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Boron-based nanostructures have not been explored in detail; however, these structures 

have the potential to revolutionize many fields, including electronics and biomedicine. The 

research discussed in this dissertation focuses on synthesis, functionalization, and 

characterization of boron-based zero-dimensional nanostructures (core/shell and nanoparticles) 

and one-dimensional nanostructures (nanorods). 

The first project investigates the synthesis and functionalization of boron-based core/shell 

nanoparticles. Two boron-containing core/shell nanoparticles, namely boron/iron oxide and 

boron/silica, were synthesized. Initially, boron nanoparticles with a diameter between 10-100 nm 

were prepared by decomposition of nido-decaborane (B10H14) followed by formation of a 

core/shell structure. The core/shell structures were prepared using the appropriate precursor, iron 

source and silica source, for the shell in the presence of boron nanoparticles. The formation of 

core/shell nanostructures was confirmed using high resolution TEM. Then, the core/shell 

nanoparticles underwent a surface modification. Boron/iron oxide core/shell nanoparticles were 

functionalized with oleic acid, citric acid, amine-terminated polyethylene glycol, folic acid, and 

dopamine, and boron/silica core/shell nanoparticles were modified with 3-(amino propyl) 



 
triethoxy silane, 3-(2-aminoethyleamino)propyltrimethoxysilane), citric acid, folic acid, amine-

terminated polyethylene glycol, and O-(2-Carboxyethyl)polyethylene glycol. A UV-Vis and 

ATR-FTIR analysis established the success of surface modification. The cytotoxicity of water-

soluble core/shell nanoparticles was studied in triple negative breast cancer cell line MDA-MB-

231 and the result showed the compounds are not toxic. 

The second project highlights optimization of reaction conditions for the synthesis of 

boron nanorods. This synthesis, done via reduction of boron oxide with molten lithium, was 

studied to produce boron nanorods without any contamination and with a uniform size 

distribution. Various reaction parameters such as temperature, reaction time, and sonication were 

altered to find the optimal reaction conditions. Once these conditions were determined, boron 

nanorods were produced then functionalized with amine-terminated polyethylene glycol.  
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CHAPTER 1 

INTRODUCTION  

1.1 Nanotechnology 

The process of manufacturing materials in nanoscale is called nanotechnology. The first 

person to illustrate the idea of creating and developing products with atomic size was Richard 

Feynman in 1959 at the American Physical Society conference with a talk titled “There Is Plenty 

of Room at the Bottom.”1 Then later in 1974 N. Taniguchi used the word “nanotechnology” at 

the international conference on industrial production in Tokyo. Over a decade later in 1986 E. 

Drexler published a book called Engines of Creation: The Coming Era of Nanotechnology which 

contains a thorough description of nanotechnology.2 In the 1990’s and 2000’s more discoveries 

and important institutions such as National Nanotechnological Initiative (NNI) and 

Nanotechnological Program of National Scientific Fund were created that allow the expansion of 

this idea.3   

Even though the idea gained a lot of attention in the 1990’s, nanotechnology has been around 

for a few centuries. For example, painters in the 16th through 18th centuries used gold chloride 

and silver nitrate in stained glass to achieve a red and yellow color.4 These colors are a result of 

gold and silver quantum dots. Even earlier in the 4th century the Lycurgus Cup at the British 

Museum demonstrated the same idea by exhibiting a green or red color depending if a light 

source is inside or outside the cup.5 
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The development of this technology leads to the ability to manipulate and construct 

structures atom by atom. This process provides great control to modify various characteristics of 

particular nanomaterials; as a result these materials can be altered for specific uses. The freedom 

to control certain features of nanomaterials significantly increases the various fields the 

technology can be utilized in. In the last 40 years, this technology has been used to fabricate 

novel materials that impact human life positively and more research is required to fully 

understand the extent of nanotechnology. Furthermore, the investment in nanotechnology 

worldwide, including U.S.A, Japan and European countries, increased from $1.5 billion in 2001 

to over $4 billion in 2005.6 In return, nanotechnology contributed $251 billion to the global 

economy in 2009 and is estimated to increase to $2.4 trillion by 2015.7  

1.2 Nanomaterials 

Nanomaterials have gained large interest in the last three decades following the invention of 

the scanning tunneling microscope in 1981. Nanomaterials are defined as a structure with at least 

one of its dimensions between 1-100 nm.8 As a result, nanomaterials exhibit unique chemical and 

physical properties. Some of these properties include: (i) Color,9 such as cadmium selenide 

nanoparticles, which have multiple colors depending on the diameter of particles; small particles 

with high energy corresponding to shorter wavelength display blue color; and larger particles 

with low energy corresponding to longer wavelength display red color (Figure 1.1).10 (ii) Size-

dependent melting point (Figure 1.211 shows the decrease in melting point of tin nanoparticles as 

the particles get smaller).  (iii) High surface atom-to-volume ratio, which refers to when the 

structure is getting smaller and smaller the total number of atoms deceases with an even larger 

decrease in volume, forcing the atoms that are present to exist on the surface. (iv) High surface 
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energy. However, nanotechnology is still not well established; as a consequence, the 

interactions responsible for these rare chemical and physical properties are not known.   

 

 
Figure 1.1: Cadmium selenide quantum dots under UV-light.10 

 

 
Figure 1.2: Size-dependent melting point of tin nanoparticles.11 

 

 

Most of these unique properties give an advantage to nanomaterials compared to bulk 

structures. On the other hand, properties such as high surface energy (Table 1.1) are not so 

beneficial since the structure of high surface energy is thermodynamically unstable and is likely 

their emission spectra very broad and significantly red-shifted
relative to their absorption peaks (see an example in Figure 3).
Full spectra of all samples are provided in Figures S1 and S2
(Supporting Information).
Procedure 2: Exciton Emission
In Procedure 2, an additional reagent, oleylamine, is included in
the growth solution, which may alter the surface properties of
the CdSe QDs and reduce the trap-state emission. As a result,
the luminescence of QDs synthesized in procedure 2 is
dominated by the exciton emission. As exciton emission is less
intense than the trap-state emission, the QDs prepared from
procedure 2 are only mildly luminescent under UV light
(Figure S3). As evident in Figure 4, the exciton emission
spectra exhibit narrower peaks compared to those from
procedure 1. As the reaction time increases, the peak position
shifts to longer wavelengths (from 465 to 530 nm). This
phenomenon is in accordance with the particle-in-a-box model,
which states that larger boxes have smaller energy gaps between
adjacent energy levels. Consequently, larger QDs emit longer
wavelengths as they increase in size. A minor peak near 460 nm
appears on the spectra of later samples, which suggests the
formation of small clusters at later times. The attribution of the
minor peak to the emission of small clusters is supported by the
observation that this lower-wavelength peak disappears
following the precipitation of the sample (Figure S4). Details
of the purification process are explained in the Supporting
Information. Peaks in the absorption spectra exhibit a similar

size-dependent shift, as shown in Figure 5. In addition, the peak
positions are at shorter wavelengths than their corresponding
peaks in the emission spectra (refer to Figure 4). This
phenomenon is known as the Stokes shift, which is attributed
to the nonradiative relaxations of the excited states.

■ DISCUSSION
Upon irradiation, electrons (e−) in QDs are excited to the
conduction band and form excitons with the pairing holes (h+)
in the valence band, as illustrated in Figure 6. Exciton or band
edge emission is generated from the recombination of electrons
and holes. For small QDs that have large surface-to-volume
ratios, it is possible for the holes to be trapped in the midgap
states existing on the surface.13,14 Emission from these trapped
states is intensive, very broad, and significantly red-shifted
relative to the absorption peaks.14−16 These features of trap-
state emission have been exploited in CdSe QDs as potential
illuminating sources.15 An energy diagram illustrating both
exciton and trap-state emissions is sketched in Figure 6. Trap-
state emission appears to dominate the luminescence of CdSe
QDs synthesized in procedure 1 (Figure 3). The origins of the
surface traps and the mechanisms of consequent emission are
complicated and still under investigation by the research
community, so that it would be difficult for students to
quantitatively analyze the emission spectrum of QDs from
procedure 1. However, the vivid color change with reaction

Figure 2. Visible light illuminated (top) and short-wavelength UV
light illuminated (bottom) CdSe QDs from procedure 1. The reaction
time increases from left to right.

Figure 3. Absorption (left, dashed-line) and normalized emission
spectrum (right, full-line with 400 nm excitation) of a CdSe QDs
sample collected near the end of reaction from procedure 1. The large
red shift and the dramatic broadening of the emission peak are
consistent with the trap-state emission.

Figure 4. Normalized emission spectrum of CdSe QDs from
procedure 2 with a 400 nm excitation wavelength. Samples obtained
at longer reaction times are shown to the right. The change of the peak
position demonstrates the growing of the QDs. Spectra were acquired
from an Agilent Cary Eclipse fluorescence spectrophotometer.

Figure 5. UV−Vis absorption spectrum of CdSe QDs from procedure
2 utilizing a HP 8452 UV−Vis spectrophotometer. Samples withdrawn
at longer reaction times are shown on the top. The peak position shifts
to longer wavelength following the progress of reaction, indicating the
growth of QDs.

Journal of Chemical Education Laboratory Experiment
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to decrease the surface energy by aggregation followed by agglomeration. As a consequence, 

the nanostructures essentially lose their nanodimension. However, there are a few methods to 

lower surface energy while maintaining nanodimension of the structure: (i) surface relaxation, 

where atoms on the surface can move inward or laterally; (ii) surface adsorption, when dangling 

bonds on the surface form chemical bonds with atoms in the surroundings; (iii) surface 

restructuring, in which broken bonds attach together to form strained bonds; and (iv) surfactants 

and polymers attached to the nanostructure prevent the structures from aggregating through steric 

hindrance.12  

Table 1.1 

Change in Total Surface Area and Surface Energy Based on Particle Size.12 

 

 
       

 

 

 

 

 

 

 

 
 

 

Side (cm) Total surface area 

(cm3) 

Surface energy (J/g) 

0.77 3.6 7.2×10-5 

0.1 28 5.6×10-4 

0.01 280 5.6×10-3 

0.001 2.8×103 5.6×10-2 

10-4(1µm) 2.8×104 0.56 

10-7(1 nm) 2.8×107 560 
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1.3 Classification of Nanostructures 

Nanostructures are generally categorized into different groups based on the axis of growth or 

dimension.  The first category is zero-dimensional (0-D) nanostructures, where structures are 

confined in all three dimensions like nanoparticles and core/shell nanostructures. The second 

category is one-dimensional (1-D) nanostructures; in this group structures can grow in one 

dimension but are confined in other dimensions. Nanotubes, nanorods, and nanowires are 

examples of 1-D nanostructures. The third category is two-dimensional (2-D) nanostructures; 

structures in this group can grow in two dimensions and nanofilms, nanosheets, and nanoplates 

belong to this group (Figure 1.3).13 

 

 
Figure 1.3: Different morphology of nanoastructures.13 
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 Zero-dimension nanostructures such as quantum dots are known to be semiconductors and 

can exhibit a quantum effect when the diameter is considerably small. Quantum dots were 

predicted to exist in the 1970’s but were not produced in a laboratory until the 1980’s. On the 

other hand, 1-D nanostructures such as carbon tubes with a diameter of 5µm have been around 

since 1960.14 Both 1-D and 2-D carbon nanostructures were studied in detail for their potential 

applications (Figure 1.4).15  

 
Figure 1.4: Carbon nanostructures.15 

 

1.4 Synthesis of Nanostructures 

Nanomaterials are generally synthesized using two approaches: top-down and bottom-up 

(Figure 1.5). Top-down synthesis starts from bulk materials that undergo physical or mechanical 

alteration to produce nanomaterials. Ball milling and lithography are considered as top-down 

syntheses. These techniques typically produce nanostructures containing a significant amount of 

defects. In addition, the scope of production of materials with a small range of size and shape is 

limited; consequently, many researchers do not favor the top-down method.  
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Figure 1.5: Top-down and bottom-up synthesis of nanostructures.  
 

Bottom-up is a synthetic approach for building nanostructures atom by atom with fewer 

defects. This approach allows structures to have a similar size, shape, morphology or chemical 

composition and prevents agglomeration. Chemical synthesis using sol-gel processing, physical 

vapor deposition, chemical vapor deposition (CVD), atomic layer deposition, laser ablation and 

pyrolysis are all considered bottom-up approaches. Moreover, these methods can be designed to 

produce different morphologies by simply changing one or more of the experimental parameters.  

1.5 Application of Nanomaterials 

Discovery of instruments that help researchers study and understand nanomaterials opened a 

large window into untouched territory of the field. In addition, innovations to manipulate 

structures and materials for specific purposes allow researchers to explore a wide variety of 

applications. For example, in electronics carbon nanotubes have been used as a transistor for 
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very large-scale integration.16-20 Additionally, many organic reactions use nanocatalysts for 

synthesis of specific products.21-25 Nanomaterials are also applied in other fields such as 

energy,26-28 construction,29-31 biomedicine,32-35 cosmetics, textiles,  coatings and paints.36  For 

biomedical applications in particular, nanomaterials are now being utilized to detect, image, 

deliver drugs, and monitor diseases. Among different nanomaterials, the carbon-based 

nanomaterials, such as carbon nanotubes,37 fullerene38 and graphene,37 are being extensively 

investigated for their application in drug delivery, contrast agents, and cancer therapy. In 

addition, gold39 and iron oxide nanoparticles40 have also been studied for potential application in 

cancer therapy. Moreover, it has been recently reported that fluorescent silica nanoparticles 

containing vascular endothelial growth factor can be used for the treatment of isochemic.41 In 

conclusion, nanomaterials and nanotechnology not only benefit us in our day-to-day life for 

diagnosis of diseases but also by producing materials that are durable and environmentally 

advantageous to our earth.  

The research discussed in this dissertation focuses on synthesis and characterization of 

boron-based 0-D nanostructures (core/shell and nanoparticles) and 1-D nanostructures 

(nanorods) as well as zinc sulfide nanomaterials with the majority of the research done on boron-

based nanomaterials. The main goal of the research is to prepare a biocompatible boron- 

containing nanostructures for boron neutron capture therapy (BNCT).  

Boron-containing nanomaterials are chosen as a boron source for BNCT because the 

nanodimensions provide multiple advantages. First, these nanomaterials have the capacity to 

carry many boron atoms, while maintaining nanodimensions. When compared to other bulky 

organic boron sources such as boronophenylalanine (BPA), which only contains a single boron 

atom, these boron-based nanomaterials can have a large number of atoms depending on the 
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diameter of the nanostructure. Consequently, the dosing requirement will be lower since a small 

amount can attain the necessary level of boron concentration. Second, nanomaterials can pass 

through the blood brain barrier (BBB), which makes the delivery of drugs into the brain much 

easier. Considering these benefits, boron-containing nanomaterials were investigated.   

The three boron-containing nanomaterials that have been studied are boron/iron oxide 

core/shell nanoparticles, boron/silica core/shell nanoparticles, and boron nanorods. Knowing 

boron’s limit susceptibility for functionalization, a core/shell structure was proposed in order to 

gain the ability for surface modification.  

1.6 Boron 

Boron is the fifth element of the periodic table with three valance electrons and was 

discovered in 1808 by Joseph Louis Gay-Lussac, Louis Jacques Thenard, and Humphry Davy. 

However, the first compound discovered was not pure elemental boron.42 Pure boron was 

processed a century later by Ezekiel Weintraub.43 Boron has a high boiling point (2076°C) and is 

the second hardest element following diamond allotrope of carbon with a Vickers hardness value 

of 5000 HV. Boron has more than 13 isotopes, but only two of those are stable. The two stable 

isotopes are B-10 (10B) with an abundance of 19.9% and B-11 (11B) with 79.9%. Crystalline 

boron can have multiple allotropes but only a few of them, namely α-rhombohedral, β-

rhombohedral, and α-tetragonal, have been studied intensively. Furthermore, each allotrope 

contains a different number of boron atoms per unit cell; for example. α-rhombohedral is 

composed of 12 boron atom, while β-rhombohedral consists of 105 boron atoms.44 For humans, a 

small quantity (1-13 mg/day) of boron in the dietary supply is required and the two major 

sources in food are milk and coffee.45 Boron-based nanomaterials can be utilized for high- 
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temperature semiconductor devices,46 semiconductor dopant for n-type and p-type doping, 

rocket propellant mixtures,47 biomedical applications and to increase the strength of construction 

materials such as ceramic. 

1.6.1 Biomedical Application of Boron 

In the biomedical field, boron-containing compounds are the ideal candidate for BNCT. 

BNCT is a treatment that uses 10B isotope to absorb thermal neutron to become 11B; however, the 

artificially made 11B has a lifetime of 10-12 sec. This unstable 11B nuclei undergoes a nuclear 

fission reaction to form α-particle, lithium ion, and produces energy of 2.79 MeV (Figure 

1.6).48,49 The energy created during the nuclear reaction can destroy any cell within 5-9 µm, that 

is the same as the diameter of a single cell; therefore, the process only damages cells containing 

boron without affecting the surrounding cells. This treatment is currently being used for many 

different types of cancer, including glioblastoma multiforme (GBM) and melanoma. 

10B + nth → [11B] → 4He + 7Li + 2.79 MeV (6%) 

10B + nth → [11B] → 4He + 7Li + 2.31 MeV + γ (0.48MeV) (94%) 

 
Figure 1.6: Scheme representing the process of BNCT.49 
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The basis for BNCT originated with the discovery of neutrons in 1932 by James 

Chadwick; afterwards G.L Locher in 1936 theorized 10B could be used for cancer treatment. 

Boron, particularly its 10B isotope, is the ideal candidate for neutron capture therapy because of 

its high neutron cross-section area compared to 11B and other elements (Figure 1.7).50 The large 

neutron cross-section area (3,800 barn) increases the probability of neutrons being captured, 

leading to the fission reaction.  

 

 
Figure 1.7: Chart containing neutron absorption cross-section area of multiple elements as 
well as the two isotopes of boron.50 
 

 

In 1951, W. H. Sweet suggested the use of this therapy for brain tumors and a few years 

later the first trial was conducted at Massachusetts General Hospital and Brookhaven National 

Laboratory. The first trial used borax as a boron source, but there was no evidence of cure or 

improvement of the patients; as a matter of fact, the patients experienced severe side effects after 

the irradiation process. Even though the first trial ended with disappointing results, researchers 

still continued working to improve the process and finally in the 1960’s trials performed in Japan 
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demonstrated the success of BNCT. The victory in Japan’s trials can be attributed to the use of 

sodium mercaptoundecahydrododecaborate (Na2B12H11SH), one of the two clinically approved 

boron delivery agents.51 To be a successful boron delivery agent, the boron-containing 

compounds should have low toxicity and low concentration in normal cells while having high 

tumor uptake and high tumor concentration around 35 µg/g of tissue (109 10B atoms). The faster 

removal from the blood and normal tissue and persistence in tumor during irradiation are also the 

major key factors for a compound to succeed.50 Currently there are two BNCT agents that are 

used in clinical trials, which are boronophenylalanine (BPA) and sodium 

mercaptoundecahydrododecaborate (BSH). However, these compounds are not tumor specific 

and deliver a low dosage of 10B, thus requiring a larger dose to be administered in order to 

destroy the cancer cells. Furthermore, BSH can result in high concentrations of 10B in the blood 

compared to tumor cells.52,53 Consequently, there is an enormous demand for synthesis of tumor- 

specific BNCT agents with high boron content. 

1.6.2 Zero-Dimension Boron Nanostructures 

Structures such as nanoparticles, core/shell nanoparticles, and quantum dots are considered 

0-D nanostructures. Quantum dots are mostly made of metal alloys with a matching lattice 

constant and can emit light in the visible spectra region. However, the color that is observed is 

dependent on the particle size. Zero-dimension nanoparticles have been widely explored for 

optics,54 solar cells,55,56 imaging,57 and detection of diseases.54,57  
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1.6.3 Synthesis of Boron Nanoparticles 

Boron nanoparticles can be synthesized using different methods, such as CVD, thermal 

plasma, solution reduction, ball milling, and pyrolysis. Different approaches in the synthesis 

process produce different structures with specific size distribution and purity.  

CVD is a vapor transport process that uses the gaseous form of the starting materials, 

which is then deposited on a substrate. This process is a bottom-up approach for the synthesis of 

boron nanoparticles. The starting materials are usually inorganic compounds that contain boron, 

such as boron trichloride, boron tribromide, and boron trifluoride. These gases are transported to 

a furnace that is maintained at elevated temperature with argon or hydrogen as a carrier gas. 

Once the boron-containing gas reaches the furnace, it decomposes to produce boron 

nanoparticles. He and coworkers used boron tribromide gas as a boron source to synthesize α-

rhombohedral boron nanoparticles at 900°C (Figure 1.8).58 The α-rhombohedral boron 

nanoparticles were deposited on a boron-doped silica substrate; the substrate helped the 

formation of the structure at a lower temperature compared to other non-boron-containing 

substrates.58 CVD has been the main synthesis route to produce boron nanoparticles with 

uniform morphology and size distribution. However, the major disadvantages associated with the 

CVD process include high temperature requirement, the need for stable substrates at a high 

temperature, uses of toxic gases as a starting material, and release of toxic by-products.  
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Figure 1.8: Illustration of CVD process to synthesize boron nanoparticles.58 
 
 
 

Pyrolysis is a similar technique to CVD, except for the fact that it does not require a 

substrate for the deposition of the product. Bellott and coworkers successfully synthesized boron 

nanoparticles using decaborane as a boron source for pyrolysis.59 Decaborane was sublimed and 

carried by argon gas to a furnace heated at 700°C or 900°C. Boron nanoparticles that were 

recovered from the reaction were α-rhombohedral in nature with size ranging between 10-150 

nm. Unfortunately, the product contained a small amount of oxygen contamination. 

Ball milling is another approach used to fabricate boron nanoparticles by physically 

breaking bulk starting materials into nanomaterials using balls made of tungsten carbide or other 

heavy metals. In this process, the starting material must have the same chemical composition as 

the target product, since there is no chemical reaction involved that can alter the chemical 

identity of the starting material. Particles produced via this route are pyrophoric and tend to 

oxidize upon air exposure; therefore, the introduction of these particles to air requires special 

handling. However, the milling process can be done in the presence of organic compounds, 

which will functionalize the surface of the particles and prevent oxidation. Perez et al. 

ECS Journal of Solid State Science and Technology, 2 (1) P20-P25 (2013) P21

Figure 1. (a) scheme of the home-built CVD system and brief route for synthesis of boron NPs; (b) five pyramidalmicro-indents were made at the same positions
on each Cu coated Si wafers.

using micro-Raman spectrometer (Raman, Jobin Yvon iHR-320) with
a light source of He-Ne green laser (532 nm in wavelength).

