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ABSTRACT
Nickel(II) Tetraphenylporphyrin: Core-Shell Nanoparticle Synthesis,
Characterization, and Magnetic Properties
By
Cristian Reynaga Gonzalez

The exploration of Nickel(II) Tetraphenylporphyrin (NiTPP) under thermal
decomposition provides crucial insights into synthesizing novel magnetic materials
with potential applications in nanotechnology and biomedical applications. This
study investigates the structural evolution and magnetic behavior of NiTPP sub-
jected to solid-phase pyrolysis at varying temperatures (500°C - 900°C) and times (10
- 240 minutes). Through a range of characterization techniques, including Powder
X-ray Diffraction (PXRD), Physical Property Measurement System (PPMS) with
Vibrating Sample Magnetometry (VSM), and Scanning Electron Microscopy (SEM),
we attempt to interpret the interplay between pyrolysis conditions and the resultant
nanoparticle properties. The emergence of magnetic core-shell structures and the
impact of subsequent annealing in oxygen and nitrogen atmospheres on the nanopar-
ticles” morphology and magnetic properties are investigated. As we compare our
initial NiTPP findings with previous work, we aim to replicate and refine synthesis
procedures for various metal centers within the porphyrin matrix, including cobalt,
copper, and zinc. In doing so, we attempt to identify pathways that allow the tailoring

of morphology and magnetic characteristics in nanoparticles.
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CHAPTER 1

Introduction

1.1 The Evolution of Nanoparticles in Modern Science

Fundamental discoveries and innovations have driven the evolution of nan-
otechnology, advancing our ability to understand and manipulate materials at the
nanoscale. One of the earliest known applications of nanoparticles (NPs) dates to an-
cient Rome, exemplified by the Lycurgus Cup from the 4th century AD. This dichroic
cup, which changes color based on the direction of light, demonstrates the use of gold
and silver NPs, showcasing early, albeit unintentional, nanoparticle manipulation. In
the 19th century, Michael Faraday made groundbreaking contributions to the field
with his work on colloidal gold. In 1857, Faraday observed the distinct color changes
of gold colloids due to variations in particle size, hypothesized the existence of metal-
lic particles at the nanoscale, and developed techniques to synthesize and stabilize
these colloids[1]. His observations laid the groundwork for colloidal chemistry and
NPs research.

The idea of nanotechnology was further advanced in the 20th century by
Richard Feynman. In his seminal 1959 lecture, ”There’s Plenty of Room at the
Bottom,” Feynman articulated a vision for manipulating matter at the atomic and
molecular levels, predicting the vast potential of nanoscale engineering [2]. This fore-

sight spurred the scientific community to explore the possibilities of working at such



diminutive scales. Thirty years later, a technological breakthrough came in 1981 with
the invention of the scanning tunneling microscope (STM) by Gerd Binnig and Hein-
rich Rohrer. This device enabled direct visualization and manipulation of individual
atoms on surfaces, a capability that earned its inventors the Nobel Prize in Physics
in 1986 [3]. The STM’s ability to produce atomic-resolution images revolutionized
surface science and catalyzed advancements in nanotechnology.

The discovery of carbon-based nanomaterials in the 1980s and 1990s was piv-
otal. Fullerenes (buckyballs) were discovered by Harold Kroto, Richard Smalley,
and Robert Curl in 1985[4], and carbon nanotubes were discovered by Sumio Iijima
in 1991[5]. These materials exhibited unique structural, electrical, and mechanical
properties, expanding nanomaterials’ applications in electronics, materials science,
and medicine. The significance of fullerenes was highlighted by the Nobel Prize in
Chemistry awarded to their discoverers in 1996. The early 21st century saw further
advancements in NPs synthesis techniques. Methods such as chemical vapor depo-
sition (CVD), sol-gel processes, and hydrothermal synthesis enabled precise control
over NPs size, shape, and composition [6]. These techniques have facilitated the in-
tegration of NPs into applications ranging from targeted drug delivery systems and
diagnostic tools to energy storage devices and environmental remediation [7]. Cur-
rently, nanotechnology research is characterized by developing multi-functional NPs
capable of performing simultaneous tasks, such as targeted drug delivery and real-time
imaging [8]. In the biomedical field, researchers are developing NPs for targeted drug
delivery, diagnostic imaging, and therapeutic agents in cancer treatment. Magnetic
nanoparticles (MNPs), in particular, have garnered attention for their use in mag-
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netic resonance imaging (MRI) and magnetic hyperthermia therapy [9]. The interdis-
ciplinary nature of modern nanoparticle research has allowed fields like biomedicine,
electronics, and environmental science to benefit from advancements in targeted drug
delivery, enhanced imaging techniques, and environmental remediation technologies.

1.2 Nanoparticles

Nanoparticles, defined as particles with diameters between 1 nm and 100 nm,
see Figure 1.1, exhibit unique properties significantly different from their bulk coun-

terparts due to their high surface-to-volume ratio and quantum effects [10].

Remdivir S-spike DNA  SARS-CoV 2 Eukaryote Cells Apple
Drug Protein \ 7
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Figure 1.1: The image shows the size range of various entities, from small molecules
like Remdesivir to large objects like an apple, highlighting nanoparticles such as lipid
NPs, gold nanoclusters, polymeric NPs, fullerenes, and ZIF-8 within the 1-100 nm
scale.

These particles can be synthesized from various inorganic and organic materi-
als through two general methodological approaches: bottom-up and top-down tech-

niques. In the bottom-up approach, NPs are assembled from smaller units, such as



atoms or molecules, through chemical processes. In contrast, the top-down approach
involves breaking down bulk materials into smaller particles. Numerous synthesis
techniques fall under the bottom-up category, offering specific advantages in con-
trolling the NPs’ size, shape, and composition. Some of the widely used synthesis
methods are listed in Table 1.1. Because of their small dimensions, NPs are not readily
observable with optical microscopes. This limitation arises because the wavelength
of visible light ranges from 380 to 700 nanometers and is significantly larger than
the size of even the largest NPs. As a result, optical light microscopes, which rely
on visible light for imaging, cannot resolve objects as small as NPs, rendering these
microscopes ineffective. The inability of optical microscopes to visualize NPs stems
from the fundamental diffraction limit, which restricts the resolution of these micro-
scopes to about half the wavelength of the light used. Thus, advanced techniques are
required. Electron microscopy, for instance, uses electron beams with much shorter
wavelengths than visible light, allowing for high-resolution imaging at the nanoscale.
Other methods, such as scanning tunneling microscopy (STM) and atomic force mi-
croscopy (AFM), also enable detailed visualization and characterization of NPs by

probing the surface at the atomic level.



Technique

Description

Approach

Co-precipitation

A method involving the simul-
taneous precipitation of compo-
nents from a solution. [11]

Bottom-Up

Thermal Decomposition

Involves high-temperature de-
composition of precursors under
vacuum, air, or gases. [12]

Bottom-Up

Hydrothermal and Solvothermal
Synthesis

High-temperature and pressure
reactions in aqueous or non-
aqueous solvents. [13]

Bottom-Up

Sol-Gel Process

The sol-gel process transitions a
system from a liquid ’sol’ to a
solid ’gel’ phase by hydrolysis
and condensation reactions. [14]

Bottom-Up

Flame Spray Pyrolysis

Uses high-temperature flames to
produce nanoparticles from lig-
uid precursors. [15]

Bottom-Up

Sonochemical Synthesis

Ultrasonic waves induce chemi-
cal reactions, forming nanostruc-
tured materials. [16]

Bottom-Up

Vapor Deposition

Vaporized materials condense to
form nanoparticles on a sub-
strate, including chemical and
physical vapor deposition meth-
ods. [17]

Bottom-Up

Microwave-Assisted Synthesis

Rapid and uniform heating by
microwaves accelerates chemical
reactions. [18]

Bottom-Up

Polyol Process

A high-boiling point polyol acts
as a solvent and reducing agent.
[19]

Bottom-Up

Mechanical Milling

Involves the mechanical grinding
of bulk materials into fine parti-
cles using ball mills. [20]

Top-Down

Pulsed Laser Ablation

High-power laser pulses are used
to vaporize materials, producing
nanoparticles from the condensed
vapor. [21]

Top-Down

Table 1.1: Summary of nanoparticle synthesis techniques, their descriptions, and

approach.




