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Abstract

This project was concerned with the design and fabrication of asymmetric nanoparticles

with desirable magnetic and optical properties, to be used as reporter particles in a

bio-diagnostic system. This diagnostic system has certain criteria as to how the reporter

particles’ properties must be so that they are of use. Throughout this project several

chemical processes have been explored for producing nanoparticles with an elongated

dimension so that they are of a rod or wire shape. A large part of the work has centered

on producing iron oxide rod cores to provide the magnetic component, and then with

subsequent coating of gold and silver nanoparticles to provide the optical properties

required. The magnetic properties of the core have attempted to be manipulated by

use of a co-precipitation synthesis to dope the lattice with transition metals. Digestive

ripening, iterative coating of noble metals and interface coating are three of the synthetic

routes that have been explored to coat the produced cores with gold and silver.

We have also looked at two alternative routes to producing surrogate reporter nanopar-

ticles with inherently different properties. One of which was using the so-called Polyol

reduction method to producing a silver-nickel composite nanowire. The second was a

hydrogenation reduction of cobalt precursors, with a subsequent gold coating. The nickel

and cobalt components of these alternatives provide the magnetic part, with noble metals

again fulfilling the optical requirements.

The resulting particles synthesised in these experiments have subsequently been analysed

through a variety of analytical techniques, to characterise their structural, morphological,

magnetic and optical properties. The best candidate particles were tested for their

applicability to the target bio-diagnostic magneto-optic system.
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Renishaw Model 1000 Ramascope, 633 nm laser source

Perkin Elmer Lambda 35 UV/Vis spectrometer

Agilent Cary 60 UV/Vis spectrometer
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This introduction will serve as an overview to the reasons why this project has been

undertaken, a brief review of the literature in a way to be aware of the background

research that already exists relevant to the work, and the brief aims that are hoped will

be met through this project. An induction will also be made into the chemical processes

explored and the analytical means by which the produced particles have been studied.

1.1 Unique Properties of Nanoparticles: the Importance of Surface vs.

Bulk Atoms

Nanoparticles have been used for centuries owing to their unique properties, albeit often

unawares of the users as to the reasons behind these novel properties. These particles

of matter are on such a small scale that more novel and revolutionary techniques of

analysis have been required to characterise and observe them, and as such they have been

studied intensely for the past few decades as one of the fastest growing areas of scientific

research.15 As illustrated in figure 1.1 it is seen that in this millennium there has been a

sharp increase in at least the word “nanoparticle” being used in scientific publications,

alongside this we can see that chemistry and related subjects such as electro-chemistry

take the lions share of these publications. This shows that conceptual understanding and

chemical knowledge is vital to research in the nanoscience field, and to harnessing the

novel properties due to the atomistic control that can be performed using a ”bottom-

up” approach. However, looking at publications using the terms “nanocrystal” and

“nanorod” their increased use in the literature has been more gradual over the years,

but do find more comparable use in total when considering the field in which they are

mentioned such as chemistry, material science and physics among others.

The definition of a “nanoparticle” is a material which usually has at least 2 of 3 dimen-

sions in the region of 1 nm - 1 µm.1,2,16 Typical nanoparticles have all their size vectors

in the nm range but exceptions have been made for nanowires and rods who’s longest

vector can extend into µm lengths, as these particles can still exhibit novel properties

not observed of the material in bulk.
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Figure 1.1: Histogram plots with data acquired from webofknowl-
edge.com literature search function. The top graph shows the number
of publications for the labelled search term over an 18 year period from
the millennium. The bottom graph relates to the same 18 year period
counting the number of publications in certain research areas for the same

search terms
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The field of nanoscience can be traced back to origin with the works of Michael Faraday

in his Bakerian lecture in 1857.17–19 Notably his discovery and discussion of colloids

of gold; that being nano-particulate gold dispersed in a fluid, owning different optical

properties to the bulk material. This was the first time that it was not just observed

that this form of the material having the same chemical make-up as the bulk material

exhibited different properties, but that a reasoning behind this difference was discussed

and attributed to the particles’ size.