The Cu film (∼2 µm in thickness) coated Si wafers were used
as target substrates for CMP experiments. Before CMP, they were
cut into 2 cm × 2 cm, and five pyramidalmicro-indents were made
with depth of 1 µm using a microhardness tester (HM2000, Fischer
Technology, Inc.) on each of them (see Figure 1b). The line of micro-
indents was parallel to the edge of squared Cu-Si wafer and 5 mm
away from it. The distance between each micro-indent was 0.5 mm.
These Cu films were then CMPed with a Politex polishing pad (Rohm
& Haas) that was made of polyester and polyurethane. The polishing
slurry was composed of citric acid (0.01 M), BTA (0.05 wt%), H2O2
(3 vol%), abrasive particles (3 wt%), and deionized (DI) water. The
abrasive particles have two components: 99 wt% of silicon dioxide
(SiO2) NPs (Cabot Electronics co.) with average sizes of 35 nm, and
1 wt% of as-prepared small oxidized boron NPs (∼5 nm). Using
1 M of KOH, the slurry pH values were adjusted to 5, at which
H3BO3 can be dissolved into water with very high concentration.44 As
comparative tests, Cu CMP wereperformed in pure SiO2-based slurry
(3 wt%) and pure boron NPs-based slurry (0.05 wt%). Subsequent
results show that boron NPs-based slurry can achieve better CMP
performance even with much lower abrasive concentration. Polishing
was conducted for 210 seconds using a tribometer (CSM Instruments).
The Cu films were placed face-down onto the polishing pad. The
applied load was 2 N (5 KPa), and the rotation speed was maintained
at 40 rpm (0.21 cm · s−1). An atomic force microscope (AFM, Nano-
R2, Pacific Nanotechnology) was used to analyze the samples before
and after CMP experiments.

Results and Discussion

Growth of α-rhombohedral Boron NPs.— Experimentally, we con-
ducted synthesis in a home-built CVD system, whose schematic il-
lustration is shown in Figure 1a. B-doped-Si substrate partly plays a
role as a catalyst for CVD growth of boron NPs. As reported by A. R.
Oganov et al.,23 α-rhombohedral boron could only be synthesized
from a relatively severe condition, ∼1200◦C with tens of GPa. In the
present work, we are able to synthesize crystallized α-rhombohedral
boron NPs at 900◦C under the atmospheric pressure. At a temperature
lower than 1200◦C, the growth of boron crystal on common solid sur-
faces is expected to be slow because it is difficult for these surfaces
to absorb BBr3 vapor molecules. However, in the present work, the
growth rate is visibly high. This is most likely due to the fact that the
B-doped-Si substrate adsorbs BBr3 vapor quickly, similar to previous
reports about Si epitaxy at a low temperature.45–47 As a result, less
activation energy is needed to break B-Br covalent bonding at the

interface between the Si substrate and BBr3 vapor molecules. H2 can
reduce BBr3 into elemental boron at a relatively low temperature. Once
enough number of boron atoms aggregate together and reach super-
saturating levels, boron crystal growth subsequently took place from
the nucleated seeds at the liquid (B) - solid (B-doped-Si)interface.

In order to confirm the crystalline boron, we performed the ex-
ample XRD characterization for the powder synthesized from BBr3
volatilized at 10◦C. Results are shown in Figure 2. All peaks from
the black (bottom) plot in this figure are in good agreement with the
diffraction patterns of α-rhombohedral boron (JCPDS Files No. 12-
0377). This indicates that our method is an effective way to prepare
crystalline boron under an ordinary pressure and at the temperature
much lower than previously reported.7,10,33 After synthesis of boron
powders, we oxidize the same by keeping the sample at 900◦C in the
air for 45 minutes. As marked on red (top) plot of Figure 2, several
peaks match diffraction patterns of B2O3 (JCPDS Files No. 06-0297).
In addition, there are some relatively weak α-rhombohedral peaks that
are compatible with the same of boron. Among these B2O3 peaks, it

Figure 2. XRD patterns for the boron NPs before (black, bottom) and after
(red, top) oxidization. These example boron NPs were prepared by volatilizing
BBr3 at 10◦C.
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synthesized boron nanoparticles with narrow size distribution of highly pure boron powder 

with a diameter of 2 µm.60 The boron powder was ball milled in oleic acid and the resulting 

nanoparticles were covered with organic groups. Consequently, ball milling can accomplish 

synthesis and functionalization of boron nanoparticles in one step.     

Arc discharge uses two electrodes with constant or alternating current supply to decompose 

boron-containing gases at reduced pressure. During this process, high temperature creates 

plasma, which then disintegrates the chemical bonds of the precursor gas to form the intended 

product. The temperature of the plasma could reach as high as 7000 K. Si et al. reported 

synthesis of boron nanoparticles via arc discharge of diborane gas.61 The system used tungsten as 

the cathode and iron as the anode with a current of 20 amperes. The resulting nanoparticles were 

amorphous boron and had a diameter between 50-95 nm. 

  

1.6.4 One-Dimension Boron Nanostructures 

Zero-dimension boron nanostructures include nanorods, nanowires, nanotubes, nanobelts, 

and nanoribbons. Synthesis and application of 1-D boron-based nanostructures are not well 

developed yet. In some cases, like boron nanotubes, the physical properties are not completely 

known, but they are predicted to be metals and semiconductors depending on their crystalline 

allotrope. To date, 1-D boron-based nanostructures are synthesized using CVD, thermal 

reduction, magnetic sputtering and laser ablation. These nanostructures can be used for electric 

transport, field emission and biomedical application.62 
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1.6.5 Synthesis of Boron Nanorods 

Boron nanorods can be synthesized in various methods and we will discuss a few of them 

in this section.  

Zhu and Kisi synthesized boron nanorods by annealing boron powder.63 First, boron 

powder was ball milled for an extended period of time under an inert atmosphere. Next, the 

powder was annealed in an aluminum boat inside a furnace. The annealing process was 

performed under a nitrogen atmosphere for five hours (h) at 1200°C. The product was 

characterized using transmission electron microscopy (TEM), scanning electron microscopy 

(SEM), energy-dispersive X-ray spectroscopy (EDX) and X-ray diffraction (XRD). TEM 

displays amorphous structures and nanorods with a diameter between 50-250 nm (Figure 1.9). 

XRD and EDX indicate the presence of contamination such as iron that came from the steel ball 

during the milling process.  

 

 
Figure 1.9: TEM image of the product containing boron nanorods and other amorphous 
structure.63  
 

 

51 
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Fig. 3 SEM image (a) shows the general morphology of 
as-milled samples, the morphology of samples milled 
for different hours is almost identical. TEM image (b) 
shows a typical microstructure of as-milled samples. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 TEM image showing a bundle consisting of 
several nanorods. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4 SEM image (a) shows nanorods produced by 
milling and annealing. EDS spectrum (b) taken from a 
catalyst particle indicates that the particle is mainly iron.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6 TEM image showing an individual nanorod 
which is straight along most of its length but bent at the 
bottom where residual precursor material is present. 

a a 

b 
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 In 2006, Yang et al. produced boron nanorods without any contamination using the CVD 

technique.64 This procedure allowed the synthesis process to be done at a lower temperature 

compared to the annealing temperature of 1200°C used by Zhu and Kisi. CVD was done in a 

furnace heated to 700-950°C with a mixture of argon, hydrogen and diborane passing through 

the furnace and the decomposed gas was deposited on a silica wafer coated with aluminum film 

(Figure 1.10). 

 

 
Figure 1.10: Scheme showing the formation of boron nanorods via CVD.64 

 
 
 
 The TEM result shows nanorods with a diameter of 20-50 nm without any contamination. 

Furthermore, a temperature between 800-900°C formed the intended product with excellent size 

distribution.  

 Chakrabarti et al. reduced boron oxide by using molten lithium to synthesize boron 

nanorods.65 This novel method uses a significantly low temperature and avoids toxic starting 
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materials. The procedure includes melting lithium metal followed by adding boron oxide. 

Boron oxide and molten lithium are mixed using ultra sonication, and then the temperature is 

elevated to 250°C for two hours (Figure 1.11).  

 

 
Figure 1.11: Scheme showing the synthesis of boron nanorods via reduction.65 

  

 The resulting nanorods are stable under argon and air up to 550°C and have a diameter 

between 20-40 nm. Furthermore, EDX characterization verifies the purity of the sample. 

However, the final product contains a mixture of boron nanorods and boron nanoparticles 

(Figure 1.12), requiring an improvement of the synthesis procedure to produce only nanorods.  

 

 
Figure 1.12: TEM image of the final product containing boron nanorods and boron 
nanoparticles.65 
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50 nm

(a)

100 nm

(b)

100 nm

(c)

Figure 2: TEM images of boron nanorods showing abundant nanorod formation of varying length and diameters (a) bundles of nanorods;
(b) some long nanorods; (c) nanorods of shorter lengths and the spherical boron nanoparticles (highlighted in the circular part).

lithium diboride is not very stable and is easily soluble in
methanol; it also decomposes in weak mineral acid solutions
[27]. On the other hand, lithium tetraboride is not stable
in potassium hydroxide solution. Thus, these observations
guided the purification protocol applied in the synthesis
of boron nanorods described above. To avoid the vigorous
reaction of water with lithium, methanol was first added
after completion of the reaction. One of the reasons for
not washing the product immediately with water is to avoid
the formation of lithium hydroxide which is capable of
etching the nickel crucible. The B2O3, being soluble in
hot water, was easily removed by washing with hot water.
While potassium hydroxide solution was used to remove any
lithium tetraboride, dilute HCl solution was used to take
away the lithium diborides, if any, as well as to neutralize the
basic condition of the solution. Washings were repeated until
the product was free of any residual acid.

Figure 2 is the TEM images of the resulting boron
materials. Apparently, the dominant feature is the rod-
like structures (Figure 2(a)). The preferential formation of
boron nanorods over nanoparticles must be associated with
the streaming-like ultrasonic propagation [28, 29], which
can transfer acoustic momentum efficiently to the liquid
lithium [30], leading to a sort of directed lithiation in
a B2O3 powder. While in a random insertion of lithum,
the dominant resulting structure of boron is believed to
be nanoparticles. The TEM images also suggest that the
diameters of most of the nanorods exhibit a fairly narrow
distribution, ranging between 20 and 40 nm. The length of
the rods varies and most of the length of the nanorods
fall in the region between 80 and 200 nm, but there are
some longer nanorods of more than 500 nm (Figure 2(b)).
Some spherical boron nanoparticles embedded in the boron
nanorods (Figure 2(c)) were also observed. Nonetheless, we
were able to produce boron nanorods in good yields (85%)
from B2O3 by this ultrasonic smelting method. This simple
and greener process neither involves any harmful and toxic
boron precursors nor does it require any severe reaction
conditions.

Figure 3 shows the EDX spectrum of the specimen which
clearly bears no evidence of containing any elements other
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Figure 3: EDX spectrum of boron nanorod sample.

than boron (95 at.%) and oxygen (5 at.%). The very trace
amount of oxygen found is due to the presence of the
inevitable water moisture and oxygen absorbed on the boron
nanorods or perhaps trace amount of unreacted B2O3.

The concentration versus signal intensity plot is depicted
in Figure 4. When the signal intensity for the boron nanorods
sample was fed into the calibration, bearing the trendline of
y = 0.12x, the lithium concentration for the sample came out
to be 1.83 ppm. The atomic ratio of lithium to boron in the
sample thus calculated to be less than 0.95%.

Figure 5 exhibits the TGA thermogram of boron
nanorod sample. Under inert atmosphere (argon), the boron
nanorods sample was thermally stable and did not show any
significant weight loss within the experimental temperature
range, which demonstrates the absence of any other vulnera-
ble impurities in the prepared sample. However, when heated
in air, the sample started to gain weight at temperature above
550◦C due to the inevitable oxidation.

There are several reports on the theoretical calculation
for the crystal structure and optical properties of boron
crystals [31, 32]. The UV-Vis spectra of boron nanorod
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1.7 Core/Shell Nanostructures 

Core/shell structures are 0-D nanostructures that are composed of two distinct layers. Each 

layer has its own chemical identity that complements the other to amplify or weaken certain 

characteristics. Further, each layer can be composed of organic or inorganic materials. In other 

words, core/shell structures can have organic/organic, organic/inorganic, inorganic/organic, and 

inorganic/inorganic compositions. Each of these pairs can be used to modify optical, catalytic, 

magnetic, and electronic properties as well as to stabilize the nanoparticle core. Figure 1.1366 

shows the different morphologies that core/shell structures can obtain, including spheres. The 

core/shell structure can be composed of an amorphous core and shell, a crystalline core and shell, 

or one of each. Additionally, the core and shell may have a similar lattice constant or a lattice 

constant that is significantly different. The case that has both crystalline structures with a 

comparable lattice constant increases the probability of shell growth as an extension of the core.  

 

 
Figure 1.13: Illustration of different core/shell morphologies.66 
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When core/shell nanostructures are prepared initially the core is formed followed by 

the shell. The two steps can be performed separately or combined as one-pot synthesis.67 One-pot 

synthesis can save time and chemicals by eliminating the purification of the core nanostructure, 

but it can lead to other unwanted side reactions.  
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CHAPTER 2 

INSTRUMENTATION 

2.1 Introduction 

 In this chapter, the different instrumentations that were used to characterize the products 

will be discussed. The basic principles of the instruments will also be provided. In addition, we 

will cover sample preparation for instruments that require special handling. In order to 

characterize nanomaterials, instruments with high magnification are mandatory because of the 

products’ small dimension. Some of these instruments are transmission electron microscopy and 

high-resolution transmission electron microscopy, which are used to identify the morphology of 

the products. Electron energy-loss spectroscopy, X-ray photoelectron spectroscopy, and energy-

dispersive X-ray spectroscopy identify the chemical compositions of the nanomaterials. 

Additionally, Fourier-transform infrared spectroscopy, X-ray diffraction, and ultraviolet-visible 

spectroscopy will supply more structural and elemental information on the products. A few of 

these characterization methods will be described in detail. 

2.2 Transmission Electron Microscopy1,2 

Transmission electron microscope (TEM) is an instrument that allows the visual 

observation of the sample product. Both TEM and HRTEM work following a similar principle, 

except HRTEM has a higher magnification power that will allow the researchers to see 
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individual molecules. In this research, TEM was used to confirm the formation of 

nanostructures with specific morphology (particles or rods), and HRTEM allowed the 

researchers to see the formation of core/shell structures with two distinct layers.  

A typical TEM (Figure 2.1) uses electrons generated from tungsten filament to bombard 

the sample surface. The sample should have a thickness less than 100 nm. The electrons are 

focused on the sample with the help of multiple condenser lenses. Once the beam reaches the 

sample, the interaction between electrons and the sample provides various information about the 

sample. During the interaction, if the electrons maintain their kinetic energy, a diffraction pattern 

is recovered and used for imaging. In contrast, if there is a loss in kinetic energy, there is a 

change in the intensity and scattering angle of the electrons, which leads to spectroscopy. 

  

 

 

Figure 2.1: Schematic diagram of components of TEM.1 
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A typical TEM can be transformed to HRTEM using the basic principle of the de 

Broglie equation: 

! = !
(!!"#)!/!       (Equation 2.1) 

where λ is wavelength, h is Planck’s constant, m and q are the electron mass and charge and V is 

the voltage applied to the electrons. Based on this equation, the voltage applied is inversely 

proportional to the λ. Therefore, we can achieve shorter wavelength (λ) or higher resolution by 

increasing the voltage used to accelerate the electrons. Further, TEM equipped with a high 

voltage source can be utilized to establish the melting point and mechanical characteristics of 

nanomaterials. 

 For our research purpose, we used three different TEM, which are a Hitachi H-600, JEOL 

2010, and FEI Tecnai F20 with acceleration energy of 200kv. All of the samples were prepared 

following a simple procedure. In a typical sample preparation, a small amount of the sample was 

placed in a vial to which subsequently ethanol was added. Then the solution was dispersed with a 

probe sonicator set at 60% amplitude for 2 minutes. Once the sonication was done, a drop of the 

solution was placed on a copper grid coated with carbon film, and the grid was left to dry in air. 

These steps were repeated two more times to accumulate a sufficient amount of the sample on 

the grid.    

2.2.1 Electron Energy-Loss Spectroscopy3,4 

 Electron energy-loss spectroscopy (EELS) uses the energy released from electrons to 

identify the presence of elements. The analysis is done using high-resolution electron 

microscopy such as TEM or STEM. The use of high-resolution electron microscopy allows the 

arrangement of electrons based on kinetic energy and creates an EELS plot of scattered intensity 
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vs. kinetic energy. There are different designs of the TEM-EELS, which are shown in Figure 

2.2. The sample preparation for EELS is identical to TEM sample preparation mentioned above.  

 

 
Figure 2.2: Designs of TEM-EELS.4 (a) Standard TEM containing magnetic prism, (b) TEM 
containing an in-column imaging filter, and (c) scanning transmission electron microscopy 
(STEM). 
 
 

2.2.2 High-Angle Annular Dark Field5,6,7 

High-angle annular dark field (HAADF) or Z-contrast imaging utilizes high-angle 

scattering of electrons where θ is greater than 50 mrad to construct an image of crystalline or 

amorphous samples. A higher angle will not allow Bragg electrons to reach the detector; 

therefore, crystalline structures can be analyzed which would not be possible otherwise 

(Figure2.3). In addition, this method has the capacity to map a single element, usually heavier 

elements. The signal intensity is proportional to the atomic number, so a sample composed of 
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heavier elements will have an intense signal. HAADF is performed when the microscope is in 

STEM mode. The sample preparation is similar to TEM. 

 

 
Figure 2.3: Diagram of STEM containing multiple imaging methods.7 
 
 

2.3 X-ray diffraction8,9 

X-ray diffraction (XRD) is a method used to identify if a sample is amorphous or 

crystalline. When the structure is crystalline, the X-ray diffracts from the sample and the 

diffraction pattern is used to resolve structure or geometry, lattice constants, chemical bonds, and 

defects of the crystalline material. Figure 2.4 demonstrates the formation of diffraction pattern by 

the radiation source that bounces off the atoms in the sample. The diffraction pattern is rich with 
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information, such as wavelength and reflection angle of the X-ray. However, this information 

does not provide a complete structural analysis until complex mathematical integration is done. 

 
Figure 2.4: Illustration of XRD in crystalline structures.10 
 

 

 The atoms in the crystal lattice are placed layer by layer, and the distance between the 

layers can be calculated using Bragg’s equation: 

nλ= 2d sin θ      (Equation 2.2) 

where n is an integer, λ is wavelength, d is the distance between the layers, and θ is the reflection 

angle, which is also the same as the incident angle. Once all the parameters are determined, the 

crystal structure can be solved. Since the diffraction patterns are accurate, XRD can be used to 

analyze inhomogeneous and homogeneous strains.  The presence of homogeneous strains 

changes the position of the diffraction peak while inhomogeneous strains broaden the peak.  

 XRD is a simple method with an easy sample preparation and produces an accurate 

analysis for high-Z materials. The system is composed of a low-intensity beam; therefore, the 

data are collected with a large sample and over an extended period of time. In our data 

collection, we used Rigaku MiniFlex (30 kV, 15 mA) fitted with Cu source procuring X-ray with 

1.54°A wavelength. The instrument has six sample holders. Prior to each measurement, a sample 
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holder is covered with double-sided clear tape and the sample is placed on it. Then the holder 

is tapped to remove any loose samples before it is placed back on the instrument.    

 

2.4 Energy-Dispersive X-ray Spectroscopy 11,12 

Energy-dispersive X-ray spectroscopy (EDX) is a quantitative analysis used to determine 

the chemical composition of a sample. The instruments utilize X-ray to excite atoms in a lower 

energy level. Furthermore, the excited electrons leave, creating a hole, and this hole is filled by 

an electron from the upper level. When an electron with a higher energy jumps to a level with 

lower energy, some of its initial energy is emitted in the form of an X-ray (Figure 2.5). Each 

atom or element has its own unique X-ray emission; therefore, the X-ray emitted during this 

process corresponds to a specific atom.  

 

 
Figure 2.5: Illustration of the EDX process.12 
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This characterization technique has a few disadvantages including elements with a 

small atomic numbers not appearing, an overlap of energy peaks, and the presence of signals 

from the sample preparation (carbon tape).13 All of these result in incorrect data interpretation. 

We used INCAX-act analytical standard EDX for elemental analysis of our samples. The 

samples are prepared by placing a small amount of the sample on a carbon tape that is attached to 

a holder. Then, the sample holder is tapped to remove any loose samples.  

2.5 Fourier-Transform Infrared Spectroscopy14,15,16 

Fourier-transform infrared spectroscopy (FTIR) is analysis of solid, liquid, or gas 

samples using infrared radiation, which is focused on a sample, and the radiation can be 

transmitted or absorbed by the sample. The radiation that is absorbed causes vibration or rotation 

of the molecules in the sample, and each molecule absorbs energy at a certain wavelength. 

Therefore, molecules are identified based on their characteristic wavelength. The data collected 

can be based on absorbance, transmittance, or photoconductivity of the sample.  

There is also another type of IR called attenuated total reflectance (ATR). This 

instrument allows the users to analyze samples without any sample preparation. ATR has an 

optical crystal, and when the infrared radiation is focused on the crystal, it bounces within and on 

the surface of the crystal. Next, the radiation interacts with the sample leading to the absorption 

peak (Figure 2.6). In order to acquire accurate data, the sample should be placed within 0.5-5 µm 

of the crystal surface, and the reflective index of the sample should be much lower than the 

crystal. Many different kinds of crystals such as zinc selenide or germanium are available, but 

diamond crystal is preferable because it cannot be easily damaged. In our facility, we used a 
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Mattson ATI Genesis FTIR spectrometer with a Pike Miracle ATR attachment. The ATR has 

a diamond crystal, and the sample is directly placed on the crystal before analysis.  

 
Figure 2.6: Diagram demonstrating the use of crystal in ATR instrument.16 
 

2.6 Ultraviolet-Visible Spectroscopy (UV-Vis) 17,18 

 This analytical method utilizes the fact that molecules absorb radiation to detect their 

presence. When radiation is absorbed by a sample, the electrons on the sample gain some energy 

and move to a higher energy level; the energy gain is inversely proportional to the wavelength 

that is displaced as shown in equation 2.3:  

    ! = !!
!      (Equation 2.3) 

where h is planks constant, c is the speed of light, and λ is wavelength. If the energy gained is 

higher, the transmitted light will have a lower wavelength. The energy transmitted is seen in the 

ultraviolet and visible regions of the spectra with a wavelength between 200-700 nm.  

 Figure 2.7 shows different parts of a typical UV-Vis spectrometer. Usually, the sample is 

dissolved in a solvent before analysis, and the pure solvent is used as a blank or reference. 

Finally, the instrument compares the absorption of the blank solvent and the sample; the 

Introduction

Mid-Infrared (IR) spectroscopy 
is an extremely reliable and 
well recognized fingerprinting
method. Many substances can 
be characterized, identified and
also quantified.

One of the strengths of IR spec-
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lytical technique to obtain spectra
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difference in absorption is then attributed to the sample. In addition, a preferable solvent does 

not absorb radiation between 200-700 nm ranges.  