1.3 Magnetic Nanoparticles

1.3.1 Basic Concepts of Magnetism

To comprehend the magnetic properties of NPs; it is essential to understand
the fundamental concepts of magnetism. Magnetism is a physical phenomenon medi-
ated by magnetic fields. Electric currents and the magnetic moments of elementary
particles give rise to these fields. Specifically, electrons’ orbital and spin motions and
their interactions generate magnetic fields. The combination of spin-orbit coupling
and various electron interaction types results in a wide range of magnetic phenomena.

Magnetization (M) is defined as the magnetic moment per unit volume of
a material and varies with the applied magnetic field strength (H), but can also
be expressed per unit mass (emu/g). When a magnetic material is subjected to a

magnetic field, the resultant magnetic induction (B) is given by:

B=H+4rM (1.1)

In CGS units, the permeability of free space is equal to one and thus does
not appear in the equation. The volumetric magnetic susceptibility (y) quantifies the
degree to which a material can be magnetized in response to an applied magnetic
field and is defined as:

M = xH (1.2)

In CGS units, x is dimensionless, and both M and H are expressed in oersteds

(Oe).



The typical magnetization curve, as a function of the applied magnetic field,
reveals key features such as saturation magnetization (Mj), remanent magnetization
(M,), and coercive field (H.), see Figure 1.2. Saturation magnetization occurs when
all magnetic dipoles align with the external magnetic field. Remanent magnetization
is the residual magnetization when the external field is removed, and the coercive field
is the reverse field required to reduce the magnetization to zero. Magnetic suscepti-
bility in materials depends on temperature and the applied magnetic field[22], leading
to the characteristic sigmoidal shape of the M vs H curve, with M approaching sat-
uration at high magnetic field values. Hysteresis is a lag in the magnetization process
often seen in ferromagnetic and ferrimagnetic materials. This happens because the
magnetic regions in the material get stuck at impurities or boundaries and because

the material’s magnetic properties vary in different directions.

M a
Ms

H

v

Figure 1.2: A typical hysteresis loop for MNPs, highlighting the key features: satu-
ration magnetization (M), remanent magnetization (M, ), and coercivity (H.,).



1.3.2 Nickel-Based Magnetic Nanoparticles

All matter exhibits some form of magnetism. The key difference between ma-
terials lies in the extent of the collective interaction of atomic magnetic moments.
Some materials show no significant collective interaction, while others display very
strong interactions. We can classify magnetic properties by applying a magnetic field
to these materials and observing their response. Generally, the magnetic behavior of
materials is categorized as diamagnetism, paramagnetism, ferromagnetism, ferrimag-

netism, and antiferromagnetism[23], as shown in Figure 1.3.
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Figure 1.3: Illustration of atomic magnetic moment orientations in various magnetic
states: (a) Diamagnetic, (b) Paramagnetic, (¢) Ferromagnetic, (d) Ferrimagnetic, and
(e) antiferromagnetic with and without an external magnetic field.

In addition to these categories, superparamagnetic behavior is commonly ob-

served in nano and single-domain particles[24]. For this thesis, our discussion will

focus solely on ferromagnetic behavior.



Ferromagnetism in materials such as iron (F'e), nickel (Ni), and cobalt (Co)
originates from the interactions of unpaired electrons in their d-orbitals. These transi-
tion metals have partially filled 3d orbitals, contributing to their magnetic properties.
The intense exchange interactions among these unpaired electrons lead to parallel
alignment of their spins, resulting in a significant net magnetic moment without an
external magnetic field.

The Curie temperature (T¢) is an important point for ferromagnetic materi-
als. It is the temperature above which a ferromagnetic material loses its permanent
magnetism and becomes paramagnetic. Below this temperature, the material remains
ferromagnetic because the thermal energy is not strong enough to disrupt the mag-
netic order. Above the Curie temperature, the heat causes the magnetic moments to
become misaligned, turning the material paramagnetic.

As previously mentioned, nickel, with an atomic number of 28, exhibits strong
ferromagnetic properties that arise from its electronic structure. Nickel has an elec-
tron configuration of [Ar]3d®4s?, with the partially filled 3d orbital that plays a crucial
role in its magnetic properties, and its (T¢) is approximately 358°C (631 K). Nickel’s
high saturation magnetization makes it an excellent material for various magnetic ap-
plications. Nickel also exhibits significant magnetic anisotropy, affecting nickel-based
magnetic materials’ coercivity and remanence[25].

Nickel crystallizes in a face-centered cubic (FCC) structure, one of the most
densely packed crystal structures. In the FCC structure, each nickel atom is sur-
rounded by 12 nearest neighbors, forming a highly coordinated lattice, as illustrated

in Figure 1.4. This arrangement contributes to nickel’s stability, mechanical strength,



and magnetic properties.

Figure 1.4: Tllustrating the FCC crystal structure: (left) close-packed arrangement of
atoms, (middle) schematic of the FCC unit cell with atoms at the corners and centers
of each face, and (right) three-dimensional view of the FCC lattice.

The FCC structure of nickel plays a significant role in its ferromagnetic behav-
ior[26]. The high coordination number and close packing of atoms facilitate strong
exchange interactions between the unpaired 3d electrons, enhancing the ferromag-
netic ordering. Additionally, the FCC structure allows for the formation of various
nanoscale structures, such as NPs, nanowires, and thin films, which can be tailored
for specific applications.

The ability to manipulate nickel’s crystal structure and morphology at the
nanoscale is crucial for developing advanced magnetic materials. By controlling the
synthesis conditions, researchers can tailor nickel nanostructures’ size, shape, and
crystallinity to achieve the desired magnetic properties. For instance, nickel NPs
with a well-defined FCC structure can exhibit enhanced saturation magnetization and
reduced coercivity, making them excellent candidates for applications in magnetic
hyperthermia, targeted drug delivery, and MRI contrast agents. These properties

make nickel valuable for developing advanced MNPs with potential applications in
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biomedicine and other fields.

1.4 Core-Shell Nanoparticles

Core-shell NPs are a class of nanostructures characterized by a core material
encapsulated by a shell made of a different material. This architecture combines
distinct properties from core and shell materials, resulting in multifunctional NPs
with enhanced application performance. The core-shell structure is particularly ad-
vantageous in tuning NPs’ chemical, physical, and biological properties, making them
suitable for various applications, including catalysis, drug delivery, imaging, and mag-

netic applications. Many variations of core-shell NPs are presented in Figure 1.5.

Core-Shell/ Encapsulated Structures

|
Core-Shell Yolk-Shell or Sandwiched
Hollow structures Structure

Core@shell Sandwiched Core@shell

Multi-core@shell Multi-core@Hollow structure Embedded Structure

Core@Mesopores

Figure 1.5: Different core-shell and encapsulated structures including core-shell, yolk-
shell, sandwiched core-shell, multi-core-shell, multi-core hollow structure, embedded
structure, and core within mesoporous shells.

The design of core-shell NPs involves selecting appropriate core and shell ma-
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terials to achieve the desired properties. The core typically determines the primary
functionality, while the shell provides stability, biocompatibility, or additional func-
tionalities. The synthesis of core-shell NPs can be achieved through methods similar
to those described in Table 1.1. These NPs offer several functional advantages due
to their architecture, like enhanced stability, tailored surface properties, controlled
release, and magnetic properties.

Core-shell MNPs have gained significant attention due to their potential appli-
cations in biomedical fields. The core typically comprises magnetic materials like iron
oxide (Fe30y), Co, or Ni. At the same time, the shell can be made of materials like
carbon, silica, or polymers to provide biocompatibility and functionalization sites.
For example, an iron oxide core encapsulated by a silica shell offers biocompatibility
and can attach functional groups for targeted drug delivery[29]. The magnetic core
enables imaging and hyperthermia treatment, while the silica shell ensures stability
and controlled drug release.

Our research uses nickel (II) tetraphenylporphyrin (NiTPP) as a precursor
for our core-shell synthesis. This precursor is advantageous because it provides all
the components required for the core-shell structure and allows for the formation of
highly crystalline and uniform core-shell NPs.