Great attention was also brought to this field from a famous lecture given by the physicist

Richard Feynman, titled “There’s Plenty of Room at the Bottom: An Invitation to

Enter a New Field of Physics” given in 1959. Although his talk didn’t kick-start the field

immediately, it was the themes in his talk about future application of miniaturisation and

control at the atomic scale that came to pass in the 1980s that gained the talk widespread

acceptance and status. In the talk he mused that when individual atoms could be

manipulated and designed mechanically then existing processes such as chip design could

be greatly condensed, and a greater resolution of surface analysis techniques could be

gained, which was realised with the inception of Atomic Force Microscopy (AFM) and

other techniques subsequently. In the talk he also set out two prized challenges: one was

to produce a tiny motor of micro or nanoscale which could turn potential energy into

movement, and second to suitably develop a scaled down way of patterning a material, so

that the Encyclopædia Britannica could fit on to the head of a pin. Both these challenges

were met and the $1000 prizes claimed by 1985. The first challenge was satisfied by a

talented craftsman William McLellan in 1960 who crafted a minuscule motor, but he

used only conventionally available tools so didn’t substantially develop the field. The

second challenge was met by Tom Newman who met the task by patterning a chapter

from the book by Charles Dickens: A Tale of Two Cities, at a scale of 1/25,000 using

an electron beam which matched the requirement for claiming the prize.

In the literature it is talked about the importance of surface to bulk atoms in the context

of nanoparticles as when we look at smaller and smaller dimensions the materials start to

approach the size of atoms themselves, which are the constituents of any material.16,20

As we approach the size of atoms, our particles necessarily have greater and greater

proportions of surface atoms as opposed to bulk atoms.15 A simple demonstration of
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Figure 1.2: Plot of surface atom percentage to total number of atoms
for nanocrystals1

this is picturing a cube of given atoms shrinking in size, with edges of 1 cm then 1x10−5

atoms will be surface atoms. As the cube’s dimensions are decreased to 10 nm then 10%

of atoms are surface atoms, and further when the cube has 1 nm edges, every atom will

exist at the cube’s surface.2 This relationship is presented in the case plot in figure 1.2.1

This is an obvious conclusion as bulk atoms form the internal part of a particle with no

external face, and the surface atoms are those which are present at the surface or outside

of the particle, which are inherently less stable and easier to interact with an external

force or chemistry.21,22

1.1.1 Optical Properties

The optical properties of nanoparticles are one of the most widely known effects of taking

a bulk material down to nanoscale vectors.15,20,23 These effects were the first recorded

novel properties of nanoparticles as discussed in the section above, where Michael Fara-

day discussed the varying optical properties of various gold colloids, which were found to

deviate from the colour of gold in bulk which affords its precious metal status.17,18,24 This

size effect is also responsible for the use of nanoparticles; preceding their understanding

or theoretical conception, in historical artefacts such as the Roman made Lycurgus cup

seen in figure 1.3.
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Figure 1.3: Images of Lycurgus cup showing the difference between
transmitted and reflect light through the glass.

The Lycurgus cup is an interesting item in that it displays simply the phenomenon of

optical dichroism, where depending on the direction of light the glass with embedded

nanoparticles displays as a different colour.15,24–27 So in the case of this item when light is

shone at the cup from an external point the cup appears a pale green colour via reflected

light, when the light source is placed inside the cup and we observe the transmitted light

a strong red colour is seen.