 
Figure 2.7: Schematics representation of UV-Vis spectrometer.19 
 

 

 Other than identification of samples, UV-Vis spectroscopy can be used to measure 

sample concentration. The concentration is determined using the Beer-Lambert Law: 

    ! = !"#!" !! ! = !"#    (Equation 2.4) 

where A is absorbance, I0 is the intensity of incident radiation, I is the intensity of transmitted 

radiation, ε is the molar extinction coefficient, c is the concentration of the sample, and L is the 

path length of the sample. The concentration of molecules in the sample is directly proportional 

to the absorbance. The above conclusion can only be drawn if the sample is diluted; therefore, 

the Beer-Lambert Law does not apply to samples with higher concentrations.  
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We used the Lambda XLS+ UV-Vis spectrometer to analyze our samples. The 

instrument can acquire data starting from 200 nm up to 900 nm. Before analysis, samples are 

dissolved or dispersed in Milli-Q deionized water, and the samples are monitored to ensure that 

their concentration remains diluted.  
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CHAPTER 3 

SYNTHESIS AND FUNCTIONALIZATION OF BORON/IRON OXIDE  

CORE/SHELL NANOPARTICLES 

3.1 Introduction 

Core/shell nanoparticles are zero-dimensional structures that are composed of two layers in 

which the layers are formed from different elements. For this project, the core is made of a 

lighter element boron and the shell is composed of a heavier iron oxide compound. Each layer is 

used for a specific purpose and to complement each other in order to enhance or alter a particular 

property. Core/shell nanomaterials can be used in many fields, but we are interested in 

biomedical application of these materials as biosensors, bio-imaging contrasts, and drug and 

gene delivery agents.1 The biomedical application of boron-based nanostructures was discussed 

in the previous chapter; therefore, we will discuss the advantage of adding an iron oxide layer. 

Iron oxide core/shell structures are mainly synthesized via co-precipitation. Co-precipitation is a 

technique that uses a combination of reagents in aqueous media to form a final product that can 

be filtered out of the solution. This approach has been widely accepted for the synthesis of iron 

oxide core/shell nanoparticles because different parameters of the reaction such as pH and 

concentration can easily be controlled to produce particles with specific size distribution. 

Usually, iron (II) and iron (III) compounds are used to produce magnetite (Fe3O4). Gupta et al.  
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synthesized monodispersed Fe3O4 nanoparticles using iron (II) chloride (FeCl2) and iron (III) 

chloride (FeCl3) with base.2      

The formation of the magnetite core or shell needs to be performed under inert atmosphere; 

thus, the system is purged with nitrogen gas. Figure 3.12 demonstrates a general co-precipitation 

process.   

 
Figure 3.1: Schematic representation of co-precipitation reaction of FeCl2 and FeCl3.2 

 

Iron oxide, specifically magnetite (Fe3O4), contains both Fe2+ and Fe3+ species that have four 

and five unpaired electrons in the 3d shell respectively creating a huge magnetic moment, which 

can be used for magnetic resonance imaging (MRI). Researchers showed that a cell can be 

located and traced using MRI as long as enough magnetic particles are accumulated inside the 

cell.3 Furthermore, surface modification of magnetic nanoparticles with dextran and other 

organic molecules was undertaken to increase uptake. For example, dextran-coated magnetic 

nanoparticles have been used for liver4 and node imaging.5  

In addition to being a contrast agent for MRI, magnetic nanoparticles can be used to label 

cells and deliver drugs to specific cells. Cellular labeling is often used to track changes in 

field [21]. The effectiveness of the particles depends
upon:

(a) high magnetic susceptibility for an effective mag-
netic enrichment [22];

(b) size of particles which should be monosized in the
range of 6–15 nm (Particles below a critical particle
size (o15 nm) would consist of a single magnetic
domain, i.e. a particle that is a state of uniform
magnetization at any field with superparamagnetism
and high saturation magnetization values [23]. The
particles in this size range are rapidly removed
through extravasations and renal clearance [24].);

(c) superparamagnetic behaviour [21];
(d) tailored surface chemistry for specific biomedical

applications [1]; etc.

2. Synthesis of magnetic iron oxide nanoparticles

It has long been of scientific and technological
challenge to synthesize the magnetic nanoparticles of
customized size and shape. Physical methods such as gas
phase deposition and electron beam lithography are
elaborate procedures that suffer from the inability to
control the size of particles [25–28] in the nanometer size
range. The wet chemical routes to magnetic nanoparti-
cles are simpler, more tractable and more efficient with
appreciable control over size, composition and some-
times even the shape of the nanoparticles [29–31]. Iron
oxides (either Fe3O4 or g-Fe2O3) can be synthesized
through the co-precipitation of Fe2+ and Fe3+ aqueous
salt solutions by addition of a base [32]. The control of
size, shape and composition of nanoparticles depends on
the type of salts used (e.g. chlorides, sulphates, nitrates,
perchlorates, etc.), Fe2+ and Fe3+ ratio, pH and ionic
strength of the media [33,34].

Conventionally, magnetite is prepared by adding a
base to an aqueous mixture of Fe2+ and Fe3+ chloride
at a 1:2molar ratio. The precipitated magnetite is black
in colour. The chemical reaction of Fe3O4 precipitation
is given in Fig. 1. The overall reaction may be written as
follows [35,36]:

Fe2þ þ 2Fe3þ þ 8OH" ! Fe3O4 þ 4H2O: (1)

According to the thermodynamics of this reaction,
a complete precipitation of Fe3O4 should be expected
between pH 9 and 14, while maintaining a molar ratio
of Fe3+:Fe2+ is 2:1 under a non-oxidizing oxygen-
free environment. Otherwise, Fe3O4 might also be
oxidized as

Fe3O4 þ 0:25O2 þ 4:5H2O ! 3FeðOHÞ3: (2)

This would critically affect the physical and chemical
properties of the nanosized magnetic particles. In order
to prevent them from possible oxidation in air as well as

from agglomeration, Fe3O4 nanoparticles produced by
reaction (1) are usually coated with organic or inorganic
molecules during the precipitation process. To control
the reaction kinetics, which is strongly related with the
oxidation speed of iron species, the synthesis of particles
must be done in an oxygen-free environment by passing
N2 gas. Bubbling nitrogen gas through the solution not
only protects critical oxidation of the magnetite but also
reduces the particle size when compared with methods
without removing the oxygen [31,37].

Genesis of the particles in the solution under optimum
synthetic conditions takes place by the formation of tiny
crystalline nuclei in a supersaturated medium, followed
by crystal growth [8]. The latter process is controlled by
mass transport and by the surface equilibrium of
addition and removal of individual monomers, i.e.,
atoms, ions, or molecules. Hereby, the driving force for
monomer removal (dissolution) increases with decreas-
ing particle size. Thus, within an ensemble of particles
with slightly different sizes, the large particles will grow
at the cost of the small ones. This mechanism is called
Ostwald ripening and is generally believed to be the
main path of crystal growth [38].

A different view of crystal growth is emerging from
recent experiments by Penn and Banfield [39–41]. They
observed that anatase and iron oxide nanoparticles with
size of a few nanometers can coalesce under hydro-
thermal conditions in a way they call oriented attach-
ment. In the so-formed aggregates, the crystalline lattice
planes may be almost perfectly aligned or dislocated at
the contact areas between the adjacent particles, leading
to defects in the finally formed bulk crystals. They
presented strong evidence that this type of crystal
growth plays an important role in earth history during
mineral formation. Other authors also proposed
oriented attachment during crystal growth of TiO2 [42]
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morphology or location of specific cells. Dextran,4 carboxydextran,6,7 carboxymethyl-dextran,4 

and citrate8-coated magnetic nanoparticles have been used for cellular labeling. On the other 

hand, the surface of magnetic nanoparticles can be modified via covalent or electrostatic 

interaction to increase water solubility of the particles and carry molecules that target cancer 

cells. For instance, magnetic nanoparticles have been used to deliver methotrexate,9 and 

oxantrazole10 to cancer cells in different parts of the body. Zhu et al.11 used starch-coated 

magnetic nanoparticles to attach a carborane cage (1-R-2-butyl-ortho-C2B10H10) and achieved 

51.4 µg of boron/g of tumor with tumor/normal tissue ratios of around 10:1, which is the highest 

concentration of boron uptake reported to date. These nanoparticles can be guided to the target 

cell with an external magnet, which is the mechanism that allows a larger concentration of the 

drug to accumulate most easily. Also, uniform concentration of a compound can be achieved.    

 When nanoparticles are considered for drug delivery, one must consider the effect of particle 

size because it plays a key role on the concentration of the drug in the cell. To illustrate, particles 

that are too small or too large can be removed from the system before the drug targets the tumor 

cells; therefore, particles with a diameter between 10-100 nm are ideal for this purpose.3 For our 

purposes we utilize all of the previously mentioned advantages of magnetic nanoparticles to 

deliver boron into a tumor cell for boron neutron capture therapy (BNCT). In addition, the iron 

oxide layer easily enables functionalization of the surface, which was a problem with boron 

nanoparticles.  

In this chapter, we will discuss the synthesis of boron nanoparticles, boron/iron oxide 

core/shell nanoparticles, and functionalization of the core/shell nanoparticles. Boron 

nanoparticles can be prepared via chemical vapor deposition (CVD),12 pyrolysis,13 ball milling,14 

and arc discharge.15 We have chosen to do pyrolysis of decaborane to produce boron 
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nanoparticles followed by co-precipitation of the iron precursor to form an iron oxide layer. 

Further, the particles were modified with organic groups such as amine-terminated PEG, folic 

acid, dopamine, starch, and α-D glucose that are excellent delivery agents for the core/shell 

nanoparticles.   

 

3.2 Materials and Methods 

3.2.1 Materials 

 All of the chemicals used in the experiment were purchased and used as received except 

decaborane, which was further purified via sublimation before use. A HERMLE Labortechnik 

centrifuge was used at 13,000 rpm for 10 minutes unless otherwise specified.  

3.2.2 Synthesis of Boron Nanoparticles 

Boron nanoparticles were generated via decomposition of decaborane at elevated 

temperature. A 0.7 g sample of purified decaborane (5.73 mmol) was taken in a round-bottom 

flask that is connected to a quartz tube placed inside a horizontal tube furnace. The other end of 

the tube was connected to a gas bubbler. The round-bottom flask and the quartz tube were 

purged with dry argon gas for 30 minutes, and the quartz tube was then heated to 700°C inside 

the tube furnace. Once the furnace reached the desired temperature, the round-bottom flask was 

heated to 105°C and the sublimed decaborane was passed through the quartz tube using a flow of 

dry argon gas with a rate of 0.22 L/min. The decaborane was decomposed over a period of six 

hours while passing through the quartz tube and the product deposited at the cooler end of the 

tube. The deposited dark powder was then collected and purified to isolate 305 mg of boron 
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nanoparticles  (50% yield). The product was purified with either multiple ethyl acetate washes 

or directly dried in vacuo overnight.  

3.2.3 Synthesis of Boron/Iron Oxide Core/Shell Nanoparticles 

A 50 mg sample of boron nanoparticles (4.62 mmol), iron (II) chloride tetrahydrate 

(FeCl2.4H2O, 0.2068 g, 1.04 mmol), and iron (III) chloride hexahydrate (FeCl3.6H2O, 0.2728 g, 

1.01 mmol) was added in a three-necked round-bottom flask. The flask was then purged with 

nitrogen followed by an addition of 75 mL of deionized (DI) water. The flask was stirred at 40°C 

while ammonium hydroxide solution (0.4 mL of NH4OH in 4 mL of DI water) was added drop 

by drop. The pH of the solution was monitored, and more ammonium hydroxide solution was 

added until the pH reached 9-10. Once the intended pH was achieved, the reaction temperature 

was increased to 60°C and the solution was stirred for 30 minutes. The product was collected by 

centrifuging the reaction mixture and washing the product multiple times with DI water and 

ethanol. The final product was dried in vacuo overnight and then characterized. 

A 100 mg sample of boron nanoparticles (9.25 mmol) prepared in the above step was 

dispersed in 25 mL DI water using ultrasonication. The mixture of FeCl3.6H2O (0.675 g, 2.5 

mmol) and FeCl2.4H2O (0.248 g, 1.25 mmol) was added to the dispersion followed by dropwise 

addition of 15 mL 0.3 M sodium hydroxide solution. The resulting solution was stirred under 

argon atmosphere at room temperature for another 30 minutes. After completion, the product 

was collected by centrifuging the reaction mixture and washing the product multiple times with 

DI water and ethanol. The final product was dried in vacuo overnight and then characterized. 

Also, this reaction was repeated using twice as much of the reactant.  
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3.2.4 Functionalization of Boron Nanoparticles 

3.2.4.1 Reaction with Bromine 

A 0.115 g sample of boron nanoparticles (10.6 mmol) was dispersed in 20 mL of benzene 

for 20 minutes followed by an addition of 1 mL of bromine. The solution was stirred at room 

temperature for 24 hours. The product was collected by removal of the bromine and benzene 

under reduced pressure at 30°C. Finally, the product was dried in vacuo overnight. 

The functionalization of boron nanoparticles with bromine is similar to the above 

procedure except the reaction time and the amount of bromine. A 0.116 g sample of boron 

nanoparticles (10.7 mmol) was dispersed in 20 mL of benzene for 20 minutes followed by an 

addition of 2.0 mL of bromine. The solution was stirred at room temperature for three days. The 

product was collected by removal of the bromine and benzene under reduced pressure at 30°C. 

The final product was dried in vacuo overnight. 

3.2.4.2 Reaction with Amine-Terminated Polyethylene Glycol  

Initially, an attempt was made to attach amine-terminated polyethylene glycol (PEG) 

directly on the surface of the boron nanoparticles. A 0.488 g sample of PEG and 0.020 g sample 

of boron nanoparticle (1.85 mmol) were placed in a round-bottom flask. Then the flask was 

vacuumed and purged with argon, and this step was repeated three times to remove oxygen from 

the system. Once the system was under argon, the contents were stirred at 60°C for three days. 

The product was then collected using centrifugation at 3,000 rpm for 30 minutes and purified by 

washing with water.  
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3.2.5 Functionalization of Boron/Iron Oxide Core/Shell Structure 

3.2.5.1 Reaction with Oleic Acid 

A one-pot synthesis and functionalization of boron/iron oxide core/shell nanoparticles 

were performed using oleic acid. A 100 mg sample of boron nanoparticles (9.25 mmol) prepared 

in the above step was dispersed in 25 mL DI water using ultrasonication. A mixture of 

FeCl3.6H2O (0.675 g, 2.5 mmol) and FeCl2.4H2O (0.248 g, 1.25 mmol) was added to the 

dispersion followed by dropwise addition of 15 mL 0.3 M sodium hydroxide solution. The 

resulting solution was stirred under argon atmosphere at room temperature for another 30 

minutes. Then the flask was heated to 80°C followed by dropwise addition of 0.5 mL oleic acid 

for one hour. The resulting product was then collected via centrifugation and purified by washing 

with DI water and ethanol. Finally, the product was dried in vacuo overnight. 

A 100 mg sample of boron/iron oxide core/shell nanostructure was taken in a round-

bottom flask, and methanol (25 mL) was added. The solution was ultrasonicated to result in a 

uniform dispersion. The oleic acid (1 mL) was added to the solution, and the resulting mixture 

was then heated to 80°C with stirring for 4 hours. The resulting product was then collected via 

centrifugation and purified by washing with DI water and acetone. Finally, the product was dried 

in vacuo overnight. Scale-up synthesis was performed using this procedure with fivefold increase 

in the reagents. 
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3.2.5.2 Reaction with Citric Acid  

A 120 mg sample of oleic acid functionalized boron/iron oxide core/shell nanoparticles 

was dispersed in a mixture of 7.5 mL of 1,2-dichlorobenzene (ODCB) and 7.5 mL of N,N’-

dimethylformamide (DMF). After the addition of 0.1 g of citric acid to the solution, the resulting 

mixture was heated to 100°C with constant stirring for 24 hours. The product was then collected 

via extraction with ethyl ether. The resulting functionalized nanoparticles were centrifuged from 

the ether solution and purified by multiple acetone washings.  

A 100 mg of sample boron/iron oxide core/shell nanoparticles was dispersed in a mixture 

of 7.5 mL of ODCB and 7.5 mL of DMF. After the addition of 0.1 g of citric acid to the solution, 

the resulting mixture was heated to 100°C with constant stirring for 24 hours. The product was 

then collected by adding ethyl ether and separating the ether layer from the aqueous layer. The 

resulting functionalized nanoparticles were centrifuged from the ether solution and purified by 

multiple acetone washings.  

3.2.5.3 Reaction with Amine-Terminated PEG 

Water-soluble nanoparticles were prepared using amine-terminated PEG. Specifically, 

0.05 g of citric acid-coated boron/iron oxide core/shell nanoparticles was dispersed in DI water 

and the pH was adjusted to 9 by adding NaOH. A 0.1 g sample of bis (3-aminopropyl)-

terminated polyethylene glycol, 0.06 g of N-hydroxysuccinimide (NHS), and 0.05 g of 1-ethyl-3-

(3-dimethylamino-propyl) carbodiimide hydrochloride (EDC) were added to the basic solution of 

nanoparticles. The resulting mixture was then stirred for 48 hours and the final product was 

separated using a cellulose membrane dialysis tube, dried in vacuo, and then characterized. 
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3.2.5.4 Reaction with Dopamine   

A 0.022 g sample of oleic acid functionalized boron/iron oxide core/shell nanoparticles 

was dispersed in 58 mL of chloroform for 30 minutes. A 0.1056 g of dopamine hydrochloride 

(DA.HCl) was dissolved in 4 mL methanol, and then this solution was added to the flask 

containing the nanoparticles in 0.5 mL aliquots. The flask was then stirred at room temperature 

for 4 hours. The product was collected via centrifugation at 4000 rpm for 10 minutes. The 

sediment was collected and rinsed with methanol followed by the removal of methanol using a 

rotary evaporator. The product was placed in a flask and DA.HCl solution was added (0.1097 g 

sample of DA.HCl dissolved in 40 mL methanol). The content in the flask was stirred overnight 

at room temperature. The final product was then collected via centrifugation at 4000 rpm for 10 

minutes and purified by washing with methanol. Finally, the product was dried in vacuo 

overnight. 

A 0.104 g of boron/iron oxide core/shell nanoparticles was dispersed in 10 mL of 

dimethyl sulfoxide (DMSO) for 35 minutes. In a beaker, 201.1 mg of DA.HCl was dissolved in 

20 mL DMSO, and this solution was added to the flask containing the core/shell nanoparticles. 

The solution in the flask was stirred at room temperature overnight. The resulting product was 

then collected via centrifugation and purified by washing with a solution of 5:1 ratio of ethanol: 

hexane. Finally, the product was dried in vacuo overnight.  

3.2.5.5 Reaction with Folic Acid  

A 52.4 mg sample of boron/iron oxide core/shell nanoparticles was dispersed in 5 mL of 

DI water for 30 minutes. In a beaker, 1.2602 g of sodium bicarbonate was dissolved in 10 mL DI 
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water and this solution was added to the flask containing the core/shell nanoparticles. Then the 

content was further dispersed for 5 minutes. A 0.1036 g sample of folic acid was added, and the 

flask was stirred for 24 hours at room temperature. The addition of folic acid and the reaction 

following was performed in a dark room. The resulting product was centrifuged at 6000 rpm for 

10 minutes. Next the precipitate was collected via centrifugation and purified by washing with 

DI water. Last, the product was dried in vacuo overnight. 

A 52.6 g sample of dopamine functionalized boron/iron oxide core/shell nanoparticles 

was dispersed in 10 mL of sodium bicarbonate solution (0.84 g sample of sodium bicarbonate 

dissolved in 10 mL of DI water) for 40 minutes. The flask was transferred into a dark room, then 

99.3 mg of folic acid and 51.8 mg of NHS were added, and the content was stirred for 5 minutes 

before the addition of 86.5 mg of EDC. The flask was stirred for 24 hours in dark. The resulting 

product was then collected via centrifugation and purified by washing with ethanol. Last, the 

product was dried in vacuo overnight. 

3.2.5.6 Reaction with Starch   

A 115 mg sample of boron/iron oxide core/shell nanoparticles was dispersed in 15 mL of 

DI water for 30 minutes. In a beaker, 1.152 g of modified starch was dissolved in 15 mL DI 

water while stirring at 70°C under reflux and this solution was added to the flask containing the 

core/shell nanoparticles. Afterward the content was dispersed for 15 minutes using a sonicator 

and then the content was stirred for 21 hours at room temperature. The resulting product was 

separated using a cellulose membrane dialysis tube, dried in vacuo, and then characterized. 
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3.2.5.7 Reaction with α-D Glucose  

A 85 mg sample of oleic acid functionalized boron/iron oxide core/shell nanoparticles 

was dispersed in 15 mL of chloroform for 30 minutes. In a beaker, 1.503 g of α-D glucose was 

dissolved in 15 mL DMF while stirring at 65°C and the solution containing the functionalized 

core/shell nanoparticles was added to this flask. Afterward the content was stirred for 4 hours 

under reflux. Then the content in the flask was stirred for additional 21 hours at room 

temperature. The resulting product was then collected via centrifugation and purified by washing 

with ethanol. Finally, the product was dried in vacuo overnight. 

3.2.6 Biological Studies 

 Cytotoxicity of the citric acid (Sample 1) and amine-terminated PEG (Sample 2) 

functionalized boron/iron oxide core/shell compounds were studied using a placenta cell line. A 

111 mg of Sample 1 was dissolved in 500 µL phosphate-buffered saline (PBS), but the 

compound was not soluble. Therefore, 50 µL of DMSO was added. Concurrently, 138 mg of 

Sample 2 was dissolved in 500 µL PBS. Each sample was then filtered through mini-pore filters. 

Next a 100 µL of the sample was added to 100 µL cell suspension and was diluted with 100 µL 

of minimum essential medium (MEM) (Table 4.1). Afterward the cells were incubated at 37°C 

for 48 hours followed by a 3-Amino-7-dimethylamino-2-methylphenazine hydrochloride (natural 

red) uptake for one hour. Finally, the dye was extracted and analyzed using UV-Vis spectroscopy 

at 540 nm. On the other hand, cytotoxicity of the folic acid and dopamine functionalized 

boron/iron oxide core/shell compounds were studied using a triple negative breast cancer cell 
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line MDA-MB-231. A detailed description of the cytotoxicity studies can be found in Chapter 

4 Section 4.2.5. 

Table 3.1  

Concentrations of Samples  

 
Number 

(n) 

Cell 

Suspension 

(2×105/ml) 

Sample (µL) MEM (µL) Concentration Final 

concentration 

1 100 µL 100 0 (1/2) n-1 0.5×(1/2) n-1 

2 100 µL 100 100 (1/2) 1 0.25 

3 100 µL 0 100 (1/2) 2 0.125 

4 100 µL 0 100 (1/2) 3 0.0625 

5 100 µL 0 100 (1/2 )4 0.0312 

6 100 µL 0 100 (1/2) 5 0.0156 

7 100 µL 0 100 (1/2) 6 0.00781 

8 100 µL 0 100 (1/2) 7 0.0039 

9 100 µL 0 100 (1/2) 8 0.00195 

10 100 µL 0 100 (1/2) 9 0.000976 

11 100 µL 0 100 (1/2) 10 0.000488 

12 100 µL 0 100 (1/2) 11 0.000244 
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3.3 Results and Discussion 

3.3.1 Synthesis of Boron Nanoparticles 

Decomposition of decaborane at an elevated temperature under inert atmosphere was 

reported to form boron nanoparticles.16 The methodology can be performed at 700°C or 900°C 

(Equation 3.1). However, we chose to use the lower temperature, 700°C, to prepare the same 

nanoparticles in a desired dimension.  

B10H14(s)                     B10H14(g)                    10B(s) +7H2(g)                    (Equation 3.1)                          

The dimension of the product was determined by transmission electron microscopy 

(JEOL 2010 TEM). The diameter of the nanoparticles ranged from 10 to 100 nm. Nevertheless, 

more than 62% of the nanoparticles had a diameter between 25-55 nm (Figure 3.2), and the 

nanoparticles displayed quasi-spherical morphology (Figure 3.3). 