1.5 Nickel (IT) Tetraphenylporphyrin (NiTPP)

Our previous work has focused on synthesizing and characterizing carbon-
coated core-shell MNPs using iron-phthalocyanine and iron-porphyrin as precur-

sors[30]. The study demonstrated the effectiveness of these precursors in producing

12



highly stable and MNPs suitable for biomedical applications. Building upon this
foundation, we aim to explore the use of different metal centers within the porphyrin
matrix to expand the potential applications and improve the properties of the result-
ing NPs. NiTPP is a promising precursor for core-shell synthesis in this context due
to its unique chemical structure and properties.

NiTPP is an organometallic compound with the chemical formula Cys Hos Ny N1
and with the nickel ion coordinated to a tetraphenylporphyrin ligand [31]. The
tetraphenylporphyrin structure includes a macrocyclic ring composed of four pyr-
role subunits connected via methine bridges (=CH-). Each pyrrole ring is bonded to
a phenyl group, resulting in the tetraphenylporphyrin framework. The central nickel
ion is coordinated within the nitrogen-containing cavity of the porphyrin ring, form-
ing a stable complex, as shown in Figure 1.6. The boiling point of NiTPP is typically
above 250°C, which makes it suitable for high-temperature synthesis processes such

as solid-phase pyrolysis.

Figure 1.6: Molecular structure of Nickel(II) Tetraphenylporphyrin (NiTPP), a coor-
dination compound where a nickel ion is centrally coordinated to a tetraphenylpor-
phyrin ligand.

NiTPP is advantageous as a precursor for core-shell nanoparticle synthesis

13



for various reasons, such as providing the desired components necessary for forming
core-shell MNPs with precise control over the core and shell composition [32], the
presence of the nickel ion, and the extensive carbon framework of the porphyrin
ligand facilitate the formation of a magnetic core with a protective carbon shell, the
nickel ion contributes to the magnetic properties of the resulting NPs, and the ratio of
carbon atoms to nickel atoms in NiTPP is also significant. With an extensive carbon
framework surrounding the nickel center, the resulting core-shell MNPs benefit from
enhanced stability and reduced oxidation, preserving their magnetic properties over
time.

1.6 Magnetic Hyperthermia and Biomedical Applications

Cancer cells exhibit unique behaviors that distinguish them from normal cells,
one of which is their ability to rapidly increase and form new blood vessels through a
process known as angiogenesis[33]. This rapid growth necessitates an abundant sup-
ply of nutrients and oxygen, which the tumor achieves by stimulating the production
of new blood vessels. Unlike the well-organized vasculature in normal tissues, tumor
vasculature is typically disorganized and leaky. This characteristic allows for the en-
hanced permeability and retention (EPR) effect[34], where NPs and macromolecular
drugs accumulate more readily in tumor tissues than in normal tissues.

Chemotherapy, currently the leading cancer treatment, has had a significant
impact on patient survival rates and is widely used across various cancer types. How-
ever, its use is often accompanied by severe side effects due to its non-selective action,

which harms healthy cells alongside cancerous ones[35]. These adverse effects can sig-
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nificantly affect patients’ quality of life and limit the overall efficacy of the treatment.
Consequently, there is a growing need for more targeted and effective cancer thera-
pies. Magnetic hyperthermia is a promising alternative that utilizes the properties
of MNPs to selectively heat and necrotize the cancer cells, potentially reducing the

collateral damage to healthy tissues.

Tumor R
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Figure 1.7: Schematic representation of magnetic hyperthermia treatment. MNPs are
injected into the tumor site (left images). When subjected to an alternating magnetic
field (right images), the MNPs generate localized heat, leading to the selective necrosis
of cancer cells in tumors.

Magnetic hyperthermia involves using MNPs, which generate heat when sub-
jected to an alternating magnetic field (AMF). The localized heating ranges between
43°C to 46°C[36] and can induce hyperthermia in the targeted tumor tissue, effectively
destroying cancer cells while minimizing damage to surrounding healthy tissues. The
heating efficiency of magnetic hyperthermia is influenced by various factors, including
the amplitude and frequency of the applied alternating magnetic field, the magnetic
anisotropy and magnetization of the particles, interactions between particles, and the
size and size distribution of the MNPs[37,38,39].
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This work is experimental and aims to achieve several objectives. Firstly, we
sought to demonstrate the successful synthesis of core-shell MNPs using NiTPP as
a precursor. Secondly, we intended to investigate the magnetic properties of these
NPs, mainly focusing on optimizing the synthesis parameters. Lastly, we aim to
explore the potential of NiTPP as a viable precursor for synthesizing MNPs suitable

for biomedical applications, such as magnetic hyperthermia.

16



CHAPTER 2

Sample Synthesis and Experimental Technique

2.1 Sample and Ampoule Preparation

Preparing samples and ampoules is critical to successfully synthesizing carbon-
coated NiTPP core-shell MNPs. The process begins with the selection and cleaning
of quartz tubes. Quartz tubes are chosen for their ability to hold a vacuum and with-
stand temperatures up to 2200°C[40]. The tubes used in this research have an outer
diameter of 12 mm and an inner diameter of 8 mm. Before any sample introduction,
the quartz tubes are thoroughly cleaned to remove potential contaminants.

Once the quartz tubes are cleaned and dried, introducing the NiTPP precursor
is the next step. NiTPP was purchased from PorphyChem Company with a minimum
purity of 98%. The precursor is a purple solid in appearance, is stable at room
temperature, and was used as-is. We accurately measure 100 mg of NiTPP using
an analytical balance and carefully transfer it into the quartz tubes. Only plastic
spatulas and weighing paper are used during this process to avoid contamination.

Achieving a high vacuum environment inside the quartz tubes is essential to
prevent unwanted oxidation during pyrolysis. The open end of each quartz tube
is connected to an Edwards Turbomolecular Pumping Station capable of reaching
pressures as low as ten millitorr. The system consists of a mechanical pump followed

by a turbo molecular pump to achieve the required low pressure. The tubes are kept
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under vacuum for up to 15 minutes to ensure all air and moisture are removed.

Figure 2.1: Sealing of a quartz ampoule using an oxy-acetylene torch. The ampoule
contains precursor materials for the synthesis of carbon-coated core-shell nanoparti-
cles.

Sealing the quartz ampoules under vacuum is performed using an oxy-acetylene
torch, which can reach temperatures up to 3150°C[41], see Figure 2.1. The technique
involves gradually heating the secured tube while rotating the lame around the tube’s
circumference to ensure uniform heat distribution. Initially, the torch’s flame is kept
further from the tube, producing less intensity to gently burn off any residual or-
ganic material stuck to the quartz tube walls. Then, the flame is brought closer and
concentrated on the region to be sealed. Once the area to be sealed begins to glow
white, total internal reflection is observed, indicating sufficient heating and the quartz

becomes malleable. At this stage, gentle twisting and pulling motions are applied to
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seal the tube, ensuring no leaks that could compromise the vacuum inside. Any tube
showing signs of cracks or leakage is discarded and repeated with a new tube. The
sealed quartz ampoules are then stored until they are ready for pyrolysis.

2.2 Solid-Phase Pyrolysis

Solid-phase pyrolysis (SPP) is used to synthesize the desired core-shell MNPs.
This pyrolysis synthesis method closely follows the methods developed by our part-
ners at the Institute for Physical Research, National Academy of Sciences of Arme-
nia[12,32,42,43], and has been further improved by our recent work|[30,44], involves
heating the NiTPP precursor to high temperatures under vacuum conditions at vary-
ing temperatures. The vacuum prevents unwanted secondary reactions, ensuring the
purity of the synthesized NPs. The goal is to thermally degrade the precursor, break-
ing the molecule’s bonds down and transforming it into a soot-like material from
which the NPs can be extracted. This method is preferred for its simplicity, green
synthesis approach, and cost-effectiveness, allowing for the consistent production of
NPs.