Since the 1950s and the Lycurgus cups’ transfer from private owners to the British

Museum several studies have looked at the cup to determine how it holds such intriguing

properties. Early studies with X–Ray Diffraction Crystallography (XRD) confirmed that

the cup was indeed a glass rather than jade or another material, and with qualitative

analysis gold, silver and other trace elements were seen. Later studies found the presence

of gold and silver was primarily responsible for the optical dichroism, but in an effort to

recreate the effect it was found that simply adding metal nanoparticles to glass didn’t

initially work, so how the colloid was formed was proved to be of import. Metal colloidal

particles were later observed with Transmission Electron Microscopy (TEM) with sizes

ranging from 50–100 nm of typically spherical morphology, and it was stated that the

gold should be responsible for the red transmitted colour and silver the green reflected

colour.26,27

In another pre-modern example, metallic nanoparticles were commonly embedded again



1.1. Unique Properties of Nanoparticles: the Importance of Surface vs. Bulk Atoms 7

in glass to design vibrantly coloured stained glass windows.18,20,28 When these samples

were studied using modern analytical techniques like TEM and XRD, it was found

that specific morphologies and sizes of nanoparticles were responsible for the strong

colourations, covering a broad visible spectrum. It must be re-iterated that the glass-

smiths and crafts’ people were not aware that they were using nanopaticles in particular,

as they had no means or reason to conclude such.

Mie theory allows calculations of the wavelength of light that will be resonant with any

particular Localised Surface Plasmon Resonance (LSPR) of a nanoparticle, pioneered

by the originator of the method, Gustav Mie in 1908.2,19,20,29–34 Mie’s theory takes an

approximation of Maxwell’s equation to describe the interaction of incident electromag-

netic radiation with solid particles and their charged electron particles. The LSPR of a

metallic nanoparticle describes the in time oscillation of free electrons from the particle,

in phase with the incident radiation.33–35 This is shown diagrammatically in figure 1.4

a. Metallic nanoparticles measuring tens of nm typically can be resonant with visible

wavelengths of light and can show large absorbency in this range. As the particle in-

creases in size, it becomes resonant with longer wavelengths of incident radiation, so a

red shift is observed as seen in figure 1.4 b.2,34,36,37

Not only is the size of the nanoparticle linked to the optical properties of the colloid: the

shape and context of the particle also will tune this attribute.35–43 Particularly smaller

sized nanoparticles <10 nm, or quantum dots, are able to form as a larger number of

morphologies, however above this size a select number of morphologies are preferred as

being energetically favourable.35 Returning to the small sized nanoparticles, strong reso-

nances are able to be made with specific incident energies due to the confined dimensions,

and slight changes in morphologies can tune these resonances. Moreover with further

growth to larger nanoparticles resonances tend to broaden and diminish in intensity,36

as seen in figure 1.4 b. It is important to recognise that the Mie approximation for LSPR

is for spherical morphologies, and must be adjusted for other particle morphologies.

When considering elongated or rod shaped particles a clear change in optical resonance

properties is observed, where two resonance peaks are evolved from the single case of

spherical particles. Gans theory is an adaptation of the Mie approximation of LSPR for

spherical particles, and predicts these two resonance modes of a rod shape relative to the
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Figure 1.4: Part a. diagrammatically demonstrates the principle of
LSPR, where part b. shows optical absorption spectra of spherical gold

nanoparticles of the noted diameters.2
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Figure 1.5: Diagrammatic representation of the two separate resonance
modes of a rod–shaped particle. Part a. shows transversal resonance
mode while part b. shows the longitudinal resonance with incident elec-

tromagnetic radiation3
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Figure 1.6: Diagrammatic representation of magnetic spin moments in
zero external magnetic field

incident electromagnetic radiation.3 These two modes are demonstrated in figure 1.5,

where plasmon oscillation with the field results in a dipole through temporary charge

separation.

1.1.2 Magnetic Properties

The magnetic properties of particles are also subject to the size and structure of the

particle, and we can see the rise of new magnetic classes that are not seen in bulk

materials. Individual isolated atoms of all types will typically have some magnetic

moment, which can be derived using Hund’s rule where degenerate electronic states are

first filled with single electrons before pairing, usually resulting in some net magnetic

moment as discussed. This is in contrast to only a few chemical elements in bulk retaining

some significant magnetic property.1,44

There are four main classes of magnetism to be concerned with in this project: Param-

agnetism, Ferrimagnetism, Anti-ferromagnetism and Ferromagnetism. These classes can

be briefly described diagrammatically by the relative moments of magnetic spins within

that material, and is shown in figure 1.6.