 

 
Figure 3.2: Particle size histogram of boron nanoparticle. 
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Figure 3.3: TEM image of boron nanoparticles.   
 

The X-ray photoelectron spectroscopy (XPS) and energy-dispersive X-ray spectroscopy 

(EDX) data indicated high purity of the boron nanoparticle samples. The boron 1s peak appeared 

to be at 187.7 eV without any additional peaks, indicating that the sample consisted of elemental 

boron (Figure 3.4 a). The additional carbon peak at 285 eV and oxygen peak at 534 eV in the 

XPS data come from the carbon tape that was used to attach the powder sample to the sample 

holder during characterization (Figure 3.4 b). The EDX data establishes the purity of the sample 

(Figure 3.5) with almost 80% atomic weight of boron. However, surface oxidation of boron 

nanoparticles is a common phenomenon and has been reported in the literature.17,18 
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Figure 3.4: (a) B 1s XPS spectrum of boron nanoparticles and (b) XPS spectrum of boron 
nanoparticles.  
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Figure 3.5: (a) EDX spectrum of boron nanoparticles and (b) EDX data for boron 
nanoparticles. 
 

Furthermore, a color variation was observed between nanoparticles. Specifically some 

nanoparticles were darker than others (red circles) (Figure 3.6) and these particles were analyzed 

using electron energy-loss spectroscopy (EELS). The EELS data shows that the particles have 

identical chemical composition. However, the darker particles (red circle 2) are denser so that the 

carbon peak around 280 eV, which is coming from the grid, is very weak. Figure 3.7 shows the 

decrease in intensity of the carbon peak as the particles become darker.  

 

 
Figure 3.6: Bright-field TEM image of boron nanoparticles.    

Element Weight % Atomic % 

B 72.15 79.31 

O 27.85 20.69 

Total 100 100 

(a) (b) 
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Figure 3.7: EELS spectrum of (a) light grey (1) boron nanoparticles and (b) black or dark (2) 
boron nanoparticles.   
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3.3.2 Synthesis of Boron/Iron Oxide Core/Shell Nanoparticles 

The formation of the iron oxide shell was performed using co-precipitation of 

FeCl3.6H2O and FeCl2.4H2O with base (NH4OH) in the presence of the boron nanoparticle. The 

TEM image shows the product of the first attempt contains nanoparticles and other amorphous 

structures (Figure 3.8). 

 

 
Figure 3.8: TEM image of boron/iron oxide core/shell nanoparticles.   
 

 

Encapsulation of a mixture of magnetic nanoparticles (MNPs) and boron oxide has 

already been demonstrated.19 A similar methodology was utilized to encapsulate boron 

nanoparticles with a mixture of iron (II) chloride tetrahydrate and iron (III) chloride hexahydrate 

after the first unsuccessful attempt (Figure 3.9). The resulting product only contains 

nanoparticles, and an average increase in the particle size of 8 nm was observed via high-

resolution transmission electron microscopy (HRTEM) after encapsulation. HRTEM also 
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provides a clear visual distinction between the core and shell formation of the nanostructures 

(Figure 3.10). 

 

  
Figure 3.9: Synthesis of boron/iron oxide core/shell nanoparticles. 
 

 
Figure 3.10: HRTEM image of boron/iron oxide core/shell nanoparticles. 
 

 

The composition of the core/shell structure was identified by XPS, displaying binding 

energies for boron 1s, oxygen 1s, and iron 2p peaks at 187, 530, and 710 eV, respectively (Figure 

3.11 a). These values are consistent with those published elsewhere.20 The additional carbon 

peak seen in the spectrum comes from the carbon tape used during sample analysis. Furthermore 
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the B 1s XPS analysis suggested oxidation of the boron core during the formation of iron 

oxide shell, which is evident by the additional peak at 192 eV corresponding to boron oxide 

where boron has +3 oxidation state (Figure 3.11 b).  

 

 
 
 

 
Figure 3.11: (a) XPS spectrum of boron/iron oxide core/shell nanoparticles and (b) B 1s XPS 
spectrum of boron/iron oxide core/shell nanoparticles.  
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Additional elemental analysis was performed using EELS with 200 kV energy and spot 

size 5. This method allows us to analyze the elemental composition of a single particle (Figure 

3.12). EELS data of the dark particles shows energy loss peaks at 189, 285, 534, and 709 eV 

corresponding to B-K, C-K, O-K, and Fe-L2, 3, respectively (Figure 3.13), confirming a single 

particle is composed of boron and iron oxide. However, some of the particles that are lighter only 

contain B-K, C-K, and O-K energy loss peaks. The energy loss values are broken down into 

smaller values of 150 - 650 eV and 400 - 900 eV to allow easier peak identification.  In addition, 

the HRTEM and the intensity of Fe-L2, 3 peaks from EELS indicate that the iron oxide layer has a 

smaller diameter compared to the boron core.   

 

 
Figure 3.12: Bright-field TEM image of boron/iron oxide core/shell nanoparticles with marked 
single particles used for EELS analysis.  
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Figure 3.13: EELS spectrum of boron/iron oxide core/shell nanoparticles containing (a) B-K 
and C-K peaks and (b) O-K and Fe-L2,3 peaks. 
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Furthermore, background subtraction was performed in order to simplify the spectrum 

and remove some of the noise (Figure 3.14). A background subtraction will reveal peaks in the 

zero loss regions, which will not be seen in normal circumstances. In our case, a silicon (Si-L2,3) 

peak was detected at 100 eV. In order to determine the source of the silicon further analysis was 

done. The silicon contamination can come from the product or the carbon grid where the product 

is placed. Therefore, an area of the carbon grid without any core/shell nanoparticles was 

analyzed.  The resulting spectrum contains the same silicon peaks. However, when a pure carbon 

grid was analyzed there was no silica peak observed above the background noise, suggesting the 

carbon grid was not the source of the silicon contamination (Figure 3.15). Therefore, the silica 

can possibly come from glasswares used during the synthesis and sample preparation process.  
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Figure 3.14: EELS spectrum of boron/iron oxide core/shell nanoparticles after background 
subtraction containing (a) B-K and C-K peaks and (b) O-K and Fe-L2,3 peaks. 
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Figure 3.15: EELS spectrum of the zero loss regions. (a) Carbon grid support, (b) boron/iron 
oxide core/shell nanoparticles, (c) pure carbon grid. 
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The crystalline property of the boron/iron oxide core/shell nanoparticles was examined 

using an electron diffraction pattern in TEM. The result recovered from this analysis consists of 

evenly distributed circular patterns that are not well defined or spotty, indicating the core/shell 

nanoparticles are highly disordered (Figure 3.16). 

 

Figure 3.16: Electron diffraction pattern of boron/iron oxide core/shell nanoparticles. 

 

3.3.3 Functionalization Of Boron Nanoparticles 

3.3.3.1 Reaction with Bromine 

Direct surface functionalization of boron nanoparticles is not well established because of 

boron’s nature to readily oxidize and form boron oxide. However, boron is inert in forming 

bonds with elements other than oxygen. Bromination of the boron nanoparticle was attempted 
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using a published procedure.15 The TEM image of the product shows the boron nanoparticles 

after surface modification with bromine maintained quasi-spherical morphology (Figure 3.17).  

 
Figure 3.17: TEM image of brominated boron nanoparticles.   
 

EDX analysis reveals a small concentration of bromine suggesting that the surface 

modification of the particles was not complete. Figure 3.18 shows that the product only contains 

0.49% atomic weight of bromine. However, a larger concentration of bromine was achieved 

when the amount of bromine in the experiment was increased fourfold (Figure 3.19). The 

optimized reaction condition produced boron nanoparticles with 4.19% atomic weight bromine.  
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Figure 3.18: (a) EDX spectrum of brominated boron nanoparticles. (b) EDX data of 
brominated boron nanoparticles. 

 

 

 

 

 

 

 

 
 
Figure 3.19: (a) EDX spectrum of optimized bromination reaction. (b) EDX data of optimized 
bromination boron nanoparticles. 
 

3.3.3.2 Reaction with Amine-Terminated PEG 

Functionalization of boron nitride nanotubes with amine-terminated PEG (NH2-PEG-

NH2) was reported21 and a similar idea was implemented to modify our boron nanoparticles. 

After performing the reaction, the product was collected from the aqueous part assuming that 

Element Weight % Atomic % 

B 72.56 81.20 

O 24.21 18.31 

Br 3.23 0.49 

Total 100 100 

Element Weight % Atomic % 

B 58.43 78.84 

O 18.62 16.97 

Br 22.95 4.19 

Total 100 100 

(a) (b) 

(a) 
(b) 
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boron nanoparticles that are functionalized with the polymer would be soluble and stay in the 

aqueous layer. However, the TEM image shows no evidence of boron nanoparticles in the 

product. Therefore, functionalization of boron nanoparticles with bis (3-aminopropyl)-terminated 

PEG was not successful. 

3.3.4 Functionalization of Boron/Iron Oxide Core/Shell Structure 

More than four boron carriers such as amine-terminated PEG, dopamine, folic acid, 

starch, and α-D glucose were used (Figure 3.20). 

 
Figure 3.20: Structure of various boron carriers used. 
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3.3.4.1 Reaction with Oleic Acid 

Synthesis of oleic acid functionalized particles is shown in Figure 3.21. The reaction was 

performed while the core/shell structure was forming22 or after the core/shell structure was 

purified.23 We chose to functionalize the nanoparticles after recovering the pure core/shell 

nanoparticles to reduce any side reaction and impurity.  

 
Figure 3.21: Synthesis of oleic acid functionalized boron/iron oxide core/shell nanoparticle. 
 

 

Oleic acid forms bonds through carboxyl (COOH) moieties with the surface of the 

nanostructure as evident in the Fourier-transform infrared spectroscopy (ATR-FTIR) spectrum of 

the resulting functionalized product. The ATR-FTIR spectrum of oleic acid-coated core/shell 

nanostructure composite (Figure 3.22) exhibited a peak at 1625 cm-1 corresponding to the 

carboxyl group present in the product. Additional peaks at 2863 cm-1 and 2926 cm-1 are assigned 

to aliphatic C-H groups and the peak at 3315 cm-1 can be attributed to the OH group from the 

absorbed moisture. 
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Figure 3.22: ATR-FTIR spectrum of oleic acid functionalized boron/iron oxide core/shell 
nanoparticles. 

 

3.3.4.2 Reaction with Citric Acid  

The boron/iron oxide core/shell nanostructure composite was further modified using a 

ligand exchange reaction with citric acid that has a higher affinity for the surface of iron oxide.23 

The ligand exchange reaction successfully produced citric acid-coated core/shell nanostructure 

composite and the higher affinity of citric acid towards iron oxide surface is evidently due to the 

presence of multiple carboxyl groups in citric acid. The ATR-FTIR spectrum of citric acid-

coated boron/iron oxide nanostructure composite showed peaks at 2943 cm-1 and 3403 cm-1 that 

were due to aliphatic C-H and hydroxyl groups, respectively (Figure 3.23a).  

Direct surface modification of boron/iron oxide core/shell nanostructure with citric acid 

was attempted instead of a ligand exchange reaction with oleic acid (Figure 3.24). The resulting 

product contains the same ATR-FTIR peaks as the ligand exchange reaction, confirming a 
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successful product formation. A direct functionalization can reduce the number of steps and 

chemicals consumed to achieve a citric acid functionalized boron/iron oxide core/shell 

nanoparticles.  

 

 

 
Figure 3.23: ATR-FTIR spectrum of citric acid functionalized boron/iron oxide core/shell 
nanoparticles prepared via (a) ligand exchange reaction and (b) direct surface functionalization. 
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Figure 3.24: Synthesis of citric acid functionalized boron/iron oxide core/shell nanoparticle. 
 
 

3.3.4.3 Reaction with Amine-Terminated PEG  

The sequential functionalization of boron/iron oxide core/shell nanoparticles in a two-

step process by reacting with citric acid and amine-terminated PEG produced water-soluble 

nanoparticles (Figure 3.25).24 The final functionalization step included an EDC-assisted 

amidation reaction between amine-terminated PEG and the free carboxyl (COOH) groups of 

citric acid on the surface of boron/iron oxide core/shell nanostructure. EDC and NHS activate the 

carboxyl group of citric acid to form amides.  
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Figure 3.25: Synthesis of water-soluble boron/iron oxide core/shell nanoparticle. 
 
 
 

The ATR-FTIR spectrum peaks at 1626 cm-1 and 1703 cm-1 correspond to carboxyl 

groups of citric acid (Figure 3.26). On the other hand, peaks at 2880 cm-1 and 3306 cm-1 are due 

to aliphatic C-H bonds and amine groups, respectively. All of the functionalized boron/iron 

oxide core/shell nanoparticles maintained quasi-spherical morphology as evident from TEM 

images (Figure 3.27). The final product was found soluble in aqueous media. 

 

 
Figure 3.26: ATR-FTIR spectrum of amine-terminated PEG functionalized boron/iron oxide 
core/shell nanoparticles. 
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Figure 3.27: TEM image of (a) oleic acid functionalized boron/iron oxide core/shell 
nanoparticles, (b) citric acid functionalized boron/iron oxide core/shell nanoparticles, and (c) 
amine-terminated PEG functionalized boron/iron oxide core/shell nanoparticles. 
 

3.3.4.4 Reaction with Dopamine 

Functionalization of the core/shell nanoparticles with dopamine using ligand exchange 

reaction with oleic acid25 as well as direct surface attachment26 was successful (Figure 3.28). The 

ligand exchange reaction is similar to the previously mentioned reaction between oleic acid and 

citric acid. In this case, an excess amount of dopamine was used to guarantee the replacement of 
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oleic acid with dopamine. The TEM image shows that the product contained nanoparticles 

(Figure 3.29).  

 

 
Figure 3.28: Synthesis of dopamine functionalized boron/iron oxide core/shell nanoparticle. 
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Figure 3.29: TEM image of dopamine functionalized boron/iron oxide core/shell nanoparticles. 
 

Ultraviolet-visible spectroscopy (UV-Vis) analysis of the sample supports the 

functionalization of the core/shell nanoparticles (Figure 3.30). Pure dopamine has a UV-Vis 

absorption peak around 280 nm and the modified particles also have a peak at the same 

wavelength but the peak is much broader than pure dopamine which is caused by the scattering 

of nanoparticles.  

 

 
Figure 3.30: UV-Vis spectrum of dopamine functionalized boron/iron oxide core/shell 
nanoparticles. 
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3.3.4.5 Reaction with Folic Acid  

Surface modification of the nanoparticles with folic acid without any intermediates was 

not effective. However, functionalization of boron/iron oxide nanoparticles with folic acid was 

accomplished via EDC-amidation reaction with dopamine. EDC-amidation reaction uses NHS 

and EDC to activate carboxyl groups of folic acid to form amide bonds with the amine moiety of 

dopamine (Figure 3.31). TEM image of the product confirmed the presence of quasi-spherical 

nanoparticles (Figure 3.32). 

 
Figure 3.31: Synthesis of folic acid functionalized boron/iron oxide core/shell nanoparticle. 
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Figure 3.32: TEM image of folic acid functionalized boron/iron oxide core/shell nanoparticles. 
 

UV-Vis analysis of the product shows two UV-Vis absorption peaks at 280 nm and 350 

nm corresponding to folic acid. Both dopamine and folic acid have peaks around 280 nm; 

therefore, it is difficult to pinpoint if the peak is due to dopamine or folic acid. However, the 

shoulder peak at 350 nm can only arise from folic acid (Figure 3.33).  

 

 
Figure 3.33: UV-Vis spectrum of folic acid functionalized boron/iron oxide core/shell 
nanoparticles. 
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3.3.4.5 Reaction With Starch 

Starch-coated boron/iron oxide nanoparticles were prepared via direct surface 

modification using the hydroxyl group present on a starch molecule.27 The hydroxyl oxygen 

forms a bond with the iron on the surface of the core/shell structure, which then creates a linkage 

between the nanoparticles and the starch molecule. TEM image of the final product indicated the 

product is composed of nanoparticles (Figure 3.34). 

 
Figure 3.34: TEM image of starch functionalized boron/iron oxide core/shell nanoparticles. 

 
 

An ATR-FTIR spectrum of the final product shows peaks at 1009 cm-1, 1077 cm-1, 1145 

cm-1, 1339 cm-1, 2925 cm-1 and 32676 cm-1 correspond to C-O-C, C-O-H, C-C, C-O, C-H, and 

O-H, respectively (Figure 3.35). This peaks confirmed the functionalization of the core/shell 

nanoparticles with starch.  
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Figure 3.35: ATR-FTIR spectrum of starch functionalized boron/iron oxide core/shell 
nanoparticles. 
 

3.3.4.5 Reaction with α-D Glucose 

Oleic acid-coated boron/iron oxide nanoparticles were used to perform a ligand exchange 

reaction with α-D glucose, which replaced oleic acid with α-D glucose (Figure 3.36).28 The 

presence of glucose on the surface of the core/shell nanoparticles will increase the consumption 

of these particles by cancer cells since cancer cells require a large amount of glucose to divide 

and grow.  TEM image of the final product indicated the product is composed of nanoparticles 

(Figure 3.37). 

ATR-FTIR spectrum of the product shows peaks at 1105 cm-1, 1144 cm-1, 1220 cm-1, 

1336 cm-1, 1447 cm-1, 2940 cm-1, and 3301 cm-1 correspond to C-O, C-C, C-H, C-CH, O-CH, C-

H, and O-H, respectively (Figure 3.38).  
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Figure 3.36: Synthesis of α-D glucose functionalized boron/iron oxide core/shell nanoparticle. 

 

 
Figure 3.37: TEM image of α-D glucose functionalized boron/iron oxide core/shell 
nanoparticles. 
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Figure 3.38: ATR-FTIR spectrum of α-D glucose functionalized boron/iron oxide core/shell 
nanoparticles. 
 
 

3.3.5 Magnetic Studies 

The magnetic property of boron/iron oxide core/shell nanoparticles and amine-terminated 

boron/iron oxide core/shell nanoparticles were analyzed at room temperature. The linear 

magnetization curve for the core/shell nanoparticles revealed the nanoparticles were 

paramagnetic. However, the functionalized core/shell nanoparticles were soft ferromagnetic with 

a nonlinear magnetization curve and have a saturation value of 1.93×10-4 emu (Figure 3.39). In 

other word, the core/shell nanoparticles were magnetic when an external magnetic field was 

applied whereas the functionalized core/shell nanoparticles maintained a permanent magnetic 

moment in the absence of external magnetic field. Identification of the functionalized core/shell 

nanoparticles as soft ferromagnetic materials was based on the small area within the loop of the 

magnetization hysteresis.  The result supports that the water-soluble nanoparticles can be guided 

to cancer cells using an external magnetic field.  
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Figure 3.39: Magnetic hysteresis curve of (a) boron/iron oxide core/shell nanoparticles and  
(b) amine-terminated PEG functionalized boron/iron oxide core/shell nanoparticles. 
 

3.3.6 Biological Studies  

Citric acid functionalized boron/iron oxide core/shell nanoparticles (Sample 1) were not 

readily soluble in the PBS; as a result, a small amount of DMSO was added to increase the 

solubility. In contrast, the amine-terminated PEG functionalized core/shell nanoparticles (Sample 

2) were soluble in PBS and did not require the addition of DMSO. Furthermore, Sample 1 was 

light yellow after filtration indicating most of the black-coloured nanoparticles were not passed 

through the filter (Figure 3.40). Both folic acid and dopamine functionalized boron/iron oxide 

core/shell nanoparticles were found to be nontoxic with IC50 value greater than 1µg/mL. 

The concentration of the samples was calculated using both the PBS and DMSO; the 

results are 201.2 µg/µL and 276.0 µg/µL for Samples 1 and 2, respectively. Figure 3.41 shows 

the 12 different concentrations with natural red dye that were done in duplicates as well as a 

control with PBS.  
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Figure 3.40: Image of Samples 1 and 2 (a) before filtration and (b) after filtration. 
 

 
Figure 3.41: Image of Samples 1, 2, and control with the natural red dye.  
 

The UV-Vis spectrum allows the determination of titer (n), which was used to calculate 

the IC50 values (Figure 3.42). Once the titer was known, the IC50 values were calculated as 

follow: 
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Sample 1, n=3.50 

201.2 µg/µL x 0.5 x (1/2)n-1 n=3.50 = 17.8 µg/µL 

Sample 2, n=1.81 

276.0 µg/µL x 0.5 x (1/2)n-1 n=1.81 = 79.3 µg/µL 

Therefore, the final IC50 values are 17.8 µg/µL and 79.3 µg/µL for citric acid and amine-

terminated PEG functionalized boron/iron oxide core/shell nanoparticles, respectively. The 

absorbance (OD) vs. titer (n) plot had a typical sigmoid curve for Sample 1. However, Sample 2 

did not exhibit a similar curve and the reason for this characteristic curve is under investigation.  

 

 
Figure 3.42: Plot of absorbance (OD) vs. titer (n) of amine-terminated PEG functionalized 
boron/iron oxide core/shell nanoparticles. 
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3.4 Summary and Conclusion 

 Synthesis of boron nanoparticles was accomplished via pyrolysis to produce boron 

nanoparticles with high purity. In addition, direct surface modification of the nanoparticles with 

bromine was performed to incorporate greater than 4% atomic weight of bromine. Furthermore, 

a core/shell structure of boron/iron oxide was synthesized and functionalized in two or three 

steps using oleic acid, citric acid, and amine-terminated PEG to produce water-soluble 

nanoparticles. Additional surface modification of the core/shell nanoparticles with dopamine, 

folic acid, starch, and α-D glucose was successful. The nanoparticles maintained quasi-spherical 

morphology even after surface modification. The products were characterized and found to be of 

high purity. Cytotoxicity studies of amine-terminated PEG, folic acid, and dopamine 

functionalized boron/iron oxide core/shell nanoparticles showed the compounds are not toxic to 

normal cells.  
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CHAPTER 4 

SYNTHESIS AND FUNCTIONALIZATION OF BORON/SILICA 

CORE/SHELL NANOPARTICLES 

4.1 Introduction 

The importance of core/shell structures in general is discussed in the introduction to 

Chapter 3. Therefore, we will focus on the benefit of silica-based core/shell nanoparticles. 