The prepared and sealed quartz ampoules are placed in a horizontal MTI
OTF-1200X-1I-UL two-zone tube furnace capable of precise temperature control, see
Figure 2.2. The furnace can reach temperatures up to 1000°C; however, for this work,
the temperatures were explicitly chosen to be 500°C, 700°C and 900°C. The pyrolysis

reaction can be represented as follows:

Tove Lo P, NG 4 44 (2.1)

2,—2N2

Ni(C,,N4Hog)
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Figure 2.2: MTI OTF-1200X-II-UL two-zone tube furnace used for solid-phase py-

rolysis. An attached gas tank supplies the necessary atmosphere to ensure controlled
reaction conditions during annealing.

Where T}, is the pyrolysis temperature, t,,, is the pyrolysis time, and P,,, is the
self-generated pressure in the vacuum ampoule. The heat ramp used for the pyrolysis
process involves a gradual ramp-up to the desired temperature, followed by a sus-

tained high-temperature phase and a controlled cooling period, see Figure 2.3.

Pyrolysis Heating and Cooling Ramps

900 =60 min
rey 7 — 120 min
8 ——— 180 min
o 9.7°C/min ——— 240 min
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©
8 9.7°C/min
qE) 300 -+
|_
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Figure 2.3: The diagram illustrates the temperature profiles for different durations of
the pyrolysis process, including heating and cooling rates of 9.7°C/min. The color-
coded lines represent different hold times at 900°C: 60 minutes (black), 120 minutes
(red), 180 minutes (blue), and 240 minutes (green).
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The specific heat ramps used in this research are as follows:

e Ramp-Up Phase: The temperature is increased from room temperature to the
desired temperature (500°C, 700°C, and 900°C) at 9.7°C/min. This controlled

ramp-up ensures that the thermal energy decomposes NiTPP gradually.

e Sustained High-Temperature Phase: Once the temperature reaches the
desired temperature, it is held constant for 60, 120, 180, and 240 minutes.
During this phase, the thermal energy is sufficient to decompose the NiTPP
precursor completely. The high temperature facilitates the carbonization of the

organic components and promotes the formation of carbon shells.

e Cooling Phase: After the sustained high-temperature phase, the furnace can
cool down to room temperature at a controlled rate of 9.7°C per minute. This
controlled cooling process allows the materials to solidify in a manner that
promotes the proper assembly and stability of the core-shell nanoparticles.

Upon completion of the pyrolysis process, the ampoules are carefully removed from
the furnace and stored until ready for deagglomeration. A common challenge of solid-
phase pyrolysis is the formation of agglomerated and aggregated NPs. To address this,
deagglomeration techniques are employed to separate the NPs from the remaining
unwanted byproducts.

2.3 Annealing

The annealing process is a crucial secondary step in synthesizing core-shell

NPs, aimed at modifying their structural and magnetic properties. Annealing, which
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dates back to ancient China over 5000 years ago[45], involves heating the NPs to
a specific temperature and maintaining them for a set period before cooling them
gradually. This thermal treatment facilitates atomic and molecular reconfigurations,
relieving internal stresses, enhancing crystallinity, and potentially inducing phase
transformations[46]. By annealing the NPs in different environments, such as oxygen
and nitrogen, we aim to investigate the effects of these atmospheres on the core-
shell structure and overall properties of the NPs. This section details the annealing
procedures used in this research, focusing on the methods and outcomes of annealing
in both oxygen and nitrogen atmospheres.

Annealing is a widely utilized process in materials science and engineering
to enhance various materials’ physical and chemical properties[46,47]. The process
consists of three phases, similar to pyrolysis: gradual heating, sustained heat, and
gradual cooling (see Figure 2.4).

During the heating phase, the material is gradually brought to 150°C at a
3°C/min rate, known as the annealing temperature. The gradual increase in temper-
ature avoids thermal shock and ensures uniform temperature distribution throughout
the material. Typically, the annealing temperature is set below the material’s melting
point but high enough to facilitate atomic mobility.

The material is maintained at the annealing temperature for 180 minutes.
This sustained heating period allows atoms to diffuse and reconfigure, leading to the
relaxation of internal stresses, elimination of defects, and enhancement of crystallinity.
Previous work in our lab determined the duration and temperature of the annealing

process [30,44], which demonstrated the optimal annealing temperature and time.
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Figure 2.4: Annealing ramp used in the experiment.

The material is then gradually returned to room temperature at a 3°C/min rate.
This cooling rate is critical, as it influences the material’s final properties. Slow
cooling generally promotes the formation of more prominent grains and a more stable
crystalline structure, while rapid cooling, or quenching, can trap defects and produce
a more amorphous structure.

Annealing can also induce phase transformations that enhance the material’s
properties when performed in a specific gas. For MNPs, annealing can significantly
enhance coercivity, remanence, and saturation magnetization properties. Thus, the
environment in which annealing is conducted plays a crucial role in determining the
final properties of the material. An oxygen-rich atmosphere can lead to the forma-
tion of metal oxides while annealing in nitrogen-rich atmospheres promotes nitriding,
which introduces nitrogen to the surface of a material. Therefore, by annealing NPs
in different environments, we can tailor their structural and magnetic properties for

specific applications.
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2.4 Deagglomeration Process

As previously mentioned, the solid-phase pyrolysis method used in synthesiz-
ing core-shell NPs often results in forming agglomerated and aggregated particles.
This occurs due to the high temperatures involved in the process, which can cause
NPs to fuse together, leading to difficult to separate clusters. Deagglomeration is
the process of separating these bound clumps of crystal aggregates into individual
particles and dispersing them throughout a sample without further deterioration of
the actual particles themselves.

After completing the pyrolysis process, the quartz ampoules containing the
synthesized NPs are carefully cracked open using non-metallic tools such as plastic
spatulas to avoid contamination. The samples are then collected into an agate mortar
and pestle. To ensure thorough deagglomeration, both dry and wet grinding methods
are employed. The samples are ground for approximately 45 minutes, alternating
between dry and wet grinding to break down large aggregates and achieve a finer

particle size.

Figure 2.5: Figure illustrates the steps and instruments implemented during the deag-
glomeration process.

Following the initial mechanical grinding, the samples are transferred into
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microcentrifuge tubes for further processing. The next step involves ultrasonic dis-
persion, which uses high-frequency sound waves to break apart particle agglomerates
and distribute them evenly throughout the sample. The microcentrifuge tubes con-
taining the ground samples are placed in an ultrasonic dispersion wash machine. The
samples undergo ultrasonication for 30 minutes, utilizing sound frequencies greater
than 20 kHz. This process helps to disrupt the particle agglomerates and achieve a
more uniform dispersion. The ultrasonic jewelry cleaning machine used in this process
is equipped with multiple transducers to provide effective ultrasonic energy distribu-
tion. The temperature control of the ultrasonic bath is disconnected to prevent any
temperature rise that could lead to unwanted chemical or physical changes in the
NPs.

The samples are centrifugated to separate particles based on their mass af-
ter ultrasonic dispersion. The microcentrifuge tubes are placed in a centrifuge and
spun for approximately 30 minutes. This process separates the NPs from the liquid
medium, with heavier particles settling at the bottom of the tube and lighter particles
remaining suspended.

The final step in the deagglomeration process involves magnetic separation
to isolate the MNPs from any non-magnetic impurities or non-reacted precursors.
The samples are placed in a magnetic separation rack equipped with neodymium
magnets. The strong magnetic field generated by the neodymium magnets attracts
the MNPs, causing them to accumulate at the sides of the tubes. The tubes are left
in the magnetic rack overnight to ensure complete separation. The remaining liquid
and non-reacted precursor are carefully removed using a pipette, leaving the purified
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MNPs behind. The separated samples are then allowed to dry under vacuum inside
a desiccator to facilitate the evaporation of any remaining liquid.

2.5 Powder X-ray Diffractometry

Powder X-ray diffractometry (PXRD) is used to characterize the synthesized
NPs’ crystalline structure and phase composition. PXRD operates on X-ray scatter-
ing and diffraction principles, where X-rays are directed at a crystalline sample, and
the resulting diffraction pattern is recorded. The mechanism behind this technique
is fundamentally described by Bragg’s Law, which relates the angle of incidence and
the wavelength of the X-rays to the spacing between the atomic planes in the crystal

lattice. Bragg’s Law is mathematically expressed as

nA = 2dsiné (2.2)

where n is the order of reflection, A is the wavelength of the incident X-rays, d is the
distance between adjacent atomic planes, and 6 is the angle of incidence at which con-
structive interference occurs. This constructive interference produces distinct peaks
in the diffraction pattern, corresponding to the specific interplanar spacings within
the crystal.

