction 

 Vertically aligned carbon nanofibers (VACNFs) have garnered attention for use in 

diverse applications, including electroanalytical probes,
1-3

 gene delivery devices,
4-8

 cell-

mimetic membranes,
9
 neural interfaces,

10-12
 sensors,

13-15
 electron field-emission sources,

16-20
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supercapacitors,
21,22

 electrodes for electrocatalysis,
23-26

 and batteries.
21

 VACNFs are 

routinely synthesized by catalytic plasma-enhanced chemical vapor deposition (PECVD), 

which requires the use of catalyst nanoparticles (NPs). Catalytic NPs for VACNF growth are 

commonly prepared through a combination of traditional photolithography, electron beam 

lithography, physical vapor deposition, lift-off, and dewetting, which has sufficed for proof-

of-principle demonstrations. For example, the arrays used for gene delivery by impaling cells 

(impalefection) and electron field emission have mostly been produced by high-cost, low-

throughput electron beam lithography
27

 or slightly less expensive projection lithography.
28,29

 

While the use of lithography tools allows for fabrication of precisely-defined arrays of 

VACNFs, such precision is not necessary for some applications. The critical parameters for 

efficient impalefection and electrodes are the nanofiber aspect ratio and areal density in the 

array, but periodic ordering among nanofibers is unimportant and comes at significant cost. 

Catalytic NPs are often prepared by electron beam evaporation or sputter deposition,
29

 but 

such batch processes limit the throughput for manufacturing arrays of VACNFs. Airbrushing 

of presynthesized catalyst NPs allows for rapid in-air catalyst deposition and still provides a 

highly monodisperse NP size distribution. Moreover, airbrushing
30,31

 is a simple, inexpensive 

method that allows for deposition of catalyst NPs over large areas with controlled surface 

coverage. 

 In comparison with other methods, solution deposition of thin layers of precursors, 

such as metal acetates, for forming catalytic NPs has also been used to grow carbon 

nanotubes
32-35

 but does not allow independent control of the NP size and density of coverage. 

The catalyst NPs used here (d > 100 nm) are also much larger than those used for single-
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walled carbon nanotubes that are commonly obtained from metal acetates.
33

 Microcontact 

printing has also been used to pattern catalyst NPs
36,37

 or precursors for catalyst NPs
38,39

 for 

the growth of carbon nanotubes, but airbrushing is potentially faster for applications that do 

not require periodic arrays, for example for coating windows or buildings with VACNFs. 

Deposition of catalyst NPs and subsequent growth of VACNFs have been conducted 

primarily on Si(111) substrates, but some other substrates including Mo, Nb, W, and Cr have 

also been explored.
40,41

 Si has limited ability to withstand harsh processing conditions 

compared to most metals, making it an unsuitable choice for use as a substrate for VACNF 

growth for some applications.
29

 Moreover, most of the applications listed above require 

conductive pathways between the VACNFs and a metal substrate that is connected to an 

electrical circuit. Si substrates provide a beneficial Si-enriched coating on the VACNFs that 

enhances their mechanical properties, but growth of VACNFs with Si-enriched coatings on 

other substrates requires an additional source of Si.
42

 Hereafter, we refer to these Si-enriched 

coatings simply as Si coatings, with the understanding that they may also contain C, N, and 

O. 

 Here, we report airbrushing of Ni NPs onto Si, Al, Cu, and Ti substrates, followed by 

VACNF growth via PECVD. The distribution and density of the VACNFs are defined by the 

pattern of the Ni NPs obtained through airbrushing because the Ni NPs catalyze VACNF 

growth. Detailed structural and compositional analyses reveal the effects of interactions 

between the catalyst NPs and metal substrates and prove the existence of Si coatings on the 

VACNFs. 
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3.4. Experimental Section 

3.4.1. Nanoparticle Synthesis. 1-octadecene (5.0 mL, 90%, Sigma-Aldrich), 

oleylamine (5.0 mL, 80-90% C18 content, Acros), and Ni(II) acetylacetonate 

hydrate (0.50 g, 98%, TCI America) were mixed and allowed to degas under 

vacuum for 2 hours at 60-80 °C. The solution was then backfilled with nitrogen 

and heated at a rate of 10 °C/min to 240 °C and held at this temperature for 30 

min. After completing the reaction, the NPs were flocculated by adding ethanol, 

followed by centrifugation for purification. After discarding the supernatant, the 

NPs were then re-dispersed into different non-polar solvents (pentane, hexanes, 

or heptane).  

 

3.4.2. Nanoparticle Airbrushing onto Substrates. Varying concentrations 

of Ni NPs were deposited onto ~1 cm
2
 Si wafers and Al Alloy 6061, Cu Alloy 

101, and Ti Grade 2 foils (obtained from McMaster Carr) using an Iwata Eclipse 

HP-CS airbrush. For specifying the concentration, Ni NP solutions with an 

optical absorbance of 1 at 600 nm were denoted as the 1× concentration. The 

airbrush was operated with compressed air at 50 psi. Prior to airbrushing, the 

metal foils were cleaned by sonicating in acetone, rinsing with methanol, and 

then allowing the residual solvent to dry. The NPs were airbrushed onto the 

substrates in two short pulses of 0.5 s each, with the tip of the nozzle held 0.3 m 

from the substrate. There was a brief pause between pulses to ensure that the 

solvent had completely evaporated. For the metal foils, a dispersion of 0.5 g Si 
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micropowder (Atlantic Equipment Engineers, SI-100, Technical Grade Silicon 

Metal Powder) in 10 mL acetone was airbrushed over the same area in two 

pulses of 0.5 s each. The duration of spraying and the distance from the airbrush 

nozzle to the substrate were the same for all samples. 