Mesoporous silica nanoparticles were first discovered in the 1970’s but did not gain any attention 

until the 1990’s.1 Silica, also known as silicon dioxide, can be synthesized using three different 

methods, namely, chemical vapor deposition (CVD), reverse microemulsion, and sol-gel. CVD 

method utilizes high temperature and volatile liquids such as silicon tetrachloride. On the other 

hand, reverse microemulsion uses surfactant to form micelles in the presence of water. Under 

normal conditions the hydrophilic head of the micelle will orient itself to be exposed to the 

surroundings. However, in reverse microemulsion the hydrophilic head is inside while the 

hydrophobic tail is exposed and the silica nanoparticles are formed in the hydrophilic cavity. The 

last method is sol-gel or Stöber process, which follows two steps: hydrolysis and condensation 

(Figure 4.1). First, the hydrolysis of silica source by alcohol occurs; then the addition of a base or 

acid to the system leads to condensation of silicon alkoxides, usually tetraethoxysilane.2 The first 

two methods are expensive and in reverse microemulsion the removal of the surfactant is mostly 
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difficult. Therefore, sol-gel process is the extensively used approach to synthesizing silica 

nanoparticles or silica-based core/shell nanoparticles.3  

 

 

Figure 4.1: Synthesis of silica nanoparticles via sol-gel process.3 

 

Silica nanoparticles have been used in polymer nanocomposites to increase fracture 

toughness, deformation resistance,4 dielectric constant, thermal stability,5 microhardness,6 

elasticity, yield and storage modulus,7,8 as well as tensile and peel strength.8 In addition, 

fluorescent dye-tagged mesoporous silica or silica nanoparticles can be used for biomedical 

applications to image cancer cells,9 study interactions between ligand and receptors,10,11 identify 

pathogens,11-13 and deliver drugs.14 Silica nanoparticles that are functionalized with ligands like 

hyaluronic acid and folic acid can be used for targeting cell lines that contain receptor sites for 

these molecules. Targeting drug delivery can accumulate a large concentration of functionalized 

particles in cancer cells since there is an overexpression of receptor sites.15  
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Fan et al. reported the use of mesoporous silica-coated NaYF4:Yb/Er/Tm/Gd 

upconversion nanoparticles to deliver  mitomycin C (MMC) to the nuclei of breast cancer cells 

(MCF-7) and drug-resistant MCF-7 (MCF-7/ADR).16 Mitomycin is an anti-cancer drug used to 

treat anal, breast, and bladder cancer by triggering cell death via DNA crosslinking. The 

mitomycin C was loaded into the mesoporous silica structure and the core/shell structure was 

functionalized with adenosine-5'-(γ-thio)-triphosphate ligand which improves the uptake of the 

compound into the cell.  The in vivo result showed the cell uptake was greater than 4.35% ID/g 

and the cell death increased significantly after X-ray radiation.  

Silica nanostructures are generally nontoxic and biocompatible. However, the particle 

size plays an important role in determining cytotoxicity and cellular uptake of the compound. For 

example, the uptake of mesoporous silica by Hela cells was determined to be the highest when 

the mesoporous silica has a diameter of 50 nm comparing to a diameter of 30 nm, 110 nm, and 

280 nm nanoparticles.17 Furthermore, the compounds’ retention time in different organs 

increases as the particle size decreases;18 also cytotoxicity of the nanoparticles is higher than 

those of microscale particles.19  In addition to particle size other parameters such as surface 

modification also have a large influence in cytotoxicity and uptake. For instance, polyethylene 

glycol functionalized silica nanoparticles can stay in the blood for an extended period of time 

with limited removal of the particles from the body.18, 20- 22 

The synthesis of boron/silica core/shell nanoparticles and surface modification of the 

core/shell nanoparticles with organic moieties like 3-(amino propyl) triethoxy silane, 3-(2-

aminoethyleamino)propyltrimethoxysilane, citric acid, folic acid,  amine-terminated 

polyethylene glycol, and O-(2-Carboxyethyl)polyethylene glycol will be investigated in this 

chapter.  
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4.2 Materials and Methods 

4.2.1 Materials 

 All of the chemicals used in the experiment were purchased and used as received except 

decaborane, which was further purified via sublimation before use. HERMLE Labortechnik 

centrifuge was used at 13,000 rpm for 10 minutes unless specified.  

4.2.2 Synthesis of Boron Nanoparticles 

Synthesis of boron nanoparticles was performed in a similar fashion as described in 

Chapter 3. Boron nanoparticles were generated via decomposition of decaborane at an elevated 

temperature. A 0.7 g sample of purified decaborane (5.73 mmol) was taken in a round-bottom 

flask that was connected to a quartz tube placed inside a horizontal tube furnace. The other end 

of the tube was connected to a gas bubbler. The round-bottom flask and the quartz tube were 

purged with dry argon gas for 30 minutes and the quartz tube was then heated to 700°C inside 

the tube furnace. Once the furnace reached the desired temperature, the round-bottom flask was 

heated to 105°C and the sublimed decaborane was passed through the quartz tube using a flow of 

dry argon gas with a rate of 0.22 L/min. The decaborane was decomposed over a period of six 

hours while passing through the quartz tube and the product deposited at the cooler end of the 

tube. The deposited dark powder was then collected and purified. The product was purified with 

multiple ethyl acetate wash or directly dried in vacuo overnight.  
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4.2.3 Synthesis of Boron/Silica Core/Shell Nanoparticles 

A 109.3 mg sample of boron nanoparticles was dispersed in a solution containing 30 mL 

of ethanol and 3.5 mL of deionized (DI) water for 30 minutes. Then 0.75 mL of ammonium 

hydroxide (NH4OH, 14.8 M) and 0.5 mL of tetraethoxysilane (TEOS) were added to the content 

in the flask. The solution was stirred at room temperature for 24 hours. The product was then 

collected via centrifugation and purified by washing with DI water and ethanol. Finally the 

product was dried in vacuo overnight.   

A 21.3 mg sample of boron nanoparticles was dispersed in 23 mL of 95% ethanol for 30 

minutes. A 1 mL of NH4OH (14.8 M) and 0.1 mL of TEOS was added to the dispersed mixture 

in the flask. The mixture was stirred at room temperature for 20 minutes.  The product was 

collected and washed twice with 95% ethanol. The final product was dried under vacuo 

overnight.  

 The above reaction was performed with a larger amount of starting materials to increase 

the mass of the final product. 

A 43 mg sample of boron nanoparticles was dispersed in 46 mL of 95% ethanol for 30 

minutes followed by an addition of 2 mL NH4OH (14.8 M) and 0.2 mL of TEOS. The mixture 

was stirred at room temperature for 20 minutes.  The product was collected and washed with 

95% ethanol. The final product was dried under vacuo overnight.  
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4.2.4 Functionalization Of Boron/Silica Core/Shell Structure 

4.2.4.1 Reaction with 3-(Amino Propyl) Triethoxy Silane  

A 30 mg sample of boron/silica core/shell nanoparticles was dispersed in a 50 mL 

solution of 50:50 DI water and ethanol. The content in the flask was heated to 40°C and 0.7 mL 

of 3-(amino propyl) triethoxy silane (APTES) was added while stirring. The resulting mixture 

was refluxed for 21 hours. The product was then collected via centrifugation and purified by 

washing with DI water and ethanol. The final product was dried in vacuo overnight.   

A 90 mg sample of boron/silica core/shell nanoparticles was dispersed in 12 mL of 

toluene for ten minutes. A 0.24 mL of APTES was added to the solution while stirring and the 

flask was transferred into an oil bath. The solution was heated to 92°C and refluxed for 20 hours. 

The product was then collected via centrifugation at 7,000 rpm for 30 minutes and purified by 

washing with ethanol. The final product was dried in vacuo overnight.   

A 100.7 mg sample of boron/silica core/shell nanoparticles was dispersed in 50 mL 

tetrahydrofurane (THF) for ten minutes. Then 10.7 mL of APTES was added to the dispersed 

solution. The solution was stirred at room temperature for 24 hours. The product was then 

collected via centrifugation and purified by washing with THF and DI water. The final product 

was dried in vacuo overnight.   

4.2.4.2 Reaction with 3-(2-Aminoethyleamino)Propyltrimethoxysilane  

A 59.0 mg sample of boron/silica core/shell nanoparticles was added to a flask containing 

6 mL of DI water. The flask was heated to 80°C, then 0.2 mL of acetic acid and 0.1 mL of 3-(2-
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aminoethyleamino)propyltrimethoxysilane (AEAPS) were added to the flask. The solution in 

the flask was refluxed for 20 hours. The product was then collected via centrifugation and 

purified by washing with THF and DI water. The final product was dried in vacuo overnight.   

4.2.4.3 Reaction with Citric Acid  

A 53.0 mg sample of APTES functionalized boron/silica core/shell nanoparticles was 

dispersed in 3 mL of ethanol for 30 min. In a separate flask, 103 mg of citric acid, 50 mg of 1-

ethyl-3-(3-dimethyl aminopropyl) carbodiimide hydrochloride (EDC) and 63 mg of N-hydroxy 

succinimide (NHS) were dispersed in 7 mL of ethanol for ten minutes. The solution containing 

the particles was transferred into the flask containing the citric acid mixture. The resulting 

mixture was stirred at room temperature for three days. The product was then collected via 

centrifugation and purified by washing with ethanol. The final product was dried in vacuo 

overnight.   

4.2.4.4 Reaction with Folic Acid  

A 64 mg sample of APTES functionalized boron/silica core/shell nanoparticles was 

dispersed in 2 mL of DMSO for 30 minutes.  In a separate flask, 444 mg of folic acid, 158 mg of 

EDC and 115 mg of NHS were stirred for 20 hours in 20 mL of DMSO. The solution with the 

particles was transferred into the flask containing the folic acid solution. The resulting mixture 

was stirred at room temperature for three days. The product was then collected via centrifugation 

and purified by washing with DI water. The final product was dried in vacuo overnight.  
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4.2.4.5 Reaction with Amine-Terminated PEG  

A 55.0 mg sample of citric acid-coated boron/silica core/shell nanoparticles was 

dispersed in DI water and the pH was adjusted to 9 by adding NaOH. A 102 mg sample of bis (3-

aminopropyl)-terminated polyethylene glycol (PEG), 64 mg of NHS and 51 g of EDC was added 

to the basic solution of nanoparticles. The resulting mixture was then stirred for 48 hours and the 

final product was separated using a cellulose membrane dialysis tube, dried in vacuo and then 

characterized.  

4.2.4.6 Synthesis of O-(2-Carboxyethyl) PEG 

A 5 g sample of PEG (PEG3400(OH)2, 0.00147mole) in 25 mL of DI water containing 8 

mL of concentrated sulfuric acid (96%) was added to an aqueous solution of 0.235 g  of CrO3 in 

5 mL of DI water. The orange solution was stirred for eight hours at room temperature. The 

product was purified via the addition of 25 mL of DI water followed by extraction with 100 mL 

of dichloromethane (CH2Cl2) several times. The organic layers were combined and washed with 

25 mL of DI water and 25 mL of saturated NaCl solution. The resulting organic layers were 

combined and dried with MgSO4. Finally, the PEG-carboxylate was precipitated by the addition 

of 150 mL of ether. The final product was filtered and dried.  

4.2.4.7 Reaction with O-(2-Carboxyethyl) PEG 

A 52 mg sample of APTES functionalized boron/silica core/shell nanoparticles was 

dispersed in 4 mL of ethanol for 30 minutes.  In a separate flask, 102 mg of O-(2-carboxyethyl) 

PEG (OH-PEG-COOH), 102 mg of EDC, and 122 mg of NHS were stirred for three hours in 10 
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mL of ethanol. The solution with the particles was added into the flask containing the O-(2-

carboxyethyl) PEG solution. The resulting mixture was stirred at room temperature for two days. 

The product was then collected via centrifugation and purified by washing with ethanol. The 

final product was dried in vacuo overnight.  

4.2.5 Biological Studies 

Cytotoxicity of two compounds (namely, folic acid and amine-terminated PEG 

functionalized boron/silica core/shell compounds) were studied in a triple negative breast cancer 

cell line MDA-MB-231. The MDA-MB-231 culture media contains Dulbecco's modified Eagle 

medium (DMEM), 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. From the 

culture, 5x104 cells/mL were transferred into 96-well plates and incubated at 37°C with 5% CO2 

atmosphere for 18-24 hours. The test compounds were dissolved in DMSO and a series of 

dilution was performed to vary the concentration starting from 1µg/mL to 0.008µg/mL. A one 

hundred microliters of these solutions was added to the plates and were incubated for 72 hours. 

Then 10µL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (5mg of MTT in 

1mL of 1X PBS) was added to each well and incubated for four hours followed by the addition 

of 100µL of SDS-HCl (1g SDS in 10mL 0.01N HCl) into each well and further incubated for 

four hours. Finally the absorbance of each sample was measured using UV-Vis spectroscopy at 

570 nm.  
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4.3 Results and Discussion 

4.3.1 Synthesis of Boron Nanoparticles 

 The production of boron nanoparticles was done via pyrolysis. The process resulted in 

good yield of pure boron nanoparticles. A detailed discussion of the synthesis results of boron 

nanoparticles was done in Chapter 3 Section 3.3.1.  

4.3.2 Synthesis of Boron/Silica Core/Shell Nanoparticles 

 The core/shell nanoparticles were formed using a seed-mediated synthesis. Previously 

synthesized boron nanoparticles were used as a seed for nucleation and growth of the silica shell. 

The silica shell was formed via base condensation with TEOS and ammonium hydroxide (Figure 

4.2). The first procedure that used ethanol and water produced fused particles with amorphous 

structures (Figure 4.3).  

 

 
Figure 4.2: Synthesis of boron/silica core/shell nanoparticles.   
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Figure 4.3: Transmission electron microscopy (TEM) image of boron/silica core/shell 
nanoparticles.   
 

 

 The second attempt was done using a published procedure by Hu and Sun.23 Hu and Sun 

coated iron oxide nanoparticles with silica, and a similar procedure was implemented to coat 

boron instead of iron oxide. High-resolution TEM (HRTEM) showed the formation of two layers 

and an increase of the particles’ diameter with an average silica shell diameter of 12 nm (Figure 

4.4). The silica shell is known to carry terminal hydroxyl groups, which are attached to the silica 

through surface adsorption to cap the dangling silica bonds. In addition, the hydroxyl group was 

utilized for further surface functionalization of the nanoparticles. 

Elemental analysis of the boron/silica core/shell nanoparticles was performed using 

energy-dispersive X-ray spectroscopy (EDX) and showed that the boron concentration is larger 

than 83% atomic weight, which corresponds to the core/shell structure mainly composed of 

boron with a small silica shell (Figure 4.5). The high purity of the sample can also be established 

since the product does not contain any other elements or impurities.  
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Figure 4.4:  (a) HRTEM images of boron/silica core/shell nanoparticles and (b) HAADF 
image of single boron/silica core/shell nanoparticles.  
 

 

 

 

 

 

 

 
 
Figure 4.5: (a) EDX spectrum of boron/silica core/shell nanoparticles and (b) EDX data of 
boron/silica core/shell nanoparticles. 

 

 

 

Element Weight % Atomic % 

B 75.45 83.85 

O 17.47 13.12 

Si 7.08 3.03 

Total 100 100 

(a) (b) 

(a) 
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Furthermore, a scale-up synthesis was done following a similar procedure with twice 

as much starting materials. TEM images of the resulting product contained core/shell 

nanoparticles (Figure 4.6) and EDX analysis revealed the same chemical composition as shown 

above.  

 

 
Figure 4.6: TEM image of boron/silica core/shell nanoparticles after scale-up synthesis.  
 

4.3.3 Functionalization of Boron/Silica Core/Shell Structure 

4.3.3.1 Reaction with APTES 

Three different methods were used to modify the surface of boron/silica core/shell 

nanoparticles. Lehman et al. examined the functionalization of silica core/shell nanoparticles in 

toluene under reflux;24 also, the same functionalization was done in THF at room temperature25 

and in 50:50 DI water and ethanol solution. These experiments produced APTES functionalized 
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boron/silica core/shell nanoparticles but the first and the third procedures required heat while 

the second method was done at room temperature (Figure 4.7). Since the second method 

consumes the least amount of energy, it was chosen as the standard procedure for subsequent 

functionalization of the nanoparticles with APTES. Figure 4.8 shows the TEM images of APTES 

functionalized boron/silica core/shell nanoparticles.  

 

 

 
Figure 4.7: Synthesis of APTES functionalized boron/silica core/shell nanoparticles.   

 

B SiO NH2

Si O
O
O

H2N

Si
O

NH2

Si
OO

H2N

Si
O

H2N

Si O
O

H2N

O

SiO O
O

NH2

APTES,THF
RTB

HO

OH

OH
OH

OHHO

HO



 

 

105 

 
Figure 4.8: TEM images of boron/silica core/shell nanoparticle synthesis (a) in 50:50 DI 
water and ethanol, (b) in toluene, and (c) in tetrahydrofurane (THF). 
 

 

Fourier-transform infrared spectroscopy (ATR-FTIR) spectrum of APTES functionalized 

boron/silica core/shell nanoparticles did not contain any additional peaks compared to bare 

boron/silica core/shell nanoparticles. The spectra peaks at 795 cm-1, 940 cm-1, 1060 cm-1, and 

(a) (b) 

(c) 
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3322 cm-1 correspond to symmetric Si-O vibration, asymmetric Si-OH vibration, asymmetric 

Si-O vibration, and OH group from water or moisture, respectively (Figure 4.9). Other 

researchers also observed the absence of additional peaks when silica nanoparticles are modified 

with APTES as well.25,26  

 

 

 
Figure 4.9: (a) ATR-FTIR spectrum of bare boron/silica core/shell nanoparticles and (b) 
ATR-FTIR spectrum of APTES functionalized boron/silica core/shell nanoparticles. 
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4.3.3.2 Reaction with AEAPS 

 Surface modification of silica nanoparticles with AEAPS has been studied for some 

time.27 A similar procedure was used to functionalize the boron/silica core/shell nanoparticles. 

An acetic acid-induced simple condensation reaction between the surface OH of the core/shell 

nanoparticles and AEAPS to form a siloxane bond (-Si-O-Si-) resulted a modified nanoparticle. 

Based on the TEM images, the functionalized nanoparticles maintained a quasi-spherical 

morphology (Figure 4.10).  

 

 
Figure 4.10: TEM images of AEAPS functionalized boron/silica core/shell nanoparticles.  
 

 

ATR-FTIR spectrum of AEAPS-modified nanoparticles is identical to APTES 

functionalized boron/silica core/shell nanoparticles and bare boron/silica core/shell nanoparticles 

(Figure 4.11). In order to confirm the success of surface modification with AEAPS, scientists use 

the ninhydrin reaction, which causes ninhydrin to become a purple-colored product in the 
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presence of amine-containing compounds.28 Figure 4.12 shows the ninhydrin reaction 

mechanism.  

 
Figure 4.11: ATR-FTIR spectrum of AEAPS functionalized boron/silica core/shell 
nanoparticles. 
 

  

  
Figure 4.12: Mechanism of ninhydrin reaction. 28 

 

4.3.3.3 Reaction with Citric Acid 

 APTES-modified boron/silica core/shell nanoparticles were subjected to further reaction 

with citric acid to increase water solubility. EDC amidation reaction using NHS and EDC 

formed an amide bond between the amine of the APTES-modified nanoparticles and citric acid 

(Figure 4.13). The reaction requires activation of carbonyl groups of citric acid before the 

600"1100"1600"2100"2600"3100"3600"

Tr
an

sm
itt

an
ce

 (%
) 

Wavenumbers (cm-1) 



 

 

109 
addition of amine-containing nanoparticles. TEM images showed that the product only 

contains nanoparticles (Figure 4.14).  

 

 
Figure 4.13: Synthesis of citric acid or folic acid functionalized boron/silica core/shell 
nanoparticles.   
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Figure 4.14: TEM image of citric acid functionalized boron/silica core/shell nanoparticles.  
 

Citric acid functionalization of boron/silica core/shell nanoparticles was proven using 

ultraviolet-visible spectroscopy (UV-Vis) analysis. Pure citric acid has two signature UV-Vis 

absorption peaks at 206 nm and 263 nm. Similarly, the citric acid functionalized boron/silica 

core/shell nanoparticles contain both peaks. However, the nanoparticle spectrum has broad peaks 

caused by nanoparticles scattering. Furthermore, the original APTES functionalized boron/silica 

core/shell nanoparticles do not have the signature peaks of citric acid (Figure 4.15). 
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Figure 4.15: UV-Vis spectrum of citric acid functionalized boron/silica core/shell 
nanoparticles. 
 

4.3.3.4 Reaction with Folic Acid 

 Receptor-targeting drug delivery has been widely used in recent years. This method 

exploits the fact that certain compounds such as folic acid can be recognized by receptor sites 

and then transported across the cell membrane into the cell.29,30 Moreover, a high concentration 

of anti-cancer compounds can be accumulated in cancer cells using this approach. Therefore, 

folic acid was chosen as a boron delivery agent. The reaction mechanism is similar to citric acid 

functionalization mentioned above.31 The EDC amidation reaction mechanism is shown below 

(Figure 4.16) 
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Figure 4.16: EDC-amidation reaction mechanism.  

 

 

  UV-Vis spectroscopy was used to establish the incorporation of folic acid on the surface 

of boron/silica core/shell nanoparticles. The spectrum displays three different peaks at 212 nm, 

275 nm, and 345 nm for both free folic acid and folic acid functionalized boron/silica core/shell 

nanoparticles (Figure 4.17). 

 

 
Figure 4.17: UV-Vis spectrum of folic acid functionalized boron/silica core/shell 
nanoparticles. 
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4.3.3.5 Reaction with Amine-Terminated PEG and O-(2-Carboxyethyl) PEG 

 PEG functionalized nanostructures lead to decreased toxicity and the elimination of the 

nanostructures from the cell.  In addition, pegylated nanoparticles can stay in the blood for an 

extended period of time and are less likely to enter the reticuloendothelial system or macrophage 

system, particularly the liver and spleen. As a result, the probability of nanoparticles being 

captured by tumor cells increases. The boron/silica core/shell nanoparticles were modified using 

two PEG compounds. Both bis (3-aminopropyl)-terminated PEG and O-(2-Carboxyethyl) PEG 

were attached to nanoparticles via an amide bond with citric acid and APTES, respectively 

(Figure 4.18). All of the functionalized boron/silica core/shell nanoparticles maintained a quasi-

spherical morphology (Figure 4.19). 

The ATR-FTIR spectrum of amine-terminated PEG functionalized boron/silica core/shell 

nanoparticles displayed peaks at 960 cm-1, 1059 cm-1, and 1634 cm-1 which corresponded to Si-

OH, Si-O of the silica shell, and carboxyl groups of citric acid, respectively (Figure 4.20). On the 

other hand, peaks at 2881 cm-1 and 3292 cm-1 were due to aliphatic C-H bonds and amine 

groups, respectively. In contrast, the O-(2-Carboxyethyl) PEG functionalized boron/silica 

core/shell nanoparticles did not show any signature peaks coming from O-(2-Carboxyethyl) PEG 

when characterized using ATR-FTIR and UV-Vis spectroscopy. The absence of peaks indicates 

the functionalization process did not produce the intended product.   

 



 
 
 

 
Figure 4.18: Synthesis of amine-terminated PEG functionalized boron/silica core/shell nanoparticles. 
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Figure 4.19: TEM images of (a) folic acid functionalized boron/silica core/shell nanoparticles, 
(b) amine-terminated PEG functionalized boron/silica core/shell nanoparticles, and (c) O-(2-
Carboxyethyl) PEG functionalized boron/silica core/shell nanoparticles.  
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Figure 4.20: ATR-FTIR spectrum of amine-terminated PEG functionalized boron/silica 
core/shell nanoparticles. 
 

4.3.3.6 Synthesis of O-(2-Carboxyethyl) PEG 

 O-(2-Carboxyethyl) PEG was synthesized using PEG with an average molecular weight 

of 3,400.32 The procedure utilized chromium trioxide (CrO3) to convert one of the terminal 

hydroxyl groups to a carboxylic group (Figure 4.21). The amount of chromium trioxide was only 

limited to 1.1 electron equivalents to ease the removal of Cr (IV) from the polymer. If the Cr 

(IV) is not completely eliminated the polymer will have a green-blue color.  