The Bruker D2 Phaser uses a copper (Cu) X-ray source with a A of 1.54 A. The
diffractometer was set up with a divergence slit of 0.6 mm, an anti-air scatter slit of
2 mm, and other appropriate settings to ensure precise data collection. The sample

was prepared by placing a small amount of the powdered NPs on a 0.1-millimeter
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silicon-based diffraction plate. The measurement was conducted over a 10-100 degree
260 range to identify all present phases.

The analysis of the PXRD data was performed using Profex, an open-source
software for PXRD and Rietveld refinement. The current version used was Profex
5.2.8, which includes an internal structural database for reference. Profex allows
for precise analysis and refinement of the diffraction data, facilitating the accurate
determination of phase composition and structural parameters. By utilizing PXRD,
we can confirm the successful synthesis of NITPP core-shell NPs and investigate the
structures and phases present depending on the different pyrolysis/synthesis times.

2.6 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) is used to gain insight into the surface
morphology and provides an elemental analysis. This research used a ThermoFisher
Axia ChemiSEM to inspect the NiTPP NPs. To prepare the samples for SEM, a small
amount of the synthesized NP powder was placed on top of carbon double-sided tape
tabs fixed to 12 mm SEM pins. The pin mount, capable of holding up to seven pins
at a time, could be repositioned and rotated to observe different samples.

SEM operates by focusing a beam of electrons onto a spot volume of the sam-
ple, transferring energy to that spot. The bombarding electrons, known as primary
electrons, dislodge electrons from the sample surface, referred to as secondary elec-
trons. These secondary electrons are collected by a positively biased detector and
converted into a signal. By sweeping the electron beam across the sample surface,

SEM produces amplified signals and converts them into high-resolution images of the
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sample’s topography.

In addition to surface imaging, the ThermoFisher Axia ChemiSEM is equipped
with energy-dispersive X-ray spectroscopy (EDS) for elemental analysis. EDS works
by emitting an electron beam onto the sample, which ejects an electron from the
inner shell of an atom in the sample. As an outer shell electron drops to fill the
vacancy, it emits characteristic X-rays, as shown in Figure 2.6. The energy of these
X-rays is analyzed to determine the sample’s elemental composition. Brighter spots
in the EDS SEM images typically indicate areas where heavier elements are present,

as these elements backscatter electrons more effectively.
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Figure 2.6: Schematic representation of Energy-Dispersive X-ray Spectroscopy (EDS).
External stimulation causes an electron to be ejected from an atom’s inner shell (K
shell). As electrons from higher energy levels (L and M shells) fill the vacancy,
characteristic X-rays, Ka, K3, and La are emitted, allowing for the identification of
the sample’s elemental composition.

For EDS analysis, the SEM beam was switched to the elemental analysis mode

in the user interface. Random sites on each sample were chosen, and a count of at
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least 10,000 readings was taken before moving to another site. This process was
repeated until sufficient accuracy was achieved for the elemental analysis.

2.7 Vibrating Sample Magnetometry

Vibrating Sample Magnetometry (VSM) is used to measure the magnetic prop-
erties of materials. In this study, we employed the VSM attachment of the Quantum
Design Physical Properties Measurement System (PPMS) to investigate the magnetic
properties of NiTPP NPs. The PPMS is a system capable of performing a wide range
of physical measurements, equipped with superconducting magnets and cryogenic
temperature controls, capable of producing fields from 4+ 90 koersted or £+ 9 Tesla
and operating within a temperature range of 2-400 Kelvin[48].

The VSM operates on the principle of Faraday’s law of electromagnetic in-
duction. In the context of VSM, the sample provides the magnetic flux, and the
induced voltage is detected in the pickup coils. The following equation describes this

relationship:

dp  dodz

‘/coi:_—_
YTt T dzdt

(2.3)

Where ¢ is the magnetic flux, ¢ is time, and z is the vertical position of the sample with
respect to the coil. As the sample oscillates, the induced voltage follows a sinusoidal

pattern, which the following equation can represent:

Veoil = 2rC'mAsin (27 ft) (2.4)

Where C'is a coupling constant, m is the magnetic moment of the sample, A is the
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amplitude of oscillation, and f is the frequency of oscillation.

The sample preparation involves placing a minimum of 4 mg of the nanoparti-
cle powder into a sample capsule, which is packed tightly and put onto a brass sample
holder, allowing the tension force of the brass holder to secure the capsule in place.
The brass sample holder is mounted onto a measuring station to align with the target
line, as shown in Figure 2.7. Once the VSM is activated via the PPMS software,
Multivu, the sample chamber is purged and prepared for measurement. The sample
holder is screwed onto the sample rod and lowered into the chamber. The chamber

is then closed, and the system auto-centers the sample.

Figure 2.7: PPMS sample holder secured in a brass sample holder and positioned in
an alignment station.

Before taking any measurements, the sample needs to be demagnetized to
ensure that the starting point of the measurement is near zero, roughly 10~7 to 107°
emu. Demagnetization is performed by subjecting the sample to opposing magnetic
fields so that the sample’s magnetization stabilizes at zero emu in the absence of an
applied field. Measurements are conducted by programming sequences to sweep the
magnetic fields and temperatures as needed. Measurements include magnetization
vs. magnetic field (M vs. H) hysteresis loops, which provide insights into the NPs’
magnetic saturation, coercivity, and remanence. Magnetic measurements were taken

at 10K and 300K temperatures and magnetic fields ranging from +10 koersted or +1
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Tesla.
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CHAPTER 3

Results and Discussion

This chapter presents the results obtained from the characterization of our
synthesized NiTPP core-shell MNPs. The samples were systematically labeled based
on their synthesis conditions and post-synthesis treatments to maintain a clear and
consistent naming convention. This section includes SEM, PXRD, and VSM results,
followed by a comprehensive discussion of the findings.

The samples were synthesized and classified based on their pyrolysis conditions
and annealing environments. The precursor sample, labeled '"NiTPP Precursor,” was
analyzed without undergoing pyrolysis or annealing, serving as a baseline to observe
changes resulting from the pyrolysis process. Four different pyrolysis times (60, 120,
180, and 240 minutes) at 900°C were employed for the synthesized samples. Each
synthesized sample was then divided into three parts: one part remained as-is, another
was annealed in an oxygen atmosphere, and the third was annealed in a nitrogen
atmosphere.

The naming convention used for the samples is as follows:

NiTPP900C60mC: Sample synthesized at 900°C for 60 minutes, as-is. NiTPP900C60mOC:
Sample synthesized at 900°C for 60 minutes, annealed in oxygen. NiTPP900C60mNC:
Sample synthesized at 900°C for 60 minutes, annealed in nitrogen. Similar naming

is used for samples synthesized for 120, 180, and 240 minutes. The complete list of
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samples is provided in Table 3.1 below:

Sample Name Description

NiTPP Precursor Pre Pyrolysis/Annealing

NiTPP900C60mC Synthesized at 900°C for 60 minutes, as-
is

NiTPP900C120mC Synthesized at 900°C for 120 minutes,
as-is

NiTPP900C180mC Synthesized at 900°C for 180 minutes,
as-is

NiTPP900C240mC Synthesized at 900°C for 240 minutes,
as-is

NiTPP900C60mOC Synthesized at 900°C for 60 minutes, an-
nealed in oxygen

NiTPP900C120mOC Synthesized at 900°C for 120 minutes,
annealed in oxygen

NiTPP900C180mOC Synthesized at 900°C for 180 minutes,
annealed in oxygen

NiTPP900C240mOC Synthesized at 900°C for 240 minutes,
annealed in oxygen

NiTPP900C60mNC Synthesized at 900°C for 60 minutes, an-
nealed in nitrogen

NiTPP900C120mNC Synthesized at 900°C for 120 minutes,
annealed in nitrogen

NiTPP900C180mNC Synthesized at 900°C for 180 minutes,
annealed in nitrogen

NiTPP900C240mNC Synthesized at 900°C for 240 minutes,
annealed in nitrogen

Table 3.1: Summary of NiTPP core-shell nanoparticle samples, their synthesis con-
ditions, and treatments. All annealing was performed at 150°C for 180 min, with a
gas flow rate of 100 sccm.