 

3.4.3. Vertically Aligned Carbon Nanofiber Growth. VACNFs were 

grown on the substrates with airbrushed catalytic NPs (and Si micropowder for 

the metal substrates) by direct-current glow discharge plasma-enhanced 

chemical vapor deposition (PECVD). The substrates were heated to 600 °C 

under a 0.05 Torr vacuum, and then the chamber was backfilled with 4 Torr 

ammonia. Acetylene (85 sccm) and ammonia (45 sccm) were used as the carbon 

source and etchant gases, respectively. The sample was grown for two hours at a 

current of 0.5 A, temperature of 600 °C, and pressure of 4 Torr. The chamber 

was evacuated following growth, and the substrate was allowed to cool to room 

temperature under vacuum. 

 

 

3.4.4. Characterization. Conventional transmission electron microscopy 

(TEM) images were acquired on a JEOL 2000FX microscope operated at 200 

kV, and scanning electron microscopy (SEM) was performed on a Zeiss Merlin 

field emission SEM. High-angle annular dark-field scanning TEM (HAADF-

STEM), bright-field (BF) STEM, and energy dispersive X-ray spectroscopy 
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(EDS) maps were acquired with a probe-corrected FEI Titan G2 60-300 S/TEM 

operated at 200 kV and equipped with a Super-X EDS detector system. The 

elemental EDS data were acquired for 8 min with a beam current of ~80 pA, and 

maps were formed using the K X-ray signal of the corresponding element. 

Histograms of the VACNF diameters for each substrate were obtained by 

counting SEM measurements of 200 VACNFs from each substrate. 

 

3.5. Results and Discussion 

3.5.1. Growth of VACNFs from Sparse Coverage of Airbrushed Ni NPs. 

In order to characterize the airbrushing process, VACNFs were first grown on 

pieces of a Si wafer using Ni NPs deposited by airbrushing. The Ni NPs (Figure 

3.1a) were synthesized according to a modification of a previously reported 

method,
43

 resulting in dendritic shapes and an average diameter of dNP = 186 

nm. The spatial distributions of the Ni NPs obtained through airbrushing from 

several solvents at different concentrations onto Si (111) substrates and of the 

Si-coated VACNFs grown from these Ni NPs are shown in Figure 3.1b-i. 

Alkanes were chosen as solvents, where the evaporation rate decreases as the 

chain length increases, in order to observe how the drying kinetics affected the 

deposited structures. The Ni NPs dispersed well into pentane and hexanes at the 

1× concentration, but significant clustering was observed after deposition onto 

the Si substrate (Figure 3.1b,c). The NPs were more uniformly distributed on the 

Si substrate when airbrushed from a heptane suspension, for which three 
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different concentrations of the airbrushing solution (0.25×, 0.5× and 1×) were 

used (Figure 3.1d,f,h). Two important observations from images of VACNFs 

grown from these NPs (Figure 3.1e,g,i and Supporting Information, Figure S3.1) 

are: (1) The density of VACNFs is proportional to the concentration of the Ni 

NPs in the airbrushing solution. Greater concentrations of NPs give more 

densely packed VACNFs. (2) Despite minor clustering of the Ni NPs prior to 

VACNF growth, there is less clustering in the distribution of the VACNFs. This 

suggests that the Ni NPs become somewhat mobile during the pregrowth 

process prior to the start of VACNF growth, when the NPs become pinned at the 

tips of the VACNFs. In contrast to our recent study, where we showed that 

trioctylphosphine (TOP) ligands coating the ~25 nm diameter Ni NPs are 

converted into graphitic shells that protect the NPs from agglomerating during 

the pregrowth stage,
43

 some of the NPs reported here become mobile, but the Ni 

cores do not coalesce together. The NPs used in this study were synthesized 

without using any TOP, and oleylamine is a more weakly binding ligand than 

TOP that appears to reduce the NP mobility but does not completely pin them in 

their as-deposited state. The clustering seen here is not as severe or as 

problematic as the agglomeration of metal catalyst NPs in thin film lithography 

deposition approaches, however, where NP singularity is achieved via sufficient 

separation of patterned islands, and undesired NP mobility remains a significant 

challenge.
44
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3.5.2. VACNF Deposition and Growth on Al, Ti, and Cu Foils. Ni NPs 

were airbrushed onto Al Alloy 6061, Ti Grade 2, and Cu Alloy 101 foils. 

Heptane was selected as the solvent for airbrushing because it gave more 

uniform deposition than pentane and hexanes. Prior to VACNF growth, Si 

micropowder was separately airbrushed onto the substrate, which was required 

to serve as a Si source for depositing Si coatings onto the surfaces of the 

VACNFs that provide important structural support
42

 and impart sufficient 

rigidity for the nanofibers to point straight out of the plane of the substrate. Si 

coatings on VACNFs have facilitated further processing and applications, such 

as the deposition of polymer coatings onto arrays of VACNFs without the fibers 

collapsing and allowing VACNFs to be pressed into and penetrate brain tissue 

multiple times without mechanical degradation of the fibers.
8,12

 The basal 

diameters (averages given in parentheses) of the VACNFs on the Al (230 nm), 

Ti (80 nm), and Cu (45 nm) foils were measured manually from SEM images 

(Figure 3.2) and tabulated in histograms (Figure 3.3). Typical fiber heights were 

~0.1-2.0 μm. The VACNFs are conical in shape because sidewall deposition of 

carbon accompanies catalytic growth.
42

 More C accumulates at the bases of the 

VACNFs because they were the first parts formed and experience the longest 

time for sidewall deposition, resulting in a conical shape.
45

 The fact that the 

VACNFs are vertically aligned when grown on substrates other than Si but in 

the presence of airbrushed Si micropowder confirms that the micropowder 

serves as the Si source for the Si coatings.  
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3.5.3. Si-Enriched Coating. Here, the primary focus is on characterizing the 

Si-coating on the VACNFs because their internal structure is already known 

from previous studies.
46

 STEM images and energy-dispersive X-ray 

spectroscopy (EDS) maps for VACNFs grown on Al and Cu foils are presented 

in Figure 3.4. An additional HAADF-STEM image for the VACNFs grown on 

Cu is provided in the Supporting Information, Figure S3.2. The Si signal is the 

most intense in base of the fibers, which is consistent with sidewall deposition of 

Si and the longer exposure time of the base to the reactive plasma environment. 