 

   
Figure 4.21: Synthesis of O-(2-Carboxyethyl) PEG.32 

 

 Proton nuclear magnetic resonance (H-NMR) of the product confirmed the formation of 

COOH with peaks at 3.6 ppm and 4.07 ppm corresponding to methylene protons and 

CH2COOH, respectively (Figure 4.22). The peak at 4.6 ppm came from the solvent (D2O) used 
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to dissolve the compound, and the intensity of the CH2COOH peak was smaller than that of 

methylene. This is because there was only one unit of CH2COOH compared to a large number of 

repeating methylene units.  

 

 
Figure 4.22: 1H NMR spectra of O-(2-Carboxyethyl) PEG. 
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4.3.4 Biological Studies 

 Cytotoxicity of the compounds was conducted using MTT assay. The assay uses 

NAD(P)H-oxidoreductase enzymes of living cells to reduce 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide to a purple solid called formazan. The precipitate formazan is 

dissolved in surfactant sodium dodecyl sulfate (SDS) in dilute hydrochloric acid and the 

absorbance of the solution is measured at 570 nm. The intensity of the absorption peak reflects 

the number of living cells. In other words, more living cells in the culture leads to a higher rate 

of MTT reduction to formazan and higher absorption intensity. The study was done in triplet to 

establish the consistency and reproducibility of the method. The percent of cell survival is 

calculated using equation 4.1:  

% Survival=! !! !! ×!100            (Equation 4.1) 

where At is absorbance of test compound, Ac is absorbance of control and the growth media was 

used as a control. Subsequently, IC50 value of the compound was determined by plotting log 

concentration vs. % Survival in Graphpad Prism software. Figure 4.23 shows that the entire cell 

line survived in the concentration range (0.0081µg/mL-1µg/mL); the amine-terminated PEG 

functionalized boron/silica core/shell nanoparticles were tested implying that the IC50 value is 

greater than 1µg/mL. The IC50 value for folic acid and O-(2-Carboxyethyl) PEG functionalized 

boron/silica core/shell nanoparticles are also greater than 1µg/mL. 
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Figure 4.23: Plot of logC vs. %Survival of amine-terminated PEG functionalized boron/silica 
core/shell nanoparticles. 
 

4.4 Summary and Conclusion 

 The synthesis of silica in the presence of boron nanoparticles formed core/shell 

nanoparticles. HRTEM of the core/shell nanoparticles showed the two layers distinctively. Once 

the boron/silica core/shell nanoparticles were prepared, the surface of silica was functionalized 

with APTES, AEAPS, citric acid, folic acid, and amine-terminated PEG. Three procedures using 

different solvents were tested to functionalize the core/shell structure with APTES. Although all 

of them accomplished the intended product, only one was selected because of its minimum 

energy consumption. Then APTES-functionalized nanoparticles were used for amidation 

reaction with citric acid and folic acid. Furthermore, citric acid-conjugated nanoparticles 

underwent another amidation reaction to attach amine-terminated PEG. The formation of the 

intended product after each step was established using UV-Vis, ATR-FTIR, or NMR. 

Cytotoxicity of folic acid and amine-terminated PEG functionalized boron/silica core/shell 
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nanoparticles was determined using a triple negative breast cancer cell line MDA-MB-231. 

In addition, the IC50 value of the compounds was greater than 1µg/mL. 
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CHAPTER 5 

SYNTHESIS AND CHARACTERIZATION OF BORON NANORODS 

5.1 Introduction 

 Boron nanorods are one-dimensional nanomaterials with a wide variety of applications 

including electronics and medicine. Currently there have been different approaches using both 

bottom-up and top-down synthesis methods to fabricate boron nanorods. Bottom-up methods 

include chemical vapor deposition (CVD) of diborane between 700-950°C done by Yang et al.1 

On the other hand, top-down synthesis via ball milling was performed by Zhu and Kisi.2 Zhu and 

Kisi ball milled boron powder followed by annealing the powder at 1200°C. This synthetic 

approach produced boron nanorods as well as amorphous boron nanostructures. In addition, 

elemental analysis of the product reveals contamination with iron. Overall, both CVD and ball 

milling approaches have disadvantages such as contamination, structural defects, toxic starting 

materials, requirement of high temperature, and prolonged reaction period. Therefore, there is a 

need to develop a synthetic approach that will avoid the drawbacks listed above.  

 In 2010, Chakrabarti et al.3 published a paper describing a new methodology to prepare 

boron nanorods. This approach used lithium to reduce boron oxide into boron nanorods. The 

synthesis was performed at significantly lower temperatures compared to 700-950°C used by 

Yang et al. and 1200°C used by Zhu and Kisi. In addition, a non-toxic and widely available 

starting material, which costs between $4-$8 per kilogram, was used. Therefore, a new greener 
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and cost-effective synthetic approach was introduced. However, this procedure has a major 

flaw, which is the formation of boron nanoparticles alongside boron nanorods. This problem 

leads to my project that is to overcome or decrease the formation of side products, specifically, 

the presence of boron nanoparticles. We will discuss multiple optimization techniques and 

approaches taken to resolve this issue.  

5.2 Materials and Methods 

5.2.1 Materials 

 All of the chemicals used in the experiment were purchased and used as received except 

boron oxide, which was dried overnight at 110°C before use. A Fisher Scientific FB120 

sonicator with a frequency of 20 kHZ and an innovative technology glovebox was used.   

5.2.2 Synthesis of Boron Nanorods 

 Boron nanorods were synthesized following a published procedure.3 In a typical 

preparation, a 0.3 g (43.1 mmol) sample of boron oxide (B2O3) was placed in a 10 mL nickel 

crucible which is inside a thermowell. Then the crucible was heated to 200°C. Once the lithium 

melts, 0.5 g of boron oxide (7.18 mmol) was added in small increments at a time. During the 

addition of boron oxide the content in the crucible was mixed via sonication. After all of the 

boron oxide was added, the temperature was increased to 250°C and the crucible was left under 

sonication for two hours. After the reaction is complete the crucible was taken out of the 

thermowell and cooled to room temperature. All of the above steps were performed inside an 

argon glovebox that is maintained with less than 10 ppm of oxygen.  
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Finally the nickel crucible was taken out of the glovebox and purified. The 

purification process starts with an addition of methanol, which helps remove the product out of 

the crucible. Following the removal of methanol the product was subjected to multiple washes 

with hot deionized (DI) water, 0.1 M potassium hydroxide (KOH), 0.1 M hydrochloric acid 

(HCl), and DI water. The final product was dried in vacuo overnight and then characterized. 

The synthetic procedure was altered to scale up the production of boron nanorods before 

any optimization was performed. Therefore, the amount of starting materials was increased in 

fourfold. The reaction was performed following the same procedure mentioned above in a 25 mL 

nickel crucible. Furthermore, synthesis of boron nanorods using a different metal, namely 

sodium, was attempted. A 0.5 g sample of sodium was melted at 100°C and 0.26 g of B2O3 was 

added while the content was sonicated at 50% amplitude. After the entire B2O3 was added, the 

temperature was increased to 150°C and the reaction was sonicated for another two hours. The 

product was purified with methanol and hot water washes.  

5.2.3 Optimization of Reaction Conditions 

5.2.3.1 Sonication  

The first step taken to optimize the reaction procedure was to determine the importance 

and effect of sonication in the process. Therefore, a reaction was performed without sonication of 

the content in the crucible. A 1.42 g sample of lithium (204.6 mmol) was melted at 200°C. Then 

2.0 g of boron oxide (28.7 mmol) was added. Once the addition of boron oxide was done the 

reaction temperature was increased to 250°C and the crucible was covered for two hours. The 
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product was collected and purified. Finally the product was dried in vacuo overnight and then 

characterized. 

Next, different sonication amplitudes were investigated. Table 5.1 has a complete list of 

reaction times, temperatures, and sonication amplitudes. Each of the reactions in the table was 

performed and purified using the scale-up synthesis procedure.  

 

Table 5.1  

Reaction Conditions for Sonication Amplitude Optimization. 

Sample Sonication Amplitude Reaction Temp. (°C) Duration (hour) 

1 20% 260 2 

2 40% 260 2 

3 60% 260 2 

4 80% 260 2 

 

5.2.3.2 Temperature  

The original synthetic protocol dictates that the lithium metal melts at 200°C and then the 

temperature was increased to 250°C for the remaining two hours after all of the boron oxide was 

added. We varied the reaction temperature in an attempt to form a product without any boron 

nanoparticles. A list of different temperatures that were examined is shown in Table 5.2. 
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Table 5.2 

Reaction Conditions for Temperature Optimization. 

Sample Reaction Temp. (°C) Sonication Amplitude Duration (hour) 

1 180 60% 2 

2 210 60% 2 

3 230 60% 2 

4 260 60% 2 

5 280 60% 2 

6 300 60% 2 

 

5.2.3.3 Reaction Time 

 The final optimization was done with reaction time. The initial reaction duration of two 

hours was varied starting from 30 minutes and extended up to four hours. The first reaction was 

left to run for half an hour then the reaction time was increased in 30-minute or one-hour 

increments for the consecutive trials (Table 5.3).  
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Table 5.3  

Reaction Conditions for Time Optimization. 

Sample Duration (hour) Sonication Amplitude Reaction Temp. (°C) 

1 0.5 60% 180 

2 1 60% 210 

3 1.5 60% 230 

4 2 60% 260 

5 3 60% 280 

6 4 60% 300 

 

5.2.4 Functionalization of boron nanorods 

Several attempts were made to functionalize the boron nanorods that were prepared using 

the optimal reaction conditions. The functionalization was done using bis (3-aminopropyl)-

terminated polyethylene glycol, folic acid, and hydrogen peroxide (H2O2).   

5.2.4.2 Reaction with Bis (3-Aminopropyl)-Terminated Polyethylene Glycol  

A 0.5 g sample of bis (3-aminopropyl)-terminated polyethylene glycol (PEG) in a round-

bottom flask was set under a condenser and the system was purged with argon followed by 

increasing the temperature to 50°C. Once the polymer melted completely, 0.02 g of previously 

prepared boron nanorods were added into the flask and the flask was stirred for three days. When 

the reaction was complete the contents in the flask were cooled to room temperature and 
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purified. The sample was purified by the addition of DI water followed by centrifugation at 

3,000 rpm for 30 minutes. Then the supernatant was collected and the residue was washed 

repeatedly. Finally, all the supernatant from each wash was combined and the DI water was 

removed via a rotary evaporator. The final product was dried in vacuo overnight and then 

characterized.  

5.2.4.2 Reaction with Folic Acid  

A reaction with folic acid was performed with 0.021 g of boron nanorods and 0.197 g of 

folic acid. A round-bottom flask containing the boron nanorods sample was dispersed in 50 mL 

of DI water for 45 minutes followed by the addition of folic acid. The solution was stirred at 

room temperature for three days. The product was collected, isolated, and characterized.  

5.2.4.3 Reaction with Hydrogen Peroxide   

A 0.102 g sample of boron nanorods were dispersed in 50 mL of hydrogen peroxide 

(H2O2) for 30 minutes using a water bath sonicator. Then the flask was transferred to an oil bath 

heated at 110°C and the contents were stirred for three hours. Once the reaction was complete 

the solution was centrifuged in DI water three times and the decant was collected. Then the water 

was removed using a rotary evaporator. The final product was dried in vacuo overnight and then 

characterized.  

A second trial with hydrogen peroxide was performed with a small volume of H2O2. A 

0.099 g sample of boron nanorods was dispersed for 20 minutes in a 100 mL solution containing 

90 mL of DI water and 10 mL H2O2. Then the solution was refluxed at 100°C with stirring 
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overnight. The resulting mixture was washed with water and centrifuged multiple times at 

3,000 rpm for ten minutes. The final product was dried in vacuo overnight and then 

characterized.  

5.3 Results and Discussion 

5.3.1 Synthesis of Boron Nanorods 

 The synthetic procedure utilized the reduction of boron oxide with lithium to form boron 

nanorods shown in Figure 5.1.3 The reaction was performed under an inert atmosphere to prevent 

oxidation of the lithium metal. 

 
Figure 5.1: Reaction scheme for the synthesis of boron nanorods.  
 

Based on the balanced chemical equation, six moles of lithium were required to reduce 

one mole of B2O3, but during the scale-up production of boron nanorods an excess of lithium 

was used to guarantee the total conversion of B2O3 to boron. Lithium is the ideal reducing agent 

with a reducing potential of -3.05 V and a low melting point. In addition, the intercalating 

property of lithium ensures the formation of rod-like nanostructures.  

After the reaction is complete the resulting mixture contains boron nanorods, unreacted 

lithium, unreacted B2O3, lithium tetraboride and lithium diborides. These byproducts as well as 
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unreacted starting materials need to be removed in order to recover pure boron nanorods. 

Therefore, a series of washes were performed. The first wash was done using methanol, which 

reacts with lithium to form a salt called lithium methoxide and this salt solution was easily 

removed from the rest of the mixture. The second wash uses hot water to remove unreacted B2O3 

since B2O3 is soluble in hot water. The third wash removed lithium tetraboride using 0.1 M KOH 

followed by the elimination of lithium diborides using 0.1 M HCl. Finally the product was 

washed with DI water to change the pH of the solution to natural.   

The morphology of the product was determined using transmission electron microscopy 

(TEM). The result shows boron nanorods with a diameter between 10-500 nm and a length up to 

10 µm (Figure 5.2). Scanning electron microscopy (SEM) also supports the observation of the 

formation of nanorods along with some amorphous structures (Figure 5.3).  

 

 
Figure 5.2: TEM image of boron nanorods before optimization.  
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Figure 5.3: SEM image of boron nanorods before optimization.  
 

X-ray powder diffraction (XRD) of the product has peaks at 21 degrees and 44 degrees. 

The broad peaks indicated the product is amorphous and the sharper peaks in the spectrum come 

from the sample holder (Figure 5.4). Based on TEM and XRD results, the scale up of the 

reaction procedure did not change the morphology or the size of the product.   

 
Figure 5.4: XRD spectrum of boron nanorods.  
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  Other reducing agents were explored for this reaction. The few requirements looked 

at while searching for other metals were a low melting point, high reducing potential, and 

availability of the metals in the lab. Metals like barium, strontium, and calcium have an excellent 

reducing potential but high melting points; therefore, sodium was selected. The reaction between 

sodium and boron oxide is shown in equation 5.1:  

B!O! + 6Na → 2B+ 3Na!O    (Equation 5.1) 

 During the purification process, when methanol was added unreacted sodium was 

removed and then hot water was added, in which case the entire residue dissolved indicating 

there was only boron oxide in the residue. In conclusion, reduction of boron oxide using sodium 

to boron nanorods did not succeed.  

 

5.3.2 Optimization of Reaction Conditions 

5.3.2.1 Sonication  

The original paper did not specify the sonication amplitude for the reaction; therefore, 

various amplitudes were studied, including one without any sonication. Sonication was used to 

mix the molten lithium and B2O3 via vibration. The TEM result of a reaction without sonication 

shows formation of amorphous structures but not any nanorods, signifying the key role of 

sonication on the formation of nanorods (Figure 5.5).   
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Figure 5.5: TEM image of boron nanorods prepared without sonication.  
 

 When different amplitudes were implemented on the synthetic procedure at higher 

sonication amplitude, an improvement on the nanostructures was observed (Figure 5.6). The high 

sonication amplitude produces a strong vibration, which enhances the interaction between molten 

lithium and B2O3.  However, a sonication amplitude higher than 60% leads to splattering of both 

starting materials as well as products. When all the TEM results of   20%, 40%, 60%, and 80% 

sonication amplitude were compared, 60% sonication amplitude resulted in the synthesis of a 

large amount of boron nanorods without any loss of starting material or product.  

Energy-dispersive X-ray spectroscopy (EDX) analysis of the boron nanorods shows the 

product was mostly composed of boron with 90 % atomic weight (Figure 5.7). The small amount 

of oxygen is attributed to surface oxidation of boron in air, which is reported in other 

literatures.3,4 In addition, traces of sodium, silicon, and nickel that originated from glassware and 

crucibles were also present. 
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Figure 5.6: TEM images of boron nanorods (a) prepared with 40% sonication amplitude and 
(b) prepared using 60% sonication amplitude.    
 

 

 

 
Figure 5.7: (a) EDX Spectrum of boron nanoparticles prepared at 60% sonication amplitude. 
(b) EDX data of boron nanoparticles prepared at 60% sonication amplitude.  
 
 
 

Element  Weight %  Atomic % 

B 85.44 90.13 

O 13.30 9.48 

Na 0.26 0.13 

Si 0.30 0.12 

Ni 0.70 0.14 

Total 100 100 

(a) (b) 

(a) 

(b) 
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5.3.2.2 Temperature 

 The melting point of lithium is 180°C, which is the lowest temperature at which the 

reaction can be performed, so temperatures starting at 180°C up to 300°C were explored. TEM 

data has established that nanorods synthesized at elevated temperatures exhibit sharp edges, a 

diameter between 10-20 nm, and a length up to 500 nm (Figure 5.8). However, there was no 

significant difference in structure between nanorods that were synthesized at 280°C and 300°C. 

In addition, the 280°C reaction consumes less energy; as a result, it was selected to be the 

optimized reaction temperature.  

XRD data showed the change in temperature did not improve or transform the phase of 

the product. The nanorods still maintained an amorphous structure. Attenuated total reflection 

(ATR-FTIR) spectrum of boron nanorods displays a peak at 1322 cm-1 which corresponds to B-

O band, showing an oxidation of boron which is also reported in other literatures.5 In addition, a 

peak at 3240 cm-1 is recognized as OH group from the absorbed moisture (Figure 5.9). 
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Figure 5.8: TEM images of boron nanorods synthesized (a) at 210°C, (b) at 235°C, (c) at 
260°C, and (d) at 280°C.   
 
 

  

(a) 

(b) 

(c) (d) 
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Figure 5.9: ATR-FTIR spectrum of boron nanorods synthesized at 260°C.  
 

5.3.2.3 Reaction Time  

 The amount of time the reaction was sonicated after the addition of boron oxide also 

impacted the formation of boron nanorods. An increase in the length of time resulted in nanorods 

with defined shapes and higher yield. The TEM shows the resulting nanorods and tubular (Figure 

5.10 c) structures have a diameter between 20-500 nm and a length of up to 12 µm (Figure 5.10). 

Furthermore, comparing the results between three and four hours reaction time, there was no 

evidence of improvement in yield or morphology of the product when the reaction was let to run 

for four hours.   

 

 

 

 

 

660#1160#1660#2160#2660#3160#3660#

Tr
an

sm
itt

an
ce

 (%
) 

Wavenumbers (cm-1) 



 

 

141 
 

 

 
Figure 5.10: TEM images of boron nanorods synthesized (a) at 30 min., (b) 1 hr., (c) 1.5 hrs., 
and (d) 3 hrs. 
 
 
 The ATR-FTIR measurements of the resulting nanorods at various reaction times were all 

similar, containing corresponding peaks between temperature and reaction time, suggesting that 

the length of time did not affect the products’ elemental composition or susceptibility to 

oxidation (Figure 5.11). In addition, the XRD analyze of the products were identical to each 

other, containing broad peaks at 21 degrees and 44 degrees, confirming the temperature did not 

change the non-crystalline phase.  

(a) (b) 

(c) (d) 
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Figure 5.11: ATR-FTIR spectrum of boron nanorods synthesized for three hours.  
 

5.3.3 Functionalization of Boron Nanorods 

In order to use boron nanorods for biological application, surface modification is 

required; this was accomplished by both steric interaction and the formation of a covalent bond 

with other organic compounds. In addition, surface modification of the nanorods can lead to 

water-soluble products. The functionalization of boron nitride nanotubes with amine-terminated 

PEG (NH2-PEG-NH2) was reported,6 and a similar idea was implemented to modify our boron 

nanorods. A TEM image of boron nanorods functionalization with bis (3-aminopropyl)-

terminated PEG shows the presence of rods in the aqueous layer establishing the water-soluble 

characteristic of the boron nanorods (Figure 5.12). 
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Figure 5.12: TEM images of bis (3-aminopropyl)-terminated PEG functionalized boron 
nanorods. 
 

The electron-deficient boron bearing a partial negative charge (δ-) and electron-rich (δ+) 

amine of NH2-PEG-NH2 form a covalent bond securing the attachment of the two moieties. The 

ATR-FTIR analysis of the product confirms the surface modification of the nanorods with peaks 

at 1659 cm-1, 2889 cm-1, and 3486 cm-1 that are due to carboxyl groups, aliphatic C-H bonds, and 

amine groups, respectively. On the other hand, the peak at 1357 cm-1 corresponds to the B-O 

band of the oxidized boron nanorods (Figure 5.13). 

 
Figure 5.13: ATR-FTIR spectrum of bis (3-aminopropyl)-terminated PEG functionalized 
boron nanorods.  
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A TEM image of the product that used hydrogen peroxide to attach hydroxyl groups 

on the boron nanorods shows no evidence of born nanorods in the aqueous layer. The absence of 

nanorods implies the surface modification did not occur (Figure 5.14). Both the first and second 

trials show similar results.  

 

 
Figure 5.14: TEM images of hydrogen peroxide functionalization boron nanorods. (a) First 
trial and (b) second trial.  
 
 

 The last surface modification was performed using folic acid, and the TEM of the 

reaction product does not contain any nanorods (Figure 5.15). However, the UV-Vis shows the 

presence of folic acid in the product but does not show the presence of boron nanorods, 

suggesting that the reaction did not result in a formation of a bond between boron nanorods and 

folic acid.  

 

(a) (b) 
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Figure 5.15: TEM image of folic acid functionalization trial.  
 

5.4 Summary and Conclusion 

 The synthetic procedure of boron nanorods was explored to optimize product formation. 

Various aspects of the reaction - such as a reducing agent, sonication, temperature, and time - 

were studied, and a new reaction condition for the synthesis of boron nanorods was developed.  

The optimization result establishes that a 60% sonication amplitude at 280°C for three hours 

produced boron nanorods with well-defined shapes and high yields. In addition, the product was 

predominantly composed of boron with a small amount of oxygen, proving the purity of the 

product. However, nanorods that were synthesized using the optimal reaction condition were 

amorphous solid. The functionalization of the boron nanorods with bis (3-aminopropyl)- 

terminated PEG was successful in making the nanorods water soluble and biocompatible. On the 

other hand, the attempt to modify the boron nanorods with folic acid and hydrogen peroxide did 

not produce the intended result.   
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Chapter 6 

CONCLUSION AND FUTURE WORK 

6.1 Summary 

The research performed in this dissertation highlights the synthesis of boron-based zero-

dimensional (0-D) and one-dimensional (1-D) nanostructures as well as the surface modification 

of these nanostructures. Chapter 1 dealt with the history and development of nanotechnology and 

nanomaterials. It also described the applications of nanostructures, which is the main reason the 

field has gained the interest of many researchers. Chapter 2 provided the different 

characterization methods used throughout the research, the concept behind each technique, and 

the useful information we collected from these instruments. Chapter 3 discussed the synthesis of 

0-D boron nanoparticles followed by the formation of boron/iron oxide core/shell nanoparticles. 