Paramagnetic materials are made up of atoms or ions with magnetic moments or spins

which are arranged irrespective of the magnetic environment they are in, we see in

figure 1.6 a. that these spins are arranged randomly. When a paramagnetic material is

subjected to an external magnetic field the spins largely align parallel to the direction
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Figure 1.7: Hysteresis loops, or magnetisation vs. applied magnetic
field plots, of the labelled magnetic classes4

of the external field, however the spins do not align uniformly. This results in a slight

magnetisation as presented in figure 1.7.

Ferrimagnetism has been given its name derived from ferrite materials,44,45 where two

lattice sites A and B are occupied by often differing magnetic ions. The spins in the

A sites are aligned in one direction, while the spins in the B sites are aligned in the

opposite direction but with differing magnitude as demonstrated in figure 1.6 b. The

net result of this is magnetisation in a certain direction. As temperature is increased

thermal energy agitates the spins, until a point called the Curie temperature, where the

spins become randomly aligned and as such the materials spontaneous magnetisation is

abolished.

Antiferromagnetic materials have opposing spin arrangements of equal magnitudes seen

in figure 1.6 c., and so at low temperatures below the Néel temperature when an external

magnetic field is applied the opposing spins are maintained by the influence of a strong

negative interaction preventing the spins from aligning. At higher temperatures above

the Néel temperature the spins can become randomly aligned and as such as tempera-

ture increases further, the magnetic susceptibility of the material decreases as the spins

become more agitated.44

In the context of Ferromagnetism; magnetic spins are perfectly aligned in respect to one
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another by a strong positive interactive force acting between each spin and shown in

figure 1.6 d. This results in the material having a spontaneous magnetisation which is

temperature dependant, where as temperature increases the arrangement of the spins

is agitated by the increase of thermal energy. At a limit called the Curie point the

magnetic susceptibility of the material increases linearly with the temperature increase.

Although Ferromagnetic spins result in a spontaneous magnetisation, in reality when a

bulk sample of a Ferromagnetic material is examined it usually exhibits a zero magnetic

moment. This is due to the bulk sample being divided into smaller magnetic domains

which have a spontaneous magnetic moment, and will exist in opposite directions to those

around themselves, reducing the net magnetic moment of the whole bulk to zero.44 The

bulk material can then be subjected to an external magnetic field, and the resultant

magnetisation taken from zero to the value of the materials spontaneous magnetisation

as the material becomes saturated (Msat in figure 1.7) and the many interior domains

align.

Another magnetic class is encountered when materials are shrunk down to dimensions of

tens of nanometers: superparamagnetism. This is down to the isolation of the magnetic

domains present in the material to possibly just a single domain. When we see just a

single magnetic domain present in a particle there is no possibility of internal domains

switching to align with an external field and magnetic saturation of the material oc-

curring. Due to the lack of saturation possible in the material no hysteresis curve is

observed, as presented in figure 1.7 where after an external field has been applied, the

magnetisation returns to 0 once the external field is removed.4,46 Conversely as seen

in other magnetic classes where as thermal energy increases to the Curie point and

causes spontaneous fluctuations in magnetic spins,39 in superparamagnetic materials as

the thermal energy is increased the whole domain can fluctuate its direction, however

maintaining alignment of its internal spins.4

Changes in magnetic anisotropy energy can also be observed to be linked to the size of

the particle in question, this factor is described as the difference in energy between the

particle being aligned with an external field in its minimum energy state or “easy axis”,

to the particle positioned at its highest energy position in respect to the external field:

“hard axis”.1
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1.2 Magneto-optic Theory