N is also present throughout the fibers, which is incorporated from the ammonia 

etchant gas. An EDS line profile (Figure 3.5) across the diameter of a fiber 

shows two prominent peaks in the Si signal on the sides of the fiber, which is 

consistent with a Si-enriched coating that may also contain C, N, and O. The 

amount of these species other than Si in the coating is unclear, but the Si powder 

is required as a Si source for growth on metal foils. While the VACNF growth 

temperature is well below the bulk meting point of Si, the plasma in PECVD 

may drive volatilization of Si, and the highly reactive environment may also 

cause surface reactions resulting in gaseous Si-containing molecular species. 

The reactive Si species are then deposited on the sidewalls of the VACNFs. 

 

 

3.5.4. Nanoparticle-Substrate Interactions. The nature of the catalyst NPs 

and the substrate together determine the structure of the nanofibers. Even though 

much research has been conducted to produce VACNFs with uniform spatial 
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distributions on Si wafers, the interaction of catalyst NPs with metal substrates 

at elevated temperatures prior to nanofiber growth remains a significant 

challenge. Two possible kinds of NP-metal foil interactions that are consistent 

with our results are: (1) There may be interdiffusion between the catalyst NPs 

and the metal substrate, which is expected for Cu, since CuNi alloys are the 

classic example of binary isomorphous systems. EDS mapping (Figure 3.4) 

confirms that Cu diffuses into the catalytic NPs that are suspended at the tips of 

the VACNFs. In some cases, ligands coating the NPs might also impede the 

alloying process. (2) Changing the metal selected for the substrate can alter the 

NP-substrate interaction. In the case of Si, the average basal VACNF diameter 

(151 nm) matches dNP (186 nm) well. For Al substrates, the broad distribution of 

VACNF diameters that generally exceeds dNP indicates agglomeration of the 

catalyst NPs prior to VACNF growth. The average VACNF basal diameters on 

Ti and Cu substrates are significantly smaller than dNP, which suggests that the 

metal substrate in some cases may facilitate division of the catalyst NPs into 

smaller NPs. Growth of VACNFs directly onto Cu substrates overcomes a 

challenge in the fabrication of Li-ion batteries, where it is desirable to anchor 

carbon nanostructures that serve as anodes to Cu film current collectors for 

connecting the batteries to an external circuit.
47,48

 Carbon nanostructures bound 

to Cu substrates are also of interest as thermal interface materials.
49-51
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3.6. Conclusions 

 In summary, airbrushing is a simple and economical technique for depositing catalyst 

NPs for growth of VACNFs over large areas that could also be applied to the growth of 

carbon nanotubes and inorganic nanowires. Unlike lithographic approaches for preparing 

catalyst NPs, airbrushing does not require a flat substrate. We have demonstrated VACNF 

growth on several metal substrates, where addition of Si micropowder allows the growth of 

Si-enriched coatings that make the VACNFs mechanically rigid. Use of ligand-stabilized 

NPs also inhibits coalescence of the NP cores, which helps to preserve a narrow distribution 

of VACNF diameters. For growth on different kinds of metal foils, the interaction of the 

catalyst NP with the metal foil determines the VACNF diameter and whether interdiffusion 

between the NP and foil occurs. Growth of VACNFs directly onto Cu substrates overcomes a 

significant technological challenge that will facilitate the use of VACNFs in Li-ion batteries 

and thermal interface materials. 
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Figure 3.1. (a) TEM image of Ni nanoparticles and (b-i) SEM images of airbrushed Ni 

NPs and VACNFs on Si substrates with a common scale bar: (b,c) 1 Ni NPs dispersed 

in pentane and hexanes, respectively, (d,f,h) Ni NPs in heptane with respective 

concentrations of 0.25, 0.5, and 1, and (e,g,i) VACNFs grown from the 

corresponding samples in (d,f,h). 

(a)

(c)(b)

(d) (e)

(g)(f)

(i)(h)
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Figure 3.2. SEM images of VACNFs grown on metal foils of (a,b) Al Alloy 6061, (c,d) Ti 

Grade 2, and (e,f) Cu Alloy 101. 

  

(b)(a)

(c) (d)

(f)(e)
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Figure 3.3. Histograms of VACNF diameters measured by SEM for VACNFs grown on Si 

wafers and Al, Ti, and Cu foils. 
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Figure 3.4. HAADF-STEM / BF-STEM and elemental mapping by EDS of VACNFs grown 

on Al and Cu substrates, respectively. White box inset in the HAADF-STEM image for 

growth on Al indicates the region of the line profile in Figure 4.5. 
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Figure 3.5. EDS line profiles acquired toward the top of a VACNF grown on Al, where the 

region of the line profile is indicated on the HAADF-STEM panel in Figure 4. A boxcar 

average was performed to smooth each data set. Each plot has been normalized to its 

maximum value. 
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3.8. Supporting Information 

 
 

Figure S3.1. Top-view SEM images of VACNFs grown from Ni NPs in heptane with 

concentrations of (a) 0.25, (b) 0.5, and (c) 1. These images are from the same samples as 

in Figure 1e,g,i. 