The core/shell nanoparticles were developed to utilize the surface of the iron oxide shell for 

functionalization. The functionalization of iron oxide with multiple organic moieties to create a 

water-soluble boron carrier as well as the cytotoxicity of these water-soluble boron/iron oxide 

nanoparticles were covered. Also, the chapter clarified why iron oxide was one of the ideal 

candidates for designing core/shell nanoparticles with the magnetic measurement data of the bare 

boron/iron oxide core/shell nanoparticles and water-soluble core/shell nanoparticles. Chapter 4 

described the synthesis and functionalization of boron/silica core/shell nanoparticles as well as 
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the toxicity of the modified nanoparticles. Chapter 4 explored similar parameters as Chapter 

3; however, the primary difference is that Chapter 4 deals with boron/iron oxide core/shell 

nanoparticles whereas Chapter 4 deals with boron/silica core/shell nanoparticles. Chapter 5 

focused on the synthesis of 1-D boron nanorods using a bottom-up approach with a reduction of 

boron oxide by lithium. Several reaction parameters—such as reaction time, temperature, and 

sonication amplitudes—were investigated in detail. Furthermore, the surface functionalization of 

the boron nanorods produced using the optimal reaction conditions was presented.  

6.2 Future Work 

6.2.1 Boron-Based Core/Shell Nanoparticles 

 The development of core/shell nanoparticles allows us to modify and use boron for 

biomedical application via making boron nanoparticles water soluble and biocompatible. More 

water-soluble compounds should be prepared followed by cytotoxicity, in vitro, and in vivo bio-

distributional studies. This will determine if the compound can achieve the necessary boron 

concentration (35 µg/g of tissue or 109 10B atoms) for the use of boron neutron capture therapy 

(BNCT). A large concentration of these nanoparticles can be delivered to cancer cells via 

targeted delivery. This method uses compounds that have an overexpression of receptor sites in 

tumor cells.  In this case, the core/shell nanoparticles can be tagged with these molecules so that 

the receptor sites on the tumor cells can recognize and incorporate the molecules into an 

intercellular cavity or cytoplasm (Figure 6.1).1-4 
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Figure 6.1: Drug delivery via direct surface modification.1 
 

 

On the other hand, the nanoparticles can be encapsulated in liposomes by which the drug 

will be transported into the cell through endocytosis. This approach does not require any 

modification of the nanoparticles and is as effective as the method mentioned above. In addition, 

both water-soluble and non-water-soluble drugs can be carried to a cancer cell using the 

hydrophilic space and a hydrophobic bilayer of liposome, respectively. The liposome hydrophilic 

head can be modified to ensure the delivery of the boron containing compounds to tumor cells 

(Figure 6.2).1,5,6  
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Figure 6.2: Drug delivery via liposomal encapsulation.1 
 
 
 

Consequently, BNCT should be performed using the modified core/shell nanoparticles in 

small animals.  

6.2.2 Boron Nanorods 

The optimization of reaction conditions for the synthesis of boron nanorods improved the 

morphology and yield of the product. However, the product still contains nanorods with a wide 

range of size. Therefore, other reducing agents and reaction factors should be studied in order to 

create nanorods with uniform dimensions and narrow size distribution.  



 

 

151 
Biomedical and other applications of boron nanorods will depend on the ability to 

alter the surface of the rods for the intended purpose. Particularly, the use of boron nanorods for 

biological studies will require the nanorods to be soluble in various solvents and biocompatible 

or nontoxic to health cells. With this in mind, functionalization of boron nanorods with organic 

functional groups should be explored.  
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APPENDIX  

THE ROLE OF SURFACTANTS IN SYNTHESIS OF ZNS NANOSTRUCTURES 

 Even though the focus of the research done in this dissertation was on boron-based 

nanostructures, there was also some work done on ZnS nanostructures. This work was performed 

to gain a better understanding of how different kinds of surfactants dictate the formation of 

specific ZnS nanostructures.  

A.1 Introduction 

 Zinc sulfide (ZnS) nanostructures are semi-conductor inorganic materials that consist of 

zinc and sulfur with tetrahedral coordination. ZnS is mainly found on the earth’s crust as 

sphalerite in many parts of the world, mainly in Germany and Switzerland. However, sphalerite 

ore contains contamination such as iron, which changes the color from white to black. ZnS 

nanostructures can be used for many applications, including luminescence materials,1-6 gas 

sensors,7-9 chemical sensors,10,11 nanogenerators,12,13 biosensors,10,14,15 field effect 

transistors,10,16,17 and catalysis.18,19 We will discuss some of these applications in detail.  

 Luminescence is a process of light emission and can arise from various sources. 

Furthermore, the luminescence process is categorized based on the emission source. For   
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instance, photoluminescence is an emission that is observed when a material is excited using 

a photon source and cathodoluminescence is caused by electron excitation. In 1866 Theodore  

Sidot became the first to explore the photoluminescence property of ZnS. The 

photoluminescence absorption peak of ZnS can vary based on the synthetic approach, shape, and 

size of the nanostructure.20 To illustrate this point, ZnS nanobelts and nanosheets synthesized via 

vapor-solid mechanisms have an emission peak at 545 nm and 440 nm while ZnS nanorods and 

nanowires synthesized via vapor-liquid-solid mechanism have an emission peak at 530 nm and 

440 nm.21 Luminescence materials are mainly used for safety, particularly to mark emergency 

exits and stairways in buildings since the light can be seen in a smoke-filled room.22  

  ZnS nanostructures have been widely used as photocatalysts for the removal of harmful 

water contaminants such as p-nitrophenol, dyes, and halogenated benzene derivatives.20 In 

addition, the reduction of CO2 to formic acid was achieved using ZnS nanocrystals.19 The 

efficiency of CO2 reduction increases with the use of sodium hypoposphite (NaH2PO2) and 

sodium sulfide (Na2S).23 Berdol and Kaczmarek reported that ZnS with ligand-modified surface 

can replace the use of metal catalysts for the reduction of ethanol to water and CO2. This work 

shows that ZnS is inert from oxidation and surface poisoning that decrease the turnover 

frequency or efficiency of the catalyst.24  

 Nanomaterial-based sensors have been explored for quite some time, but ZnS was not the 

front-runner because of low-carrier density. However, in recent years ZnS nanostructures such as 

nanobelts were used to determine the presence of hydrogen gas9 and the amount of oxygen in the 

surrounding area.7 Moreover, carbon tetrachloride, a toxic compound that is harmful to humans 

and the environment, was detected using cataluminescence ZnS.25 The ZnS nanosensor exhibited 
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a significantly large cataluminescence emission when carbon tetrachloride was introduced. 

ZnS can also be used as a biosensor following a surface modification with biocompatible 

compounds.   

Most of these applications utilize the large bandgap of ZnS, which can vary from 3.72 eV 

to 3.77 eV based on crystalline structures. ZnS has two crystalline structures, namely zinc blend 

and wurtzite. Zinc blend (ZB), also known as sphalerite, has a cubic form with an ABCABC 

staking pattern that is the most stable and common form of ZnS at low temperatures. 

Furthermore, zinc blend exists in F4-3 m space group where a = b = c = 5.42 Å and Z = 4 and 

has a smaller bandgap of 3.72 eV.20 On the other hand, wurtzite has a hexagonal form with an 

ABAB staking pattern; exists in a P63mc space group where a = b = 3.82 Å, c =6.26 Å, and Z = 

2; and retains a 3.77 eV bandgap (Figure A.1).26 Both ZB and wurtzite have Zn and S 

maintaining a tetrahedral coordination.  ZB form can be transformed to wurtzite at 1020°C.  

 

 
Figure A.1: Crystalline forms of zinc sulfide. (a) Zinc blend (ZB) and (b) wurtzite.26 

 
 
 
 
 
 
 

semiconductors have previously been observed to exhibit the

wurtzite crystal structure.22,28,29

Another important characteristic of ZnS is the polar

surfaces. The most common polar surface is the basal plane.

The oppositely charged ions produce positively charged

Zn-(0001) and negatively charged S-(00021) polar surfaces,

resulting in a normal dipole moment and spontaneous

polarization along the c-axis as well as a divergence in surface

energy. Wurtzite ZnS produces anisotropic growth for two

reasons. One is merely that different crystallographic planes

have different surface energy. Another reason is the surface

polarity and chemical activities.

Structurally, ZnS has three types of fast growth directions:

,21̄1̄0>; ,011̄0>; and ¡[0001]. Together with the polar

surfaces due to cation/anion termination, ZnS exhibits a wide

range of novel structures by tuning the growth rates along

these directions. The non-centrosymmetry in wurtzite gives rise

to piezoelectricity,30 which has been used for fabricating

cantilevers for scanning probe microscopy.31 Nanocantilevers

could be used in mass, biological, force, thermal, pressure, and

chemical sensing applications.32–34 Through the successful

synthesis of II–VI semiconductors in a nanobelt form, a wide

range of mechanical and optoelectronic application may be

possible for these materials. This is why II–VI semiconductors

and ZnS remain a fast developing area of research.

3. Anisotropy due to polarity and differently
terminated surfaces

Wurtzite ZnS has several facets that terminate with either a

positively charged Zn cation or, on the opposite side, a

negatively charged S anion. This characteristic of the crystal

structure creates polarized surfaces, resulting in a dipole

moment and spontaneous polarization along the axis perpen-

dicular to the plane. One plane is the basal plane: (0001).

Though in the bulk this dipole and divergence in surface

energy is compensated for by creating facets and/or massive

surface reconstruction, it can be a significant contributor to

asymmetric growth in nanostructures.35,36 By projecting the

wurtzite ZnS crystal along the [12̄10] direction we can see that

another set of polar surfaces are {011̄1} (see Fig. 2).

In addition to the dipole moment contributed by the polar

surfaces, the Zn- and S-terminated surfaces exhibit very

different chemical activities.17,37,38 The Zn-terminated surface

is chemically active and is easy to grow new nanostructures

onto it, but the S-terminated surface is relatively inert.

4. Synthesis methods

Several methods have been developed to synthesize one-

dimensional nanostructures of II–VI semiconductors. Among

these are thermal evaporation,21,24,25 laser ablation,28,39,40 arc

discharge,41 chemical synthesis methods,42 and self-assembly

methods.43 The most important group of these methods is the

deposition-based synthesis methods. Members of this group

include thermal evaporation methods (physical and chemical

vapor deposition), laser-assisted growth, and arc discharge.

The essential nature of these methods is that, from a source, a

molecular ‘‘growth’’ species is created in a vapor form. This

species is then transported to a substrate where it deposits and

forms the nanostructure.

The most common deposition-based synthesis methods are

physical and chemical vapor deposition (PVD and CVD).4,20,44

Both methods consist of the physical transport of the vapor

species to the deposition site. In the case of PVD, the vapor

species is typically created through the thermal evaporation of

a source that is a bulk version of the desired nanomaterial.

Most of these materials are commercially available in

powder or chunk form. The main benefit of PVD is that it

can provide for easy control over the chemistry of the

synthesized material, with relatively little control of the system

parameters. In the case of CVD, the vapor species is created

through a chemical reaction. For example, a Zn source may

be evaporated and reacted with a H2S flow gas to form a

ZnS vapor species.24 However, because of the chemical

reaction involved, controlling the atmosphere is extremely

important with CVD and achieving the correct setup can be

very difficult. This is especially true when attempting to

remove residual oxygen from a system. The benefit of CVD is

that it typically can be synthesized with much lower initial

temperatures than with PVD.45

Another synthesis method that allows for much lower initial

temperatures is laser-assisted deposition or laser ablation. In

Fig. 1 The zinc blend (left) and wurtzite (right) crystal structures

of ZnS.

Fig. 2 Projection of the wurtzite crystal structure along [12̄10]. The

(0001) and (01211) polar planes are evident.

This journal is ! The Royal Society of Chemistry 2006 J. Mater. Chem., 2006, 16, 3898–3905 | 3899
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A.2 Zinc Sulfide Nanostructures 

Zinc sulfide nanostructures can be categorized as 0-D nanostructures, which contain 

quantum dots, core/shell nanocrystals, and hollow nanocrystals; 1-D nanostructures, which 

contain nanowires (NWs), nanorods (NRs), nanotubes (NTs), nanobelts (NBs), and nanoribbons 

(NRs); and 2-D nanostructure containing ZnS thin films. All of these structures can be 

synthesized using both top-down and bottom-up approaches. We will discuss the different 

synthetic approaches developed to produce 0-D nanostructure and 1-D nanostructure. 

A.2.1 Synthesis of 0-D ZnS Nanostructure 

 Cubic ZnS quantum dots were synthesized by Hyeon et al. using ZnCl2 as a zinc source 

and sulfur with oleylamine and  trioctylphosphine oxide (TOPO) at 320°C . The thermal reaction 

produced crystalline quantum dots with an average diameter of 11 nm. Although the reaction 

required a high temperature, it was successful in producing ZnS quantum dots with uniform size 

distribution.27  

 ZnS core/shell structures were used to expand the luminescence efficiency of ZnS in 

combination with other materials such as cadmium selenide (CdSe) and iron oxide (Fe3O4). ZnS 

core/shell structures are usually synthesized in two steps. First, the core CdSe or Fe3O4 is 

prepared, followed by the formation of the ZnS shell. For example, Weller et al. prepared well-

dispersed CdSe nanoparticles using in hexadecylamine (HDA), trioctylphosphine (TOP), and 

trioctylphosphine oxide (TOPO).28 The resulting CdSe nanoparticles with 4 nm diameter were 

coated with ZnS and the luminescence efficiency increased from 10-25% to 66%.  
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Xu et al. synthesized ZnS hollow spheres in hydrothermal reaction using 

thiocarbamide, (CH3COO)2Zn.2H2O, and water. The hollow spheres produced are hexagonal 

and have a diameter between 200-300 nm with an average thickness of 20 nm.29 Alternatively, 

smaller hollow spheres with diameters between 50 to 70 nm and 15 nm thickness were fabricated 

by Qi et al.30 Table A.1 shows the different 0-D ZnS nanostructures that were produced and their 

synthesis approaches.20 

Table A.1  

Synthesis of 0-D ZnS Nanostructures 

 

and selected-area electron diffraction (SAED) results indicate that these ZnS nanospheres are cubic,
and the shells consist of ZnS nanocrystals.

Core/shell and hollow nanospheres have also attracted tremendous interest in recent research.
Very recently, Wu and co-workers have fabricated superparamagnetic fluorescent Fe3O4/ZnS HNSs
with diameters of <100 nm using a corrosion-aided Ostwald ripening process [46]. When the mono-
disperse FeS particles were dispersed in a mixture containing zinc acetylacetonate (ZA), poly(vinyl-
pyrrolidone) (PVP), ammonium nitrate, glycol, and water and then reacted at 150 !C for 10 h, the
Fe3O4/ZnS HNSs were obtained. A general view (Fig. 10c) indicates that the as-synthesized HNSs have
typical hollow structures with average internal and external diameters of 66 and 97 nm, respectively.
HRTEM image (Fig. 10d) reveals that the shell is composed of close-packed light and dark particles that
have regions oriented in the outer and inner layers, respectively. The particles have the interplanar
spacings of 0.312 and 0.486 nm, corresponding to the (1 1 1) planes of cubic ZnS and Fe3O4, respec-
tively. The SAED pattern indicates that Fe3O4 and ZnS are both polycrystalline. Time-dependent exper-
imental results indicate that FeS particles act as ‘‘in situ’’ templates and ZA as an etching agent in the
growth process of Fe3O4/ZnS HNSs (Fig. 10e). These multifunctional HNSs or modified particles thereof
have a potential for exciting applications in biomedicine, such as drug delivery, integrated imaging,
diagnosis, and therapeutics [46]. Other 0D ZnS-related nanocrystals have been fabricated, as listed
in Table 2.

Table 2
Representative 0D ZnS-related nanocrystals.

Nanostructure Composition Synthesis method T (!C) Ref.

Nanocrystals ZnS Thermal reaction with ZnCl2 and S in oleylamine 320 [29]
Solution approach in a polyol medium 150 [30]
Chemical reaction in non-coordinating solvents 340, 300 [31]
Thermolysing Zn(exan)2 with OA and TOP as
precursor solvents

150–250 [32]

Liquid–solid–solution (LSS) process 90 [47]
Chemical reduction route RT [48]
Aging reaction mixtures 300 [49]

Core/shell
nanocrystals

CuInS2/ZnS (shell) Two-step procedure 230 [50]

Mn-CdS/ZnS (shell) Three-step synthesis method 280 [51]
CdS/ZnS (shell) Two-step procedure 250–

280;180
[52]

CdSe/ZnS (shell) Lyothermal technique 250 [53]
CdSe/ZnS (shell) Organometallic synthesis in HDA–TOPO–TOP

mixture
300;220 [34]

CdSe/ZnS (shell) Two-step synthesis 360, 220 [54]
CdSe/CdS/Zn0.5Cd0.5S/
ZnS (shell)

SILAR technique 200–260 [35]

Hollow
nanocrystals

Fe3O4/ZnS (shell) Corrosion-aided Ostwald ripening process 150 [46]

ZnS Bacteria-template sonochemical route RT [37]
ZnS Hydrothermal route 140 [44]
ZnS Hydrothermal route 120 [38]

Doped
nanocrystals

Mn-ZnS Organometallic and inorganic synthesis method – [55]

Mn-ZnS Solution approach RT [56]
Co-ZnS Solution-phase thermal decomposition method 150 [57]
Cu-, Pb-ZnS Organometallic synthesis method 300 [58]

Alloyed
nanocrystals

ZnxCd1!xS Solution chemical route 270 [59]

ZnxCd1!xS Thermolyzing a mixture of Cd(exan)2 and Zn(exan)2

precursors
210 [33]

ZnxCd1!xS Chemical reaction of CdO- and ZnO-oleic acid
complexes with sulfur

300 [60]

X.S. Fang et al. / Progress in Materials Science 56 (2011) 175–287 187



 

 

158 
A.2.2 Synthesis of 1-D ZnS Nanostructures 

 One-dimensional ZnS nanostructures are predominantly produced using a vapor-phase 

approach, in which the zinc and sulfur precursor exist as a vapor and then are deposited onto a 

substrate where the final structure grows. During the deposition process various reaction 

parameters, for example, temperature, flow rate of carrier gas, and substrate, can be altered to 

produce ZnS nanostructures with particular shapes and sizes.26 In general, vapor-phase synthesis 

requires high temperature and a carrier gas, but there are other methods such as the hydrogel31 

and liquid crystal template32 route that can fabricate 1-D ZnS nanostructures in an ambient 

temperature.   

ZnS nanowires and nanorods were prepared using a top-down approach using ZnS 

powder via thermal evaporation at 900°C.33 The nanowires have diameters ranging from 30-60 

nm and can grow to micrometers in length. Low-temperature synthesis of ZnS nanowires was 

performed using hexagonal liquid crystal as a template for the growth of the nanowires. 

Furthermore, nanotubes can be created via template-assisted synthesis.32 Table A.2 contains 

various synthetic methods used to manufacture 1-D ZnS nanostructures.20  

In our laboratory, we explored the role of surfactants in the synthesis of ZnS nanostructures. 

Before moving to the synthesis, we will briefly discuss the use of surfactants. Surfactants are 

compounds that contain both hydrophilic heads and hydrophobic tails. Surfactants are classified 

into four groups known as anionic, cationic, nonionic, and zwitterionic based on the charge the 

hydrophilic heads carry. As the name indicates, anionic surfactants contain negatively charged 

heads, cationic contain positively charged heads, nonionic does not contain any charges, and 

zwitterionic contains both negatively and positively charged heads. In terms of nanomaterials, 
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surfactants were used mostly for two reasons, which are prevention of heads are exposed to 

the surroundings while the hydrophilic tails are intact inside (Figure A.2).41 Nanostructures such 

as nanotubes or hollow spheres can be fabricated using the outer surface of the micelle and the 

inner cavity can be used to form nanorods, nanowires, and nanoparticles followed by the removal 

of the surfactant to recover pure nanostructure agglomeration through steric stabilization and 

shape-controlled synthesis via micelle formation.34-40 Micelles are formed when a surfactant is 

oriented in a way that the hydrophilic agglomeration through steric stabilization and shape-

controlled synthesis via micelle formation.34-40 Micelles are formed when a surfactant is oriented 

in a way that the hydrophilic  

 

 
Figure A.2: Formation of micelle.41 
 
 

In this chapter we will explore the synthesis of ZnS nanostructures using different 

reagents and the effect of surfactants’ presence during the synthesis process. In addition, the 

amount of surfactant added to the synthesis process is investigated.  
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Table A.2  

Synthesis of 1-D ZnS Nanostructures 

 

 

(MBE), laser ablation and metal–organic CVD (MOCVD), which are utilized for the growth of ZnS NWs/
NRs, as shown in Table 3. For example, Wang and co-workers reported the fabrication of single-crys-
talline ZnS nanowires by thermal evaporation of ZnS powders with the presence of Au films as a cat-
alyst at 900 !C [65]. Scanning electron microscopy (SEM) image (Fig. 12a) reveals that these
synthesized products consist of a large number of nanowires with typical lengths of several tens of
micrometers, and diameters of 30–60 nm. TEM observation shows that most of the ZnS nanowires
terminate with an Au nanoparticle at one end. HRTEM image and SAED pattern indicate that these
nanowires grow along the [1 1 0] direction [65]. Lieber and co-workers demonstrated the first use
of single-source molecular precursors for the growth of ZnS nanowires at a low temperature [66].
By using well-defined molecular reactants, the authors were able to prepare single-crystalline ZnS

Table 3
Synthetic routes for ZnS nanowires/nanorods.

Nanostructure Synthesis method T (!C) Ref.

Nanowires Thermal evaporation method 900 [65]
MOCVD process – [66]
Liquid crystal template by c-irradiation RT [68]
Solvothermal route 180 [69]
One-step wet-chemical approach 140 [70]
VLS process 1200 [71]
Thermal evaporation 400–500 [72]
Molecular beam epitaxy (MBE) technique 430 [73]
Solvothermal route 180 [74]
Mild-solution chemistry approach 180 [75]
Thermal evaporation method 1250 [76]
Electrochemical-template method RT [77]
Thermal evaporation process 1300 [78]
Vapor phase deposition method 900 [79]
Thermal evaporation of zinc powder and sulfur powder 580, 90 [80]
Electrochemical-template method 120 [81]
One-step CVD method 1200 [82]
Hydrothermal synthesis route 180 [83]
Electrodeposition-template method 120–130 [84]
Hydrogen-assisted thermal evaporation method 1100 [85]
Thermal physical evaporation 1000 [86]
Carbothermal CVD process 500 [87]
Organic assistant VLS method 1000 [88]
VLS method 1100 [89]
Thermal evaporation method 700 [90]
Two-step thermal evaporation process 1050 [91]
Pulsed laser vaporization 950 [92,93]
Hydrogen-assisted thermal evaporation 1100 [94]
Intermittent laser ablation-catalytic growth process 950 [95]
Chemical vapor transport and condensation 900–950 [96]
Direct reaction of Zn and S powders 750 [97]
Solid-state reaction RT [98]
Thermal evaporation method 1000 [99]
VLS process – [100]
Thermal evaporation 1050 [101]

Nanorods Aqua-solution hydrothermal process 95 [102]
Micro-irradiation-assisted growth RT [103]
Solvothermal approach 135–250 [104]
Sulfidation of ZnO nanorod arrays 600 [105]
Radio frequency magnetron sputtering technique !40 to 0 [106]
Solvothermal decomposition 150–200 [107]
Solution method in the presence of block copolymer 105 [108]
Plasma-assisted MOCVD process 650 [109]
Thermolysing Zn(exan)2 with OA and TOP as precursor solvents 150–250 [32]
Thermal evaporation 1100 [110]
Thermal evaporation 970 [111]
Hydrothermal synthesis 180 [112]
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reaction time and temperature, while the thickness of the ribbons was not sensitive to the growth con-
ditions. X-ray energy-dispersive spectroscopy (EDS) spectrum and XRD pattern show that the sample
is hexagonal-structured ZnS with the lattice constants of a = 3.822 Å and c = 6.257 Å. TEM images
show that each nanoribbon is long and straight, and has a uniform width and thickness along its entire
length. Dark lines on the ribbons that appeared in TEM images are due to strain resulting from ribbon
bending. HRTEM image (Fig. 14d) reveals that the ZnS nanoribbons are structurally uniform and single
crystalline. The corresponding SAED pattern indicates that the ribbon grows along [1 2 0], and it is en-
closed by ±(0 0 1) and ±(2 !1 0) planes.