Our goal is to systematically evaluate how these synthesis parameters and
annealing environments affect the emergence of magnetic core-shell structures and
the overall properties of the NPs. This comparative approach helps us optimize the

synthesis procedure for producing NiTPP MNPs by identifying the most effective
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synthesis conditions and improving their magnetic characteristics for specific appli-
cations.

3.1 SEM Results

The SEM analysis of our samples provides a detailed examination of the mor-
phology and elemental composition of the synthesized NiTPP-based MNPs. Each
sample’s structural characteristics and elemental distribution were scrutinized to un-
derstand the impact of synthesis and annealing conditions on the resultant NPs. It’s
important to note that the oxygen levels observed in the samples might be biased
due to how we extract the synthesized sample from the quartz tube. Although we
attempt to be as clean and efficient as possible by cleaning out residual quartz tube
particles, some quartz tube particles inevitably remain when we crack them open,

influencing the oxygen content.

Weight % Weight%Error  Net Counts
67.2 0.3 199445

21.4 0.4 11479
N 5.5 0.5 5.2 04 2940
[¢] 5.8 0.2 6.2 0.3 5637

Figure 3.1: NiTPP900C60mC SEM image and EDS elemental mapping of the syn-
thesized NiTPP nanoparticles, showing the distribution of nickel, carbon, nitrogen,
and oxygen elements.
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The SEM image of NITPP900C60mC, Figure 3.1, reveals granular morphology
with noticeable agglomeration of particles. The EDS elemental mapping shows a high
concentration of carbon, accounting for 83.3% of the atomic composition, indicative
of the carbon matrix. Nickel appears as bright spots scattered throughout the image,
representing 5.4% of the atomic composition, suggesting the presence of nickel NPs
embedded within the carbon matrix. Nitrogen and oxygen are present in smaller

amounts, 5.5% and 5.8%, respectively, which are residues from the NiTPP precursor

and possibly from quartz tube contamination.

Element Atomic % Atomic % Error Weight% Weight% Error Net Counts
c 83.0 04 66.2 0.3 121003
Ni 5.8 0.1 22,6 0.3 25561
N 5.4 0.6 5.0 0.5 1809
[e] 5.8 0.3 6.2 0.3 3577

Figure 3.2: NiTPP900C60mOC SEM image and EDS elemental mapping of the syn-
thesized NiTPP nanoparticles, showing the distribution of nickel, carbon, nitrogen,
and oxygen elements.

For NiTPP900C60mOC, which was annealed in oxygen, the SEM analysis dis-
plays a similar granular morphology to NiTPP900C60mC. The EDS mapping high-
lights a slightly increased nickel concentration at 5.8%, while carbon remains the

dominant element at 83.0%. The presence of oxygen is 5.8%, which could be ei-
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ther due to the annealing process or residual quartz left over, while nitrogen slightly

dropped to 5.4%.

Element Atomic % Atomic % Error Weight% Weight% Error Net Counts
o3 82.8 0.4 67.1 0.3 204342

Ni 5.2 0.1 20.8 0.2 38682
N 5.5 0.5 5.2 0.4 2978
] 6.4 0.2 6.9 0.3 6357

Figure 3.3: NiTPP900C60mNC SEM image and EDS elemental mapping of the syn-
thesized NiTPP nanoparticles, showing the distribution of nickel, carbon, nitrogen,
and oxygen elements.

The sample NiTPP900C60mNC, annealed in nitrogen, exhibits a morphology
consistent with the other 60-minute samples but with a distinct distribution of nickel
NPs. The EDS mapping shows a nickel atomic percentage of 5.2%, slightly lower than
the oxygen-annealed counterpart. Carbon remains high at 82.8%, while nitrogen and
oxygen are at 5.5% and 6.4%, respectively, indicating minimal changes in composition
due to the nitrogen annealing process. Quartz tube particles may also influence the
observed oxygen levels.

The SEM image of NiTPP900C240mC, Figure 3.4, synthesized at 900°C for
240 minutes, reveals significant agglomeration. The EDS analysis shows a carbon

concentration of 84.0% and a slightly higher nickel concentration at 6.1%, indicating
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Element Atomic % Atomic % Error Weight % Weight% Error Net Counts
c 84.0 0.4 66.4 0.3 303994
Ni 6.1 0.1 23.8 0.4 20873
N 8.1 0.3 4.7 0.3 4297
o] 4.8 0.2 5.1 0.2 7573

Figure 3.4: NiTPP900C240mC SEM image and EDS elemental mapping of the syn-
thesized NiTPP nanoparticles, showing the distribution of nickel, carbon, nitrogen,
and oxygen elements.

a possible increase in nickel nanoparticle formation with extended synthesis time.
Nitrogen and oxygen are at 5.1% and 4.8%, respectively, with residual quartz tube
particles potentially affecting oxygen levels.

For NiTPP900C240mOC, Figure 3.5, the EDS mapping highlights a nickel
atomic percentage of 5.0%, slightly lower than the non-annealed sample, possibly due
to the oxidation process forming nickel oxide. Carbon is at 83.6%, and oxygen has
increased to 6.2%, a potential increase due to the annealing procedure. Nitrogen is
present at 5.1%.

Finally, the sample NiTPP900C240mNC, Figure 3.6, annealed in nitrogen,
displays a granular morphology with a notable presence of nickel NPs as bright spots
lodged throughout the carbon matrix. The EDS analysis shows a nickel concentration

of 5.3%, consistent with the nitrogen annealing process. Carbon is 86.6%, while
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Element Atomic % Atomic % Error Weight% Weight% Error Net Counts
o3 83.6 0.4 68.3 0.3 357379
Ni 5.0 0.0 20.1 0.2 10 365
N 5.1 0.4 4.9 0.3 4601
o] 6.2 0.2 6.8 0.2 10 365

Figure 3.5: NiTPP900C240mOC SEM image and EDS elemental mapping of the
synthesized NiTPP nanoparticles, showing the distribution of nickel, carbon, nitrogen,
and oxygen elements.

Element Atomic % Atomic % Error Weight%  Weight%Error NetCounts
C 86.6 04 70.7 0.3 237469
Ni 5.3 0.1 21.2 0.2 42393
N 5.0 0.4 47 0.4 2802
o 3.1 0.2 3.4 0.2 2802

Figure 3.6: NiTPP900C240mNC SEM image and EDS elemental mapping of the
synthesized NiTPP nanoparticles, showing the distribution of nickel, carbon, nitrogen,
and oxygen elements.

nitrogen and oxygen are 5.0% and 3.1%, respectively.
The SEM analysis across all samples reveals a consistent granular morphology

with varying degrees of agglomeration. The EDS elemental mapping confirms the
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presence of nickel NPs distributed and embedded throughout the carbon matrix.
There was no drastic increase in nitrogen content for samples annealed in nitrogen. In
oxygen-annealed samples, although a slight increase in oxygen content was observed,
it cannot be conclusively attributed to the annealing process due to the consistent
presence of quartz. Additionally, SEM images are pending for the following samples:
NiTPP900C120mC, NiTPP900C120mOC, NiTPP900C120mNC, NiTPP900C180mC,
NiTPP900C180mOC, and NiTPP900C180mNC. This structural and compositional
insight is crucial for understanding the synthesized NiTPP-based core-shell MNPs.

3.2 PXRD Results

The PXRD pattern of the NiTPP precursor provides a baseline for understand-
ing the structural transformations occurring during pyrolysis. The PXRD results of
the NiTPP precursor, shown in Figure 3.7, reveal distinct peaks corresponding to
the crystalline nature of the organic compound. These peaks are consistent with
previously reported data, particularly in the study by Brendan J. Kennedy et al.
(1996) [49], which documented the crystallographic properties of NiTPP and similar
compounds.