 

(a)

(b)

(c)
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Figure S3.2. HAADF-STEM image of VACNFs grown of Cu foil. 
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4. Control of Branching in Dendritic Ni3C1-x Nanoparticles and  

Their Conversion into Phosphides 

 

 “Reproduced with permission from Chemistry of Materials, submitted for 

publication. Unpublished work copyright 2013 American Chemical Society.” The following 

material has been submitted for publication as “Control of Branching in Dendritic Ni3C1-x 

Nanoparticles and Their Conversion into Phosphides” by Mehmet F. Sarac, Wei-Chen Wu 

and Joseph B. Tracy. Sarac’s contribution was to conduct all aspects of the research other 

than HRTEM and to write the manuscript. 

 

4.1. Motivation 

 Colloidal metal NPs are emerging as key materials for catalysis, biomedicine, 

plasmonics, sensing and spectroscopy. Within these applications, control of the NP shape can 

alter the physical properties and increases the surface area.  

 In Chapters 2 and 3, VACNFs with Si-enriched coatings were synthesized via 

PECVD using Ni NPs as catalysts for carbon nanofiber growth. In one method (Chapter 2), 

20 nm spherical Ni NPs were used in the VACNF growth. In the other method (Chapter 3), 

large (~200 nm) Ni NPs were airbrushed on various substrates to grow VACNFs. These large 

Ni NPs had a dendritic morphology that we had not anticipated. While the dendritic shapes 

did not affect VACNF growth, the morphology could be very important for some 

applications.  The dendritic shapes sparked our interest in investigating their formation and 
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whether branching can be controlled. In this project, the objective of was to demonstrate 

control of the Ni3C1-x NP morphology, to learn how shape affects their conversion into nickel 

phosphide, and to investigate how the solvent affects incorporation of C. 

 

4.2. Abstract 

 Dendritic Ni3C1-x nanoparticles (NPs) have been synthesized through the thermolysis 

(230 °C) of nickel acetylacetonate using oleylamine as a reducing agent and 1-octadecene 

(ODE) as the solvent. Addition of trioctylphosphine (TOP) as a ligand inhibits formation of 

dendritic shapes and prevents incorporation of C, resulting in spherical Ni NPs. Similar 

results have been obtained using octadecane (ODA) and trioctylphosphine oxide (TOPO) as 

solvents, but they give less branching than ODE and produce Ni NPs at 230 °C. Higher 

temperatures are required for incorporation of C from ODA or TOPO into Ni NPs, resulting 

in Ni3C1-x NPs. Therefore, the allyl group in ODE facilitates formation of Ni3C1-x NPs at 

lower temperatures. Conversion of dendritic Ni3C1-x NPs into NixPy NPs after adding TOP 

and heating to 300 °C results in the formation of multiple voids in the branches, rather than 

yolk-in-shell structures or unfilled single voids observed for spherical NPs. 

 

4.3. Introduction 

 The composition, size, and shape of nanoparticles (NPs) determine their physical 

properties. Over the last ~20 years, much synthetic progress has been made to control their 

composition, size, and shape. The ease with which these parameters can be controlled for a 

specific system depends on the thermodynamics and kinetics that would favor one kind of 
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structure over another. While such control has become routine for some systems, in other 

systems, subtleties remain that are incompletely understood. Ni-based NPs are such a system, 

where C can be incorporated to form Ni3C1-x NPs,
1
 and P is often unintentionally doped into 

Ni NPs when they are synthesized using phosphines.
2,3

 NiO shells form on Ni NPs under 

ambient atmosphere.
4
 

 Ni NPs have served as a platform for investigating conversion chemistry, where NPs 

of one composition and structure are converted into another,
5-9

 such as the conversion of Ni 

NPs into phosphides
10-18

 and oxides.
19-23

 Conversion chemical reactions are often 

accompanied by void formation through the Kirkendall effect, when metal atoms diffuse out 

of the core more quickly than the inward diffusion of reactive species. The number of voids 

formed and their location within each NP are determined by the interaction of diffusion 

processes and the morphology of the NP.
20,23

 In some instances, the anions can be 

exchanged, such as in the conversion of NiO NPs into Ni2P NPs.
24

  

 Here, were report control over the composition and shape of Ni3C1-x and Ni NPs, and 

we show that different shapes undergo different patterns of void formation during conversion 

into Ni12P5 NPs. When Ni NPs are synthesized in the absence of trioctylphosphine (TOP), C 

can be incorporated at 230 °C. Addition of small amounts of TOP prevents uptake of C and 

inhibits branching, resulting in approximately spherical NPs. Conversion of dendritic Ni into 

Ni12P5 NPs by adding TOP in a second step and heating to higher temperature drives 

formation of multiple voids in the branches, rather than yolk-in-shell structures or unfilled 

single voids observed for spherical NPs. Controlling the shape of the precursor NP for 

conversion chemistry thus enables control over the void formation process. These approaches 
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for controlling the NP shape, carburization, and phosphidation may be applicable to other 

metals. For example, CoxC is of special interest as a hard magnet that does not contain rare 

earth elements.
25,26

 

 Dendritic NPs are well known
27-29

 for several unary metals, including Au,
30-43

 Ni,
44-48

 

Pt,
49-52

 and Pd,
53

 as well as for some binary metal systems.
54-59

 Here, we have synthesized 

dendritic Ni3C1-x NPs and propose a mechanism of anisotropic growth on polycrystalline 

cores, where branching can be inhibited by adding small amounts of TOP. In comparison 

with previous reports of dendritic Ni NPs,
44-48

 we identify the composition as Ni3C1-x and 

demonstrate facile control over the extent of branching. In a related study, Skrabalak and 

coworkers reported the synthesis of dendritic Pd NPs through the aggregation of smaller Pd 