The hydrogen-assisted thermal evaporation process can be expressed as follows:

ZnSðfccÞ þH2 !!!!
1000

%
C ZnðgÞ þH2S ð1Þ

ZnðgÞ þH2S !!!!900
%

C ZnSðhcpÞ þH2 ð2Þ

Table 5
Synthetic routes for ZnS nanobelts, nanoribbons, and nanosheets.

Nanostructure Synthesis method T (!C) Ref.

Nanobelts CVD process 1100 [125]
Vapor-phase transport process 900 [126]
Hydrogen-assisted thermal evaporation 1120 [127]
Under moist gas conditions
Thermal evaporation 1100 [128]
Thermal evaporation 1100 [129]
Conversion reaction of CdS NBs 800 [130]
Rapid CVD process with Au as catalyst and graphite as reductant 1050 [131]
Thermal evaporation 1150 [132]
VLS process 1050 [133]
Thermal evaporation 1150 [134]
Solid–vapor phase thermal-sublimation technique 1050 [135]
Thermal evaporation 900 [136]
Diethylenetriamine-assisted solvothermal approach 180 [137]
Controlled thermal process 1150 [138]
Low-temperature thermochemistry route 640 [139]
VLS process 1000 [140]
Thermal evaporation 970 [141]
VPT process 900–950 [142]
Thermal evaporation 1200 [143]
H2-assisted thermal evaporation approach 900–1100 [144]
Thermal evaporation 1050 [145]
Thermal evaporation 1600 [146]
Thermal evaporation 1100 [147]
Solvothermal reaction and subsequent heat treatment 160, 250 [148,149]
Thermal evaporation 1020 [150]

Nanoribbons Au mediated thermal evaporation route 1000–1100 [151]
CVD method 450 [152]
Thermal evaporation using thiol-capped Au NPs as catalysts 1000 [153]
Thermal evaporation process 1050 [154]
Two-stage temperature-controllable thermal evaporation and condensation
process

1180 [155]

Thermal evaporation 1050 [101]
Microwave-assisted solvothermal synthesis 400 [156]
Hydrogen-assisted thermal evaporation 1100 [124]

Nanosheeets Solvothermal method 180 [157]
Solvothermal method 180 [158]
Solution method in the presence of block copolymer RT [108]
Thermal evaporation process 1050 [159]
Thermal decomposition and reduction 1500 [160]
Solvothermal method 120–180 [161]
Solvothermal reaction 120–180 [162]
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geometry and high-crystallinity. After discovery by the Zhong Lin Wang’s group in 2001, NBs/NRBs/
NSs have become one of the most interesting nanoobjects [123].

Lee and co-workers introduced a convenient hydrogen-assisted thermal evaporation method to
synthesize ZnS nanoribbons. The synthetic reaction was carried out in a quartz tube furnace using
high-purity Ar premixed with 5% H2 as carrier gas at 1100 !C, and sphalerite ZnS as sources [124].
These ZnS nanoribbons have a typical length in the range of several tens to several hundreds of
micrometers, a width ranging from 200 nm to 400 nm, and a thickness from one fifteenth to one twen-
tieth of the width (Fig. 14a and b). The width and length of the nanoribbons were sensitive to the

Table 4
Synthetic routes for ZnS nanotubes.

Nanostructure Synthesis method T (!C) Ref.

Nanotubes Conversion of ZnO nanobelts 1350, 90 [113]
High-temperature thermal-chemical reaction route 1500–1700 [114]
MOCVD-template method 400 [115]
Ultrasonic chemical solution method RT [116]
Wet-chemistry method 140 [117]
Hydrogel template route RT [118]
Thioglycolic acid-assisted solution route 130–180 [119]
Atomic layer deposition 75 [120]
Thermochemical process 1250 [121]
Chemical conversion of ZnO columns 400 [122]
Solution route by using the hard templates of CNTs 120 [39]

Fig. 14. (a and b) SEM images of ZnS nanoribbons fabricated by a hydrogen-assisted thermal evaporation method; (c and d)
TEM image, EDS spectrum, and HRTEM image of ZnS nanoribbons. Reproduced from Ref. [124]. Copyright " 2003, Wiley-VCH.
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A.3 Materials and Methods 

A.3.1 Synthesis of Zinc Sulfide Nanostructures 

A.3.1.1 Reaction with Zinc Chloride and Sodium Sulfide (Sample 1) 

 Zinc sulfide was prepared using zinc chloride (ZnCl2) and sodium sulfide (Na2S) as zinc 

and sulfur sources, respectively. Initially, ZnCl2 solution (1M, 10 mL) and Na2S solution (1M, 10 

mL) were transferred into a 100 mL round-bottom flask and heated to 50°C with stirring for 1 

hour. The product was then collected via centrifugation and purified by washing with deionized 

(DI) water and ethanol. The final product was dried under vacuo overnight. Further, a similar 

reaction was performed with assistance of sonication at room temperature. To illustrate, a 10 mL 

Na2S solution (1M) was added dropewise to ZnCl2 solution (1M, 10 mL) alongside sonication 

(80% amplitude) and the sonication was continued for an additional 30 minutes after the addition 

of the Na2S solution was complete. The product was purified in a similar fashion as that stated 

above.  

A.3.1.2 Reaction with Zinc Nitrate Hexahydrate and Sodium Sulfide (Sample 2) 

A 10 mL solution of zinc nitrate hexahydrate (Zn(NO3)2.6H2O, 1M) was prepared 

followed by dropewise addition of Na2S solution (1M, 10 mL). The solution was sonicated for 

30 minutes while the Na2S solution was added and for another 30 minutes afterwards. The 

product was then collected via centrifugation and purified by multiple washes with DI water and 

ethanol. The final product was dried under vacuo overnight. Further, for one specific reaction, 

the flask was placed in ice bath to decrease the reaction temperature to 2°C. The reaction 
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temperature was later increased to room temperature and two surfactants, namely sodium 

dodecyl sulfate (SDS) and hexadecyl trimethyl ammonium bromide (CTAB), were added to the 

reaction (Table A.3). In addition, when surfactants were used, the zinc nitrate hexahydrate 

solution and the surfactant were sonicated for 10 minutes before the addition of Na2S solution. 

A similar reaction using Zn(NO3)2.6H2O (1M, 30 mL) and sodium sulfide nonahydrate 

(Na2S.9H2O, 1M, 30 mL) at room temperature was executed and other surfactants were tested 

(Sample 3)(Table A.4). The surfactants tested were triton X-100, sodium cholate hydrate, and 

sodium dodecylbenzenesulfonate (SDBS). In addition, these reactions were done in reverse order 

meaning the surfactants were dispersed with Na2S.9H2O solution followed by the addition of 

Zn(NO3)2.6H2O solution. In some cases the final product from the above reactions was annealed 

at 800°C for 2 hours under an argon atmosphere. 

 
Table A.3  

Reaction Conditions for Sample 2 

 
Reagents Surfactant Temperature 

Zn(NO3)2.6H2O 

(1M, 10 mL) 

 

SDS 

 

Room temp. 

Na2S (1M, 10 mL) 

Zn(NO3)2.6H2O 

(1M, 10 mL) 

 

CTAB 

 

Room temp. 

Na2S (1M, 10 mL) 
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Table A.4  

Reaction Conditions for Sample 3 

Surfactant Wt. % of 

surfactant 

Temperature (°C) Time 

(hours) 

Terephthalic acid 10 Room temp. Overnight 

SDS 10 Room temp. Overnight 

Triton X-100 10 Room temp. Overnight 

CTAB 10 Room temp. Overnight 

Sodium cholate 

hydrate 

10 Room temp. Overnight 

SDBS 10 Room temp. Overnight 

Sodium cholate 

hydrate 

10 60 Overnight 

  

A.3.1.3 Reaction with Zinc Nitrate Hexahydrate and Thiourea (Sample 4) 

 A 0.5 M Zn(NO3)2.6H2O (25 mL) and 0.5 M thiourea (25 mL) solution was prepared and 

transferred into a round-bottom flask. The content in the flask was dispersed in a water bath 

sonicator for one hour. Then the flask was set under reflux at 120°C overnight. The product was 

then collected via centrifugation and purified with multiple washes of DI water and ethanol. The 

final product was dried under vacuo overnight. The same reaction was performed in the presence 

of SDS. Additionally, the reaction vessel was replaced by a Teflon container as an autoclave to 
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maintain the temperature and pressure generated during the reaction. This reaction was done 

at a slightly lower temperature of 110°C.  

On the other hand, the two reagents were used in dimethyl sulfoxide (DMSO). A 7.43 g 

sample of Zn(NO3)2.6H2O and 1.9 g sample of thiourea were placed into a round-bottom flask. 

Then the flask was set under reflux while stirring at 150°C for 2 hours. The product was then 

collected via centrifugation and purified by multiple washes of DI water and acetone. The final 

product was dried under vacuo overnight. Table A.5 contains all the reaction conditions as well 

as the various surfactants used.  

In addition to using single surfactants we explored the effect of combining different 

surfactants with identical weight % as well as diverse weight % (Table A.6). 
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Table A.5 

 Reaction Conditions for Sample 4 

Surfactant Wt. % of 

surfactant 

Temperature (°C) Time 

(hours) 

Solvent 

None - 130 (reflux) Overnight DMSO 

None - 140 (reflux) 2 DMSO 

None - 160 (reflux) 2 DMSO 

None - 170 (reflux) 4 DMSO 

SDS 5 &10 150 (reflux) 2 DMSO 

CTAB 5 & 10 150 (reflux) 2 DMSO 

Terephthalic 

acid 

5, 10, & 20 150 (reflux) 2 DMSO 

Terephthalic 

acid 

10 & 20 150 (reflux) Overnight DMSO 

Triton X-100 5, 10, 15, & 20 150 (reflux) 2 DMSO 
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Table A.6  

Mixture of Surfactants 

Surfactants Wt. % of each 

surfactant  

Temperature 

(°C) 

Time 

(hours) 

Solvent 

Terephthalic 

acid 

SDS 2.5 & 5 150 (reflux) 2 DMSO 

Terephthalic 

acid 

Triton X-

100 

5 & 10 150 (reflux) 2 DMSO 

Terephthalic 

acid 

CTAB 5 &10 150 (reflux) 2 DMSO 

Triton X-

100 

CTAB 10  150 (reflux) 2 DMSO 

Triton X-

100 

CTAB 10 (Triton X-100), 

5 (CTAB) 

150 (reflux) 2 DMSO 

 

A.3.1.4 Reaction with Zinc Chloride and Thiourea (Sample 5) 

A 3.40 g sample of ZnCl2 and 1.9 g sample of thiourea were placed into a round-bottom 

flask with 25 mL of diethylene glycol methyl ether. Then the flask was set under reflux while 

stirring at 190°C for 2 hours. The product was then collected via centrifugation and purified with 

multiple washes of DI water and acetone. The final product was dried under vacuo overnight. 

Table A.7 displays the list of surfactants that were studied with these reaction conditions.  
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Table A.7  

Reaction Conditions for Sample 5 

Surfactant Wt. % of surfactant 

Terephthalic acid 5 & 10 

Sodium cholate hydrate 5 & 10 

pluronic F-127 5 & 10 

 

In addition, the reaction was performed in a different solvent, namely anhydrous diglyme. 

Since the solvent used is anhydrous, the reaction requires a moisture-free environment. 

Therefore, the reagents were dried under vacuum then measured in a glovebox and the reaction 

container was purged with argon during the reaction. A typical reaction contains a 3.46 g sample 

of ZnCl2 and 1.89 g sample of thiourea placed into a round-bottom flask with 25 mL of diglyme. 

Then the flask was set under reflux while stirring at 150°C for 2 hours. The addition of 

terephthalic acid to this reaction was investigated (Table A.8).  

 

Table A.8  

Reaction Conditions for Sample 5 in Diglyme  

Surfactant Wt. % of surfactant Temperature (°C) 

Terephthalic acid 5 & 10 150 (reflux) 

Terephthalic acid 15 & 20 160 (reflux) 
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A.4 Results and Discussion 

A.4.1 Synthesis of Zinc Sulfide Nanostructures 

A.4.1.1 Reaction with Zinc Chloride and Sodium Sulfide (Sample 1) 

 There are many publications that focus on the synthesis of zinc sulfide (ZnS),42-45 and in 

our research we started with the simple zinc and sulfur sources available, which were zinc 

chloride and sodium sulfide. The two reagents react in 1:1 ratio to form ZnS and a water-soluble 

sodium chloride (NaCl) salt that is removed during the purification process (Equation A.1). The 

transmission electron microscopy (TEM) image shows there is no development of nanostructure, 

which suggests higher temperature and sonication did not improve the formation of ZnS 

nanostructures (Figure A.3).  

ZnCl2+Na2S→ZnS+2NaCl    (Equation A.1) 

 

 
Figure A.3: TEM image of Sample 1. 
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A.4.1.2 Reaction with Zinc Nitrate Hexahydrate and Sodium Sulfide (Sample 2) 

 Since the reaction between zinc chloride and sodium sulfide did not result in formation of 

ZnS nanostructures, a different zinc source was explored. In this case, Zn(NO3)2.6H2O was 

reacted with Na2S at ambient temperature (Equation A.2). During the reaction, the addition of 

Na2S solution resulted in an instant precipitate formation. Therefore, a separate reaction was 

conducted at lower temperature (2°C) aiming to reduce the rate of precipitate formation. 

However, the TEM image of both reactions shows no evidence of ZnS nanostructures. 

Furthermore, the addition of anionic (SDS) and cationic (CTAB) surfactants did not improve the 

result (Figure A.4).   

Zn(NO3)2.6H2O+Na2S→ZnS+2NaNO3+ 6H2O      (Equation A.2) 

In order to recover a favorable result, the above reaction was performed using a larger 

amount of starting materials and longer reaction time (Sample 3). An extended reaction period 

will give enough time for nucleation and growth leading to the development nanostructures. 

Various nonionic surfactants such as terephthalic acid, triton X-100, and sodium cholate hydrate; 

anionic surfactants such as SDS and SDBS; and a cationic surfactant CTAB (Figure A.5) were 

used and TEM images display the formation of well-defined nanoparticles (Figure A.6). 
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Figure A.4: TEM image of Sample 2 (a) at 2°C, (b) with SDS, and (c) with CTAB. 

 
 

(a) 

(c) 

(b) 
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Figure A.5: Surfactants used in this work. 

 
 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 Terephthalic acid  
 
 
Hexadecyl trimethyl 
ammonium bromide (CTAB)  
 
 

Triton X-100  
 

Sodium cholate hydrate   
 
 
 
 
 

Sodium dodecyl sulfate (SDS) 
 
 
Sodium dodecyl benzene 
sulfonate (SDBS) 
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Figure A.6: TEM image of Sample 3 with (a) terephthalic acid, (b) SDS, (c) CTAB, and (d) 
sodium cholate hydrate. 
 
 

 Energy-dispersive X-ray spectroscopy (EDX) analysis establishes that the product is 

composed of 51.34% atomic weight sulfur and 48.66% zinc (Figure A.7). Furthermore, the X-ray 

diffraction (XRD) pattern contains peaks at 2θ equals to 29°, 48°, and 56° corresponding to 111, 

220, 311 planes, respectively (Figure A.8). These values are representative of zinc blend, or 

(a) (b) 

(c) 
(d) 
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cubic zinc sulfide nanostructures, and are in agreement with published literatures.46 However, 

the Fourier-transform infrared spectroscopy (ATR-FTIR) spectrum suggests the presence of 

surfactant in the final product. For example, the CTAB-assisted reaction has peaks at 1471 cm-1, 

2846 cm-1, 2917 cm-1, and 3216 cm-1 which are attributed to the methyl group of N(CH3)3, 

aliphatic C-H groups, and OH group from the absorbed moisture (Figure A.9). 

 

 

Figure A.7: (a) EDX spectrum of Sample 1 and (b) EDX data of Sample 1. 
 
 

 
Figure A.8: XRD pattern of Sample 3 containing SDS. 
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Figure A.9: ATR-FTIR spectrum of Sample 3 containing CTAB.  
 
 

Some of the surfactant-containing reactions were heated at a high temperature to remove 

the surfactant that was still in the product after the purification step. This process was done under 

inert atmosphere (argon) to prevent oxidation of ZnS to ZnO nanostructures. In some cases 

annealing can be used to form crystalline structures.47-51 In our case, we observed an elimination 

of the surfactant. The ATR-FTIR spectrum has no peaks due to the presence of the surfactant, 

indicating the removal of surfactant from the product (Figure A.10). 

 
Figure A.10: ATR-FTIR spectrum of Sample 3 with CTAB after annealing.  
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An additional reaction was performed in reverse order with Zn(NO3)2.6H2O solution 

added to the mixture of Na2S and surfactant revealing the order of addition has no influence in 

the fabrication of ZnS nanostructures. The TEM image shows identical products with both 

standard and reverse additions (Figure A.11). Also, an increase in temperature to 60°C has no 

impact (Figure A.12).  

 

  
Figure A.11: TEM image of Sample 3 with triton X-100. (a) Standard addition and (b) reverse 
addition. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) (b) 
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Figure A.12: TEM image of Sample 3 with sodium cholate hydrate at 60°C. (a) Standard 
addition and (b) reverse addition. 
   
 

A.4.1.3 Reaction with Zinc Nitrate Hexahydrate and Thiourea (Sample 4) 

 Zinc nitrate hexahydrate and thiourea were mixed in water and refluxed above the boiling 

point of water. This reaction can occur in two ways. First, at low temperature thiourea can form a 

complex salt [Zn(H2NCSNH2)n)2+] with Zn, then the complex disintegrates to the final product 

ZnS (Equation A.3).52 Second, thiourea can decompose to form diazomethane (CH2N2) and 

hydrogen sulfide (H2S), which then reacts with water molecules and ZnS at a temperature above 

105°C to produce in ZnS, ammonium gas, and carbon dioxide (Equation A.3).53 

i,   Zn2++ H2NCSNH2 n)→[Zn H2NCSNH2 n)
2+]   (Equation A.3) 

ii,   H2NCSNH2→CH2N2+H2S 

ii,   Zn(NO3)2.6H2O+CH2N2+H2S→ZnS+2HNO3 2NH3+CO2  (Equation A.4) 

(a) (b) 
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The reaction was done in a round-bottom flask as well as an autoclave. The use of 

autoclave allows hydrothermal approach, which maintains the temperature and pressure built up 

during the reaction. TEM images of the product display large particles with diameters of 1 µm 

and when a Teflon autoclave was used the particles were smaller but fused with each other 

(Figure A.13). 

 

  
Figure A.13: TEM image of Sample 4 obtained using (a) round-bottom flask and (b) Teflon 
autoclave. 
 

 Next, a different polar solvent was used to accomplish a formation of nanoparticles with 

diameters less than 100 nm. The reaction temperature was varied starting from the boiling point 

of DMSO, which is 190°C, down to 130°C in order to decrease energy consumption. Low- 

temperature reaction with an extended reaction period did not produce any result, and during this 

proces, we learned that the temperature has to be above 140°C to observe any product formation. 

Therefore, the reaction temperature was selected to be 150°C, which will allow the complete 

(a) (b) 
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transformation of the reagents to products. Once the reaction parameters were established, 

various surfactants were used with the procedure in anticipation of seeing nanostructures with 

diverse morphology. TEM image of the product showed the formation of particles, rods, sheets 

and a mixture of particles and hollow spheres when CTAB, terephthalic acid, triton X-100, and 

SDS were utilized. However, an increase in concentration of surfactant had no impact on the ZnS 

product since both 5% and 10% surfactant loading resulted in identical structures (Figure A.14). 

Further, the increase in reaction time with terephthalic acid did not change the morphology of the 

nanorods.  

The mixture of surfactant resulted in a product containing multiple morphologies. For 

example, a reaction containing triton X-100 and CTAB had nanosheets and nanoparticles as 

products (Figure A.15). ATR-FTIR spectrum shows the presence of surfactants in the product.  
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Figure A.14: TEM image of Sample 4 with (a) terephthalic acid, (b) triton X-100, and (c) SDS.  
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Figure A.15: TEM image of Sample 4 with a mixture of triton X-100 and CTAB. 
 
 

A.4.1.4 Reaction with Zinc Chloride and Thiourea (Sample 5) 

 These two reagents used in diethylene glycol methyl ether formed ZnS nanosheets even 

after the addition of nonionic surfactants such as terephthalic acid, pluronic F 127, and sodium 

cholate hydrate. On the other hand, the use of anhydrous diglyme as a reaction medium and 

terephthalic acid resulted in a mixture of nanorods and nanoparticles (Figure A.16). Moreover, a 

larger surfactant loading produced more nanorods with an average diameter of 35 nm and a few 

micrometers in length. ATR-FTIR spectrum suggests that all of the surfactants were not removed 

from the product during the purification steps.  
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Figure A.16: TEM image of Sample 5 with terephthalic acid (a) in diethylene glycol methyl 
ether and (b) in anhydrous diglyme. 
 
 
 

A.5 Summary and Conclusion 

  Four zinc and sulfur sources, namely zinc nitrate hexahydrate, zinc chloride, thiourea, 

and sodium sulfide nonahydrate, were used in different combinations to form ZnS 

nanostructures.  The first combination was based on zinc chloride and sodium sulfide, but this 

group of reagents did not produce any ZnS nanostructures. The second combination was 

performed with zinc nitrate hexahydrate and sodium sulfide. This reaction produced 

nanoparticles when surfactants such as terephthalic acid, SDS, CTAB, and sodium cholate 

hydrate were added. The third pair utilizes zinc nitrate hexahydrate and thiourea to form ZnS 

nanoparticles. The presence of CTAB in the reaction had no influence, yet terephthalic acid, 

triton X-100, and SDS resulted in ZnS nanorods, nanosheets, and a mixture of nanoparticles and 

hollow spheres, respectively. Further, the addition of more than one surfactant can lead to the 

(a) (b) 
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development of various structures in a single product. The last combination was done using 

zinc chloride and thiourea; with this reaction, diethylene glycol methyl ether or anhydrous 

diglyme were used as a solvent. Incorporation of terephthalic acid with anhydrous diglyme 

formed ZnS nanorods, whereas in anhydrous diglyme we observe only ZnS nanosheets 

regardless of the existence of surfactant. EDX analysis proves the product is composed of zinc 

and sulfur while ATR-FTIR reveals the presence of surfactant. Also, XRD pattern confirms the 

ZnS nanostructures were zinc blend or cubic.  
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