The precursor’s diffraction pattern exhibits sharp peaks indicative of a well-
defined crystalline structure. Key reflections observed include those around 10°, 20°,
and 30° 2, corresponding to specific interplanar spacings in the NiTPP compound.
These reflections will serve as reference points for identifying the phase transforma-
tions and the formation of the FCC structure of nickel NPs during and after the

pyrolysis process. The transformation from the organic NiTPP to the FCC structure
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Figure 3.7: PXRD pattern of the Nickel(II) Tetraphenylporphyrin (NiTPP) precursor
before pyrolysis. The peaks correspond to the crystalline structure of the organic
compound.

of nickel NPs is marked by the disappearance of the precursor peaks and the emer-
gence of new peaks corresponding to metallic nickel (Ni). This evolution highlights
the thermal decomposition of the NiTPP precursor and the subsequent formation of
nickel-based core-shell NPs, a primary focus of this study. The following sections
present the PXRD results for the samples synthesized at 900°C for 60, 120, 180, and
240 minutes, with additional annealing in oxygen and nitrogen atmospheres.
NiTPP900C60mC: The PXRD pattern for the NI TPP900C60mC sample, shown
in Figure 3.8a, displays prominent peaks corresponding to the face-centered cubic
(FCC) structure of nickel, with notable reflections at (111), (200), (220), (311),
and (222) planes. Additionally, peaks associated with carbon structures, including

graphite 2H and 3R phases, are observed at around 26 degrees (2).
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NiTPP Synthesized at 900°C for 60 minutes
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Figure 3.8: PXRD patterns of NiTPP synthesized at 900°C for 60 minutes: (a) No
Annealing, (b) Annealed in O at 150°C for 180 minutes, and (c) Annealed in N at
150°C for 180 minutes.The diffraction peaks correspond to FCC Ni (111), (200), (220),
(311), (222), and graphite (2H and 3R) structures.
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NiTPP900C60mOC: Figure 3.8b shows the PXRD pattern for the NI TPP900C60mOC
sample. The FCC nickel peaks are still prominent, but there is a slight shift and a
slight broadening of peaks, possibly indicating the formation of nickel oxide phases due
to the oxygen annealing. The carbon peaks remain consistent with the as-synthesized
sample.

NiTPP900C60mNC: For the NiTPP900C60mNC sample, shown in Figure
3.8c, the PXRD pattern retains the FCC nickel peaks. The nitrogen annealing
does not significantly alter the peak positions or intensities, suggesting that nitro-
gen annealing primarily affects the surface chemistry rather than the bulk crystalline
structure.

NiTPP900C120mC: The PXRD pattern for the NiTPP900C120mC sample, as
shown in Figure 3.9a, exhibits similar characteristics to the 60-minute sample, with

clear FCC nickel peaks and carbon-related reflections. The increased synthesis time

does not significantly alter the crystalline phases detected.
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Figure 3.9: PXRD patterns of NiTPP synthesized at 900°C for 120 minutes: (a)
No Annealing, (b) Annealed in O at 150°C for 180 minutes, and (c¢) Annealed in N
at 150°C for 180 minutes.The diffraction peaks correspond to FCC Ni (111), (200),
(220), (311), (222), and graphite (2H and 3R) structures

NiTPP900C120mOC: In Figure 3.9b, the PXRD pattern for the NI TPP900C120mOC
sample shows FCC nickel peaks with very slight broadening, indicating some degree
of oxidation. The carbon peaks remain sharp, consistent with previous observations.
NiTPP900C120mNC: Figure 3.9¢ presents the PXRD pattern for the NiTPP900C120mNC
sample. The nitrogen annealing does not change the nickel peaks significantly, main-
taining the FCC structure. The carbon peaks remain essentially unchanged.
NiTPP900C180mC: The PXRD pattern for the NiTPP900C180mC sample
(Figure 3.10a) continues to show dominant FCC nickel peaks and carbon reflections.
Prolonged synthesis time enhances the crystallinity of the nickel phase.
NiTPP900C180mOC: In Figure 3.10b, the PXRD pattern for the NI TPP900C180mOC
sample shows a similar trend to previous oxygen-annealed samples, with slight broad-
ening of nickel peaks and consistent carbon peaks.
NiTPP900C180mNC: The PXRD pattern for the NiTPP900C180mNC sam-

ple (Figure 3.10c) retains the FCC nickel peaks, with no significant changes due to
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NiTPP Synthesized at 900°C for 180 minutes
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Figure 3.10: PXRD patterns of NiTPP synthesized at 900°C for 180 minutes: (a)
No Annealing, (b) Annealed in O at 150°C for 180 minutes, and (c¢) Annealed in N
at 150°C for 180 minutes.The diffraction peaks correspond to FCC Ni (111), (200),
(220), (311), (222), and graphite (2H and 3R) structures

nitrogen annealing. The carbon peaks remain unchanged.
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Figure 3.11: PXRD patterns of NiTPP synthesized at 900°C for 240 minutes: (a)
No Annealing, (b) Annealed in O at 150°C for 180 minutes, and (c¢) Annealed in N
at 150°C for 180 minutes.The diffraction peaks correspond to FCC Ni (111), (200),
(220), (311), (222), and graphite (2H and 3R) structures

NiTPP900C240mC: The PXRD pattern for the NiTPP900C240mC sample,
shown in Figure 3.11a, highlights the presence of well-defined FCC nickel peaks and

sharp carbon peaks. The extended synthesis time enhances the peak intensities,

indicating improved crystallinity.
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NiTPP900C240mOC: Figure 3.11b displays the PXRD pattern for the NiTPP900C240mOC
sample. Similar to previous oxygen-annealed samples, there is a very slight broad-
ening of the nickel peaks, suggesting oxidation. The carbon peaks remain sharp and
consistent.

NiTPP900C240mNC: For the NiTPP900C240mNC sample, shown in Figure
3.11c, the PXRD pattern retains the FCC nickel peaks, with no significant changes
due to nitrogen annealing. The carbon peaks are consistent with those observed in
the as-synthesized and oxygen-annealed samples.

The PXRD results consistently show the presence of the FCC structure of
nickel across all synthesis and annealing conditions. The carbon matrix is indicated
by the presence of graphite 2H and 3R phases. Oxygen annealing introduces slight
broadening and shifting of nickel peaks, likely due to the formation of nickel oxide
phases. Nitrogen annealing does not significantly alter the crystalline structure but
may affect the surface chemistry of the NPs.

Using the Profex software, we calculated the grain sizes of the synthesized
nickel NPs. Profex uses the Scherrer equation, which is applied to the peak broadening
observed in the PXRD patterns to estimate the crystallite sizes. The grain sizes for the
different samples synthesized at 900°C for varying durations and subjected to different
annealing environments are presented in Table 3.2. The grain size calculations offer
valuable insights into the impact of different synthesis and annealing conditions on

the crystalline structure of the nickel NPs.
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Sample Name Calculated Grain Size (nm)
NiTPP900C60mC 37.4
NiTPP900C60mOC 31.8
NiTPP900C60mNC 42.4
NiTPP900C120mC 32.4
NiTPP900C120mOC 37.0
NiTPP900C120mNC 36.5
NiTPP900C180mC 32.4
NiTPP900C180mOC 32.5
NiTPP900C180mNC 33.9
NiTPP900C240mC 31.8
NiTPP900C240mOC 32.8
NiTPP900C240mNC 32.4

Table 3.2: Summary of the calculated grain sizes of nickel NPs synthesized at 900°C
for various durations and annealed in O, and Ny environments. Grain sizes were

determined using Profex software through the application of the Scherrer equation to
the PXRD data.

3.3 VSM Results

The Vibrating Sample Magnetometry (VSM) measurements provide detailed
insights into the magnetic properties of our synthesized NiTPP samples under differ-
ent conditions. The hysteresis loops were recorded at 10 K and 300 K for samples
pyrolyzed at 900°C for varying durations and annealed in different atmospheres. The
key parameters extracted from these measurements include saturation magnetization
(M), remanent magnetization (M,.), coercive field (H,), and the M, /M, ratio. Addi-
tionally, the estimated area under the hysteresis curves provides further insights into
the magnetic behavior of the samples, specifically highlighting their heat generation
capacity for applications such as magnetic hyperthermia.