NPs, which also was inhibited when adding TOP.
53

  

 Ni3C is a well-known metastable phase at room temperature. There have been several 

reports of Ni3C1-x NPs, as well as other reports, where Ni3C1-x may have been misassigned as 

hcp-Ni due to similarities in its crystal structure.
1,60-65

 C is commonly incorporated into Ni 

NPs from organic solvents or ligands used for synthesizing NPs at elevated temperatures. In 

one study, C was incorporated during heating (at temperatures indicated in parentheses) in 1-

octadecene (314 °C), oleylamine (250 °C), and diphenyl ether (256 °C).
64

 Schaak and 

coworkers investigated the synthesis of Ni3C1-x NPs through the reduction of Ni(acac)2 (acac 

= acetylacetonate) in 1-octadecene (ODE) and oleylamine and distinguished their Ni3C1-x 

product from the structure and magnetic properties of hcp-Ni NPs.
1
 In another study utilizing 

Ni(acac)2 with oleylamine, carburization into Ni3C1-x NPs was attributed to CO generated 

during decomposition of acac.
63
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 The synthesis, properties, and applications of metal phosphides have recently been 

reviewed, including considerable emphasis on nickel phosphide, for which compounds of 

several stoichometries are known and are represented here are NixPy.
66

 Conversion of Ni into 

NixPy NPs has been extensively investigated due to the novel structures and properties of 

NixPy NPs, which include their use as hydrodesulfurization catalysts. Many P precursors have 

been used to synthesize NixPy NPs, including PCl3, elemental phosphorus, and silyl-, aryl-, 

and alkylphosphines, of which TOP is often used.
66

 Ni12P5 and Ni2P are the most commonly 

obtained phases of NixPy NPs.
66

 Amorphous NixPy NPs are also known.
2,13,16,18

 The 

composition reported here, Ni12P5, is known to be a bulk semiconductor.
67,68

 

 Since void formation during the oxidation of NPs was first reported and attributed to 

the Kirkendall effect nearly a decade ago,
69

 there have been numerous studies of void 

formation in NPs, including during phosphidation of metals.
70

 Void formation through the 

Kirkendall effect often accompanies phosphidation.
66

 There is significant interest in learning 

how to control the void formation process as a means for tailoring the structure of materials 

and because void formation may be desired for some applications and deleterious for others. 

We have previously shown that during the oxidation of Ni NPs, the pattern of void formation 

depends on the size on the Ni NPs.
20,23

 Here, we show that the number of voids and their 

locations within the NPs obtained during phosphidation depend on the shape of the NPs, 

thereby controlling the conditions for diffusion. 
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4.4. Experimental Section 

4.4.1. Ni3C1-x and Ni Nanoparticle Synthesis and Purification. Ni3C1-x and 

Ni NPs were synthesized through the reduction of 0.5 g (1.707 mmol) Ni(II) 

acetylacetonate hydrate (Ni(acac)2·xH2O, 98%, TCI America) in a mixture of 5 

mL oleylamine (97 % primary amine, Acros) and either (i) 5.0 mL 1-octadecene 

(ODE, 90%, Sigma-Aldrich), (ii) 3.98 g octadecane (ODA, 99 %, Sigma-

Aldrich), or (iii) 4.4 g trioctylphosphine oxide (TOPO, 99%, Strem) in a three-

necked round-bottomed flask. For calculating the moles of Ni(acac)2, two waters 

of hydration were assumed.
71

 The mixture was degassed for two hours at 60 °C 

before backfilling with nitrogen and then heating to 230 °C at a rate of ~15 

°C/min. During the heat ramp, small, variable amounts (0-100 μL) of TOP 

(97%, Strem) were injected into the solution when the temperature reached 100 

°C. As the temperature approaches 230 °C, the solution changes from a light 

green to a black color, indicating formation of Ni3C1-x or Ni NPs. After heating 

at 230 °C for 30 min and then cooling or removing an aliquot, in the case of the 

samples that were subsequently converted into Ni12P5 or carburized at higher 

temperatures, a portion of the solution was purified using ethanol to flocculate 

the NPs, followed by redispersion in hexanes. Specimens for transmission 

electron microscopy (TEM) were prepared by placing a drop of NP solution 

from hexanes onto Cu TEM grids coated with ultrathin carbon support films. 
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4.4.2. Carburization of Ni Nanoparticles. After synthesizing Ni NPs in 

ODA or TOPO, an aliquot was removed at 230 °C, followed by heating (~15 

°C/min) to 300 °C for 60 min before removing another aliquot and heating to 

320 °C (ODA) or 350 °C (TOPO) for another 60 min before cooling. The 

aliquots and the final product were purified as described above. 

 

4.4.3. Conversion into Ni12P5 Nanoparticles. For conversion into Ni12P5 

NPs, after completing the synthesis of Ni3C1-x or Ni NPs in ODE, the sample 

was immediately (without cooling) heated (~15 °C/min) to 300 °C for 30 min. 

An additional amount of 0.3 mL (0.673 mmol) TOP was injected into the 

solution when the temperature first reached 300 °C. The products were purified 

as described above. 

 

4.4.4. Structural Characterization. The size and morphology of dendritic 

Ni3C1-x NPs were analyzed using a JEOL 2000FX transmission electron 

microscope (TEM). High resolution (HRTEM) images were obtained using a 

JEOL 2010F field emission TEM. For powder X-ray diffraction (XRD), the 

purified NPs were flocculated by adding ethanol, isolated by centrifugation, and 

redispersed in dichloromethane. NP powders deposited onto glass substrates 

were analyzed using a Rigaku Geigerflex D/Max diffractometer equipped with a 

Ni-filtered Cu Kα X-ray source. 
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4.5. Results and Discussion 

 All of the NP syntheses were based on a common set of reaction conditions depicted 

in Scheme 1, where a mixture of 0.50 g Ni(acac)2, 5.0 mL oleylamine, and ~5 mL of a 

solvent consisting ODE, ODA, or TOPO was heated to 230 °C for 30 min. For several 

reactions, small amounts of TOP (0-100 L) were also added during the heat ramp to 230 °C. 