There is an increasing interest in the area of magneto-optic biodiagnostic systems as a

homogeneous test for a variety of biomarkers, as a homogeneous system eliminates the

need for sample preparation and processing prior to read-out of results. This is highly

important for a Point of Contact (PoC) system that aims to reduce the amount of time

required to detect and diagnose, and to reduce the burden of cost, maintenance and

training.47–51

There is several physical phenomena that involve the dispersion of elongated particles in a

fluid and their manipulations of light passing through the colloid, causing birefringence

which can be subject to the external magnetic field and following alignment of the

dispersed particles.52

The Cotton Mouton effect is a long known physical optic effect, being discovered in 1907

by Aimé Cotton and Henri Mouton. The effect describes the birefringence properties of

a gas present in a perpendicular magnetic field. As such the state and orientation of the

external magnetic field will influence the optical state. It is the magnetic equivalent of

the Kerr effect which is found due to changes in electronic environment.47,51–55

The Cotton Mouton effect as related to our project involves elongated anisotropic par-

ticles being dispersed in a solution that is subjected to an external oscillating magnetic

field, as monochromatic light is passed through the sample it is plane polarised accord-

ing to the alignment of the particles to the external magnetic field. This polarisation of

light can easily be detected by sensor placed in the path of the light exiting the sample

solution. This property can be explored at many points around a full cycle of a rotat-

ing magnetic field allowing for real-time analysis of any changes in the liquid. As the

external magnetic field is rotated around the specimen sample the reporter particles in

the sample will rotate following the plane of the magnetic field but with a slight delay

called the phase lag.5,48

The phase lag described here is caused by the high-aspect ratio particles not being able

to move unhindered in the sample solution. It can be understood that if the particles

were to be suspended in a vacuum and subjected to the same external magnetic field that
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Figure 1.8: Diagram demonstrating the principle of this biodiagnostic
system with anisotropic magnetic reporter particle, upon protein binding
to reporter particle sees an increase in hydrodynamic area and hence phase

lag5

there would be no or minimal phase lag detected as the particles could rotate exactly in

plane with the magnetic field, with no drag or friction to cause the particles to rotate

slightly behind the plane of the magnetic field. As such it is apparent that when these

particles are suspended in solution, there is a drag or friction energy from the liquid

working against the rotation of the elongated particles. From this we can establish that

the larger the hydrodynamic area of the particle in the plane of rotation, the greater the

drag force will be and hence a larger phase lag (ϕ, figure 1.8) will be found.5,49,54,56–58

This property also points to one method of multiplexing the analytical properties of

the system as if you have more than one population of particles that are sufficiently

different in size, the difference between their individual phase lags may be large enough

to differentiate between the populations.

This phase lag generated here by the reporter particles binding to the analyte molecules

results in an increase in Brownian relaxation time.48 This provides a useful property

for use in biodiagnostic systems: elongated magnetic reporter particles functionalised

with specified proteins, anti-gens and anti-bodies can be mixed with liquid samples

which may contain the desired target molecules/particles. Upon these target molecules

binding to the reporter particle an increase in the phase lag can be detected in the

output polarised light, caused by an increase in overall hydrodynamic size and mass of

the reporter particle and hence an increased drag when rotating in solution,5,49,56 and

is shown in figure 1.8. This observed overall phase lag increase will be minute upon one
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reporter successfully binding to one target molecule, but as more reporter particles bind

to their target molecules the phase lag will become more noticeable. As such not only

the presence of a certain molecule can be detected, but also estimates of quantity and

concentration of the target molecule can be made after process calibration.

Another benefit of using this Cotton Mouton effect to underpin biodiagnostic systems al-

lows for interrogations of multiple reporter particles in one sample by tuning the optical

response of the repeater particles so that multiple bands or wavelengths of monochro-

matic light can be used and detected independently in one system. This will allow for

multiplexing of the system so that one liquid sample can be tested for multiple target

molecules simultaneously.