The VSM results for the NiTPP precursor are presented in Figure 3.12. The
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Figure 3.12: Hysteresis loops of NiTPP precursor measured at 10K and 300K.

hysteresis loops at 10K and 300K show very different magnetic behaviors compared
to the pyrolyzed samples. At 10K, the precursor exhibits a small coercivity and
remanent magnetization with an estimated area under the hysteresis curve of 3354.31
Oe (emu/g). In contrast, at 300K, the precursor displays paramagnetic behavior with
a negligible hysteresis loop area of 2.40 Oe (emu/g). These observations indicate that
the NiTPP precursor does not have significant magnetic properties before pyrolysis.

The VSM hysteresis loops for samples synthesized at 900°C for 60 minutes and
measured at 300K are shown in Figure 3.13. The data reveal that the M, values for
the non-annealed (NiTPP900C60mC), oxygen-annealed (NiTPP900C60mOC), and
nitrogen-annealed (NiTPP900C60mNC) samples are 6.72 emu/g, 6.73 emu/g, and
7.14 emu/g, respectively. The corresponding H. values are 140.2 Oe, 169.4 Oe, and
141.5 Oe. The oxygen-annealed sample has the highest coercivity, showing a slightly
increased M, /M, ratio compared to the non-annealed and nitrogen-annealed samples.

The hysteresis loops measured at 10K for the same set of samples are displayed
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Figure 3.13: Hysteresis loops of NITPP samples synthesized at 900°C for 60 minutes,
measured at 300K.

in Figure 3.14. At this lower temperature, the M, values are 7.31 emu/g, 7.49 emu/g,
and 7.94 emu/g for NiTPP900C60mC, NiTPP900C60mOC, and NiTPP900C60mNC,
respectively. The H. values are significantly higher at 363.5 Oe, 348.9 Oe, and 347.5
Oe, reflecting the enhanced coercivity at low temperatures.

The hysteresis loops for the samples synthesized at 900°C for 120 minutes and
measured at 300K are provided in Figure 3.15. The M values for NiTPP900C120mC,
NiTPP900C120mOC, and NiTPP900C120mNC are 6.55 emu/g, 6.30 emu/g, and 6.57
emu/g, respectively. The H,. values are 130.8 Oe, 144.4 Oe, and 141.5 Oe, with the
oxygen-annealed sample again showing the highest coercivity.

Figure 3.16 is for samples synthesized at 900°C for 180 minutes and mea-

sured at 300K. The M; values are 6.54 emu/g, 6.84 emu/g, and 6.80 emu/g for
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Figure 3.14: Hysteresis loops of NiTPP samples synthesized at 900°C for 60 minutes,
measured at 10K.

NiTPP900C180mC, NiTPP900C180mOC, and NiTPP900C180mNC, respectively. The
H. values are 130.2 Oe, 138.8 Oe, and 136.8 Oe, indicating a consistent trend of in-
creased coercivity in oxygen-annealed samples.

The hysteresis loops for samples synthesized at 900°C for 240 minutes and
measured at 300K are depicted in Figure 3.17. The M, values for NiTPP900C240mC,
NiTPP900C240mOC, and NiTPP900C240mNC are 7.04 emu/g, 7.12 emu/g, and 7.21
emu/g, respectively. The H, values are 150.4 Oe, 145.9 Oe, and 137.6 Oe, with a
notable decrease in coercivity for the nitrogen-annealed sample.

The VSM results indicate that annealing in different atmospheres significantly
affects the magnetic properties of the NiTPP NPs. The H,) tends to increase with

oxygen annealing across all time durations, suggesting the formation of nickel oxide
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Figure 3.15: Hysteresis loops of NiTPP samples synthesized at 900°C for 120 minutes,

measured at 300K.

or other magnetic phases that enhance coercivity. The nitrogen-annealed samples,

while showing slight variations in H., do not exhibit a drastic change in nitrogen

content, as confirmed by elemental analysis.

The increased M; values at lower temperatures (10K) are consistent with typ-
ical ferromagnetic behavior, where thermal agitation is reduced, allowing for greater
alignment of magnetic domains. The M, /M, ratios, which indicate the squareness
of the hysteresis loop, are slightly higher in nitrogen-annealed samples, reflecting

differences in magnetic domain interactions compared to oxygen-annealed and non-

annealed samples.
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Figure 3.16: Hysteresis loops of NiTPP samples synthesized at 900°C for 180 minutes,
measured at 300K.

3.4 Discussion

The comprehensive analysis of NiTPP precursor and pyrolyzed samples through
PXRD, SEM, and VSM has provided significant insights into the structural and mag-
netic transformations induced by varying the solid-phase pyrolysis conditions. The
precursor NiTPP, initially an organic compound, undergoes significant transformation
upon pyrolysis, resulting in the formation of crystalline compounds featuring 2H and
3R carbon configurations and an FCC structure of nickel, indicative of nanoparticle
formation.

PXRD analysis of the NITPP precursor and synthesized samples revealed the
emergence of distinct FCC nickel peaks and carbon phases post-pyrolysis. This trans-

formation underscores the thermal decomposition of NiTPP into nickel NPs embedded
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Figure 3.17: Hysteresis loops of NiTPP samples synthesized at 900°C for 240 minutes,
measured at 300K.

within a carbon matrix. Notably, the PXRD patterns exhibited consistent FCC nickel
peaks across various synthesis durations and annealing environments, signifying ro-
bust crystalline formation. Annealing in oxygen slightly broadened the nickel peaks,
suggesting minor oxidation, whereas nitrogen annealing primarily affected surface
chemistry without significantly altering the crystalline structure.

SEM and EDS analyses corroborated these findings by highlighting the sam-
ples” morphological changes and elemental distribution. The presence of nickel NPs
was confirmed through EDS mapping, which showed nickel embedded throughout
the carbon matrix. The carbon content remained high, while oxygen levels varied,
potentially influenced by residual quartz tube particles. These observations suggest

prolonged pyrolysis and annealing in specific environments can enhance nanoparticle

51



formation and crystallinity.

VSM measurements at 10K and 300K provided detailed insights into the mag-
netic properties of the synthesized samples. The NiTPP precursor displayed minimal
magnetic properties, with negligible coercivity and remanent magnetization at 300K,
indicative of paramagnetic behavior. In contrast, pyrolyzed samples exhibited signif-
icant magnetic characteristics, with My, M,, and H. varying based on synthesis and
annealing conditions.

Annealing in oxygen consistently increased the H,., suggesting the formation
of magnetic phases like nickel oxide, which enhance coercivity. Nitrogen annealing,
although not drastically altering the coercive field, showed slight variations indicating
changes in surface chemistry. The M, values were generally higher at 10K, consistent
with typical ferromagnetic behavior, where reduced thermal agitation allows greater
alignment of magnetic domains.

The estimated area under the hysteresis curves further highlighted the mag-
netic behavior and potential for heat generation in magnetic hyperthermia applica-
tions. Larger hysteresis loop areas correlate with greater heat dissipation, a critical
factor for hyperthermia treatment. The results indicate that samples annealed in dif-
ferent environments show varying magnetic properties, potentially optimizing them
for specific biomedical applications.

The synthesis and characterization of NiTPP-derived NPs provide a promising
pathway for developing materials suitable for magnetic hyperthermia applications.
The observed transformations and enhanced magnetic properties suggest that these

NPs can generate significant heat under alternating magnetic fields, which is crucial
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for targeted cancer treatment. The ability to tailor magnetic characteristics through
controlled pyrolysis and annealing further enhances their applicability in biomedical
fields.

Future work should focus on optimizing synthesis parameters and exploring the
core-shell structure through high-resolution imaging techniques, such as HR-STEM.
Additionally, comparing the magnetic and structural properties of NiTPP-derived
NPs with those synthesized from other metalloporphyrins (e.g., CoTPP, CuTPP,
ZnTPP) could provide broader insights into their potential applications and effec-
tiveness in hyperthermia treatments.

In conclusion, the systematic study of NiTPP-derived MNPs underscores the
importance of controlled synthesis and post-synthesis treatments in enhancing their
structural and magnetic properties. These findings pave the way for developing ad-
vanced materials for biomedical applications, particularly in magnetic hyperthermia,

offering a promising approach to targeted cancer therapy.
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