After this first step, Ni3C1-x (for ODE) or Ni (for ODA or TOPO) NPs were obtained. For 

conversion into Ni12P5 NPs, an excess (0.3 mL) of TOP was subsequently added, and the 

temperature was then raised to 300 °C for 30 min. For conversion of Ni NPs synthesized 

using ODA or TOPO into Ni3C1-x NPs, subsequent heating to 320 °C (ODA) or 350 °C 

(TOPO) resulted in carburization. 

 

4.5.1. Nanoparticle Synthesis Using ODE. When using ODE, the 

composition and shape were both controlled by the amount of TOP added 

(Figure 4.1). In the absence of TOP or for small amounts, dendritic Ni3C1-x NPs 

were obtained, but as the amount of TOP was increased, the extent of branching 

decreased and the NP size decreased. The decrease in size is consistent with our 

experience when synthesizing smaller Ni NPs using larger amounts of TOP.
4
 

Once 25 L TOP had been added, the branches vanished and the NPs became 

approximately spherical in shape. Structural analysis by XRD also reveals a 

change in the composition from Ni3C1-x for smaller amounts of TOP to Ni for 

larger amounts (100 L). These compositional and structural changes occur at 

low, sub-stoichiometric TOP:Ni molar ratios; 25 L TOP corresponds to a 
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TOP:Ni molar ratio of 30:1. Inhibition of branching at such low TOP:Ni ratios 

suggests that the dendritic shape arises from a surface phenomenon, since a 

small amount of TOP suffices to inhibit branching, where the vast majority of Ni 

atoms do not have TOP bound to them. 

 

4.5.2. Proposed Dendritic Growth Mechanism. While our results do not 

prove a specific mechanism, the growth of dendritic NPs can be described by 

anisotropic growth of branches from certain crystal facets on a polycrystalline 

core. Ni NPs synthesized from Ni(acac)2 and oleylamine are generally 

polycrystalline.
4,13,72-76

 Polycrystalline cores would cause the branching 

directions to be disordered, as observed, rather than to give highly symmetrical 

shapes, such as tetrapods.
30,77

 When TOP is introduced into the reaction, it binds 

to the surface of the growing NPs more tightly than oleylamine
76,78

 and reduces 

the preference for favored growth directions. This mechanism is plausible for 

small, sub-stoichiometric amounts of TOP because it needs only to bind to the 

Ni atoms on the surface of the NP rather than to react with all of the Ni atoms 

throughout the volume of the NP. 

 

4.5.3. Conversion into Ni12P5 Nanoparticles. Heating Ni3C1-x or Ni NPs 

after adding an additional 0.3 mL TOP (resulting in a TOP:Ni molar ratio of 

2.5:1 for the case where no TOP was added in the synthesis of Ni3C1-x NPs) 

drives conversion into hollow Ni12P5 NPs, which may also contain some residual 
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Ni3C1-x (Figure 4.2). HRTEM images of dendritic Ni3C1-x NPs and the hollow 

Ni12P5 phosphidation products are presented in Figure 4.3 and in the Supporting 

Information, Figures S4.1-S4.3. The number of voids and their arrangement 

within the NPs directly depend on the structure of the Ni3C1-x or Ni NPs prior to 

conversion. Multiple voids form during the conversion of dendritic Ni3C1-x NPs 

into Ni12P5 NPs. For Ni3C1-x NPs synthesized with TOP to inhibit branching, an 

amount of 10 µL (Figure 4.2c) displayed the transition from multiple voids into 

a larger, single central void containing a detached “yolk.” Samples with further 

reduced branching more clearly exhibit yolk-in-shell structures for larger sizes 

(Figures 4.2d,e) and hollow, unfilled voids for smaller sizes (Figure 4.2f), which 

is consistent with previous observations.
11

 In some of our syntheses (here, for 

the 5 µL sample) XRD measurements after conversion into Ni12P5 show the 

presence of substantial amounts of Ni3C1-x. Therefore, the carbide may inhibit 

incorporation of P, though Ni3C1-x usually was not observed in the 

phosphidation products. There is not a clear effect on the morphology of the 

hollow NPs when there is residual Ni3C1-x. 

  In the following discussion of the mechanism of void formation, it 

should be considered that the overall conversion of Ni into Ni12P5 NPs may 

occur in a stepwise fashion through phosphides with intermediate P content, 

such as Ni3P or Ni5P2.
71

 We have not observed intermediates but have no 

evidence to rule them out. If the conversion reaction occurs through 

intermediates, then for each step, the shell of the NP would first convert into the 
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phosphide-enriched phase. Void formation would occur if outward Ni diffusion 

through the shell is faster than inward diffusion of P. If inward diffusion of P is 

faster, then no void(s) would form. Each step within the conversion into Ni12P5 

would present the opportunity for void formation, if outward diffusion of Ni is 

faster. Multiple void formation steps could possibly result in complex structures, 

but in our results, there appears to be a single void formation step, which could 

take place during conversion into one of the intermediates or into Ni12P5 in the 

last step. Since we did not observe intermediates, we lack specific knowledge of 

when void formation occurred, but the critical information for understanding the 

mechanism is that there was one step, where outward diffusion of Ni was faster 

than inward diffusion of P and drove void formation. 

  The presence of multiple voids in the dendritic Ni12P5 NPs can be 

explained by the decreased distance for diffusion of Ni to the NP surface in the 

dendritic structures. Conversion of diffusing Ni into NixPy at or near the surface 

of the NP consumes Ni atoms, thus serving to maintain diffusive flux of Ni 

toward the NP surface and driving void formation. Along the branches, the 

nearest, most accessible Ni comes from the inside of the branches rather than the 

core of the NP. Consequently, voids form preferentially within the branches and 

especially at their tips. 

  To the best of our knowledge, the mechanism for forming yolk-in-

shell NixPy NPs with floating cores has not been explained previously. The 

formation of yolks rather than empty voids depends on the NP size and is 
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restricted to the large, unbranched NPs. If multiple voids form at the core/shell 

interface when outward diffusion of Ni is faster than inward diffusion of P, then 

as the voids grow, they may they encircle the core. If the core is large enough, 

the growing voids may cause it to break free from the inside of the shell before 

the core has been consumed in the reaction. Once the core separates from the 

shell, surface diffusion of Ni would be greatly reduced due to the lack of a fixed 

interface to the shell, and inward diffusion of P-containing species may then 

drive conversion of the yolk into Ni12P5 to completion. For smaller NPs, the core 

would be completely consumed before it can separate from the shell, resulting in 

an unfilled void. 

 

4.5.4. Ni Nanoparticle Synthesis Using Octadecane and 

Trioctylphosphine Oxide. The synthesis at 230 °C was repeated using ODA 

(Figure 4.4) and TOPO (Figure 4.5) as solvents to compare with ODE, which 

contains an allyl group. ODA and TOPO give rather similar results that are 

distinct from ODE. For ODA and TOPO, Ni NPs were consistently obtained at 

230 °C with no incorporation of C, which indicates a strong solvent effect that 

we attribute to ODE and discuss below. In the absence of TOP, ODA and TOPO 

also result in branched structures, but there are fewer, less uniform branches. 

The difference in branching might be attributed to incorporation of C from ODE 

into the Ni NP surface. Addition of TOP inhibits branching of Ni NPs obtained 
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using ODA or TOPO in a similar manner to the Ni3C1-x NPs obtained using 

ODE. 

 

4.5.5. Carbon Incorporation from Different Solvents. While 90% ODE 

was used for these experiments, there was no discernible difference when using 

99.5% ODE (Fluka; see Supporting Information, Figure S4.4), which indicates 

that the species driving carburization was not an impurity. It should also be 

noted that oleylamine does not serve as a C source at 230 °C, which we 

confirmed by conducting a reaction in 10 mL oleylamine in the absence of any 

other solvent (Supporting Information, Figure S4.5). Therefore, the allyl group 

in ODE facilitates the release and incorporation of C into the NPs, which is 

consistent with the well-known reactivity of Ni with allyl groups, including 

alkene insertion reactions.
71,79

 These results suggest that incorporation of C at 

low temperature would be facilitated or maximized by selecting solvents bearing 

allyl groups that will most favorably interact with Ni. 

  Additional experiments show that Ni NPs synthesized at 230 °C using 

ODA or TOPO can be converted into Ni3C1-x NPs at 300 °C for ODA or 350 °C 

for TOPO (Figure 4.6). The solvent-dependent carburization temperature is 

indicative of the varying susceptibilities to release of C and suggests that acac 

from the Ni(acac)2 precursor is not the main source of C for carburization, which 

has been proposed elsewhere.
63

 These experiments also clearly show that C can 

be incorporated into presynthesized Ni NPs. Nucleation and growth do not have 
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to occur concurrently with C incorporation, and the NP morphology does not 

change during these reactions. 

 

4.6. Conclusions 

 We have demonstrated levers for controlling several aspects of the synthesis 

of Ni3C1-x NPs. The extent of carburization and branching are determined by the 

amount of TOP added during the synthesis. Carburization can also be controlled by 

the choice of solvent, where solvents bearing allyl groups facilitate incorporation of 

C at lower temperatures than solvents lacking allyl groups. During subsequent 

conversion into Ni12P5 NPs after adding TOP, the shape of the precursor Ni3C1-x NPs 

determines the pattern of void formation. Similarly rich conversion chemistries are 

anticipated for other metals that have the capability to catalytically decompose the 

solvent, ligands, or other species added to drive conversion chemistry. 
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Scheme 4.1. Overview of the reaction to synthesize Ni/Ni3C1-x NPs and their conversion into 

hollow Ni12P5 NPs using ODE as the solvent. 
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Figure 4.1. TEM and powder XRD for Ni3C1-x / Ni NPs grown in ODE with addition of 

various amounts of TOP at 100 °C. Reference XRD patterns for Ni and Ni3C are shown as 

stick spectra. 

(a) no TOP (b) 5 L TOP

(c) 10 L TOP (d) 25 L TOP

(e) 50 L TOP (f) 100 L TOP
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Figure 4.2. TEM and powder XRD for Ni12P5 NPs grown in ODE with addition of 0.3 mL 

TOP at 300 °C. Reference XRD patterns for Ni12P5 and Ni3C are shown as stick spectra. 

(a) no TOP (b) 5 L TOP

(c) 10 L TOP (d) 25 L TOP

(e) 50 L TOP (f) 100 L TOP
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Figure 4.3. HR-TEM of (a) a dendritic Ni3C1-x NP grown in ODE without TOP and (b) a 

Ni12P5 NP with voids in the branches obtained from the dendritic Ni3C1-x NPs by adding 0.3 

mL TOP at 300 °C and heating for 30 min. The bottom panel shows high magnification of 

selected regions of the NPs highlighted in red boxes. 

 

 

  

(a) NiC1-x (b) Ni12P5
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Figure 4.4. TEM and powder XRD for Ni NPs grown in ODA with addition of various 

amounts of TOP at 100 °C. 

(a) no TOP (b) 5 L TOP

(c) 25 L TOP (d) 50 L TOP

(e) 100 L TOP



 

132 

 

 
 

Figure 4.5. TEM and powder XRD for Ni NPs grown in TOPO with addition of various 

amounts of TOP at 100 °C. 

(a) no TOP (b) 5 L TOP

(c) 25 L TOP (d) 50 L TOP

(e) 100 L TOP
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Figure 4.6. TEM and powder XRD for Ni NPs grown in (a-c) ODA or (d-f) TOPO with 

heating to different temperatures. 

 

(a) ODA, 230  C (d) TOPO, 230  C

(b) ODA, 300  C (e) TOPO, 300  C

(c) ODA, 320  C (f) TOPO, 350  C
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4.8. Supporting Information 

 

 
 

Figure S4.1. HRTEM images (common scale bar) of the sample grown in ODE at 230 °C 

without TOP. 
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Figure S4.2. HRTEM images (common scale bar) of the sample grown in ODE at 230 °C 

without TOP, followed by conversion to NixPy after adding 0.3 mL TOP and heating to 300 

°C for 30 minutes. 
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Figure S4.3. Additional HRTEM images showing the lattice of part of the NixPy nanoparticle 

shown in Figure 2a, which was initially grown in ODE at 230 °C with no TOP, followed by 

conversion into NixPy after adding 0.3 mL TOP and heating to 300 °C for 30 minutes. 
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TEM Images and XRD for Samples Prepared Using Oleylamine Only or 99.5% 1-

Octadecene 

 
 

 
 

Figure S4.4. TEM image and powder XRD of dendritic Ni3C1-x nanoparticles grown in 

99.5% ODE at 230 °C without TOP. 
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Figure S4.5. TEM image and powder XRD of Ni nanoparticles grown in 10 mL oleylamine 

at 230 °C without TOP and in the absence of any other solvent. 
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5. Conclusions and Recommendations for Further Work 

5.1. Summary of Conclusions 

 We have found that vertically aligned carbon nanofibers (VACNFs) can be on various 

substrates via PECVD catalyzed by chemically synthesized Ni NPs. The quality and structure 

of the VACNFs depend on the Ni NP size and morphology. Furthermore, we have developed 

a method for the large-area fabrication of arrays of VACNFs on various substrates by air 

brushing, which allows for high throughput and low-cost fabrication. The solvent used for 

airbrushing of the NPs affects the uniformity of the spatial distribution of Ni NPs. Mobility 

of the Ni NPs during the VACNF growth also affects their spatial and diameter distributions. 

Moreover, the chemical structure of the VACNFs grown on various substrates exhibits a 

complex dependence on the type of substrate. The morphology of large dendritic Ni/Ni3C1-x 

NPs has also been investigated, and methods were developed for controlling the morphology 

and composition. In general, broad terms, these projects have addressed: (1) how to develop 

a scalable, lithography-free approach for manufacturing large-area, controlled-density arrays 

of VACNFs; (2) how to learn to synthesize large Ni NPs with shape control; and (3) the 

nanostructural transformations that accompany phosphidation of dendritic nanoparticles. The 

conclusions are summarized as follows: 

 

• The use of chemically-synthesized NPs as catalysts for VACNF growth is an 

appealing alternative to catalyst patterning and preparation by lithography and thin 

film dewetting. 
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• Ligands in ligand-stabilized Ni NPs serve an important role in preventing 

agglomeration of the Ni cores at high temperatures, resulting in a monodisperse 

VACNF size distribution. 

• If the ligands are removed after deposition on the substrate, substantial 

agglomeration occurs, which results in a larger, polydisperse VACNF sizes. 

• Airbrushing is an economical technique for depositing catalyst NPs for growth 

of VACNFs over large areas. 

• Nanoparticles can be deposited onto a variety of substrates by airbrushing, 

followed by growth of VACNFs. 

• Adding Si micropowder allows the growth of mechanically rigid VACNFs on 

metal substrates. 

• Addition of small amounts of TOP inhibits branching and prevents uptake of 

C, resulting in spherical NPs. 

• The solvent strongly affects uptake of C, which was only observed for ODE. 

• Adding TOP in a second step and heating to 300 °C drives conversion into 

Ni12P5 NPs.  

• Multiple voids form in the branches of dendritic NPs, rather than larger single 

voids observed for spherical NPs. Therefore, controlling the shape of the precursor 

NP for conversion chemistry enables control over the void formation process. 
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5.2. Recommendations for Future Works 

 Chapter 4 discusses the carburization of Ni NPs at high temperature. We could use 

these results to direct a study of the growth of CoNi NP at high temperature. Such a study 

would clarify how Co and Ni together react with C, which might result in selective uptake of 

C into one metal but not the other. Another extension of this would be to investigate other 

solvents that may serve as even more potent sources of C for carburization. 

 Furthermore, Ni chalcogenide NPs could also be obtained when using appropriate 

chalcogenide precursors.  Conversion of a series of Ni/Ni3C1-x with varying extents of 

branching could lead to some similar observations as for the conversion into Ni12P5. The 

structure of the precursor NP is expected to affect void formation and the morphology of the 

products.  

 An ultimate goal would be to extend this work to device applications, such as Li-ion 

batteries. Spherical Ni2P nickel phosphide NPs coated with graphene have been used as 

anode electrodes in battery applications and show high performance compared with some 

commercialized Li-ion batteries. It would be a good to examine how the shape and 

morphology of Ni12P5 NPs affects their electrochemical properties as anode materials and the 

mechanical integrity of the electrode.   

 