The optical properties of an anisotropically shaped nanoparticle can be altered subtly

and scalably by a couple of routes. Primarily the optical resonance of a particle is down

to its inherent elemental properties, such as gold and silver. But over a few decades

many publications have pointed to the size of particles and their direct effect on the

optical properties, especially in the nanometer scheme it is found that the size and

morphologies of the particles have great influence.35,36,38–40 This is mainly thanks to

changes in availability of free conduction electrons resulting in a LSPR, as the particles

are extended anisotropically in one direction the LSPR develops two modes; both a

longitudinal and transversal mode are found.36,38,41,59 This property of nanoparticles

allows the optical property to be directly changed by altering the length or width of

the particle, and as such different length reporter particles could plausibly be used

in one sample for detection of multiple analytes simultaneously. As the length of the

nanoparticle is increased the longitudinal mode resonance tends to get further red shifted

form the initial resonance of a sphere of the same material. Another way of altering the

optical resonance of the reporter particle is to change the material that is being used

for the optical function, either by replacing with a similar behaving material or to alloy

or mix with a similar material; one good example of this is alloying gold with silver or

copper.

The benefit of using the optical properties of the reporter particles to study the sample

over the average magnetic properties of reporter particles in solution allows for sensing of

multiple analytes in one sample, and should also mean that a lower concentration of the
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reporter particles themselves are required owing to more sensitive optical responses to

change.48 This reduction in total number of reporter particles in the sample also allows

for a lower limit of detection of the analyte present in the sample, aiding in diagnosis.

These anisotropically shaped nanoparticles inherent in their structure results also in a

magnetic anisotropy, showing a clear directional dependence of their magnetic properties.

This involves the magnetic moment of the particles tending to align to an easy axis, which

will be the most energetically favourable direction of spontaneous magnetization. This

magnetic anisotropy is what describes the alignment of the nanorice particles described

above to an externally applied magnetic field, as in absence of this external field the

particles dispersed in the liquid should be randomly orientated and of no long range

order. This property allows for the analytical set-up to run on pulsed magnetic fields or

rotating fields, both being able to show phase lag and as such binding events of reporter

particles to analytes.

This process first found direct practical use in a PoC bio-diagnosis machine developed to

indicate the presence of malaria in blood samples, this particular system used a rotating

magnetic field external to the collected blood sample to align goethite nanorods, which

are formed as a by-product in blood plasma by the malaria virus.47,51,60 These goethite

nanorods take the chemical form of α–FeOOH and are thought to have antiferromagnetic

properties, and so can be detected in this system the same way that is described above

for designed anisotropic magnetic nanorods; as when aligned by the rotating external

magnetic field a phase lag is seen in the observed light that is passed through the sample.

1.3 Crystal Growth

Crystal growth in solutions is often a balance of many factors, where from solvated pre-

cursor compounds particle seeds nucleate, grow by addition into clusters and then mature

into defined structural forms.19 The route by which each crystal synthesis proceeds will

differ but is often a midway between kinetic and thermodynamic forces.16,21,41
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Figure 1.9: Graphical representation of the LaMer model of nucleation,
where C∞ and Ccrit indicate the equilibrium concentrations of the bulk
material and critical concentration for nucleation from solution respec-

tively6

In the case of metallic nanocrystals grown in solution, a metal precursor such as metal

halide, nitrate, acetate etc. is dissolved in an approriate solvent. To this precursor solu-

tion a reducing agent is added, or in some cases just heat is applied. At any rate, some-

thing is done to initiate the reaction.37 The LaMer model has been adopted as the prin-

ciple theoretical explanation for nanoparticle nucleation from precursor reagents in solu-

tion and is described as the following and demonstrated as a plot in figure 1.9.6,21,61–64

As metal ions are liberated from the precursor compound, their concentration in the

solution increases (phase I, figure 1.9). The metal ion concentration increases to a cru-

cial supersaturated point (Ccrit) where that number of free metal ions can be no longer

supported in the given solution volume (phase II, figure 1.9). At this supersaturation

limit metal ions overcome the repulsive electrostatic forces (being positively charged) to

nucleate and form very small clusters or seeds. Often large numbers of seeds or clusters

are formed when the supersaturation limit is broken, resulting in a steep reduction in

the concentration of metal ions in solution and no more nucleation occurs as concentra-

tion drops below the critical point (phase III, figure 1.9). It is on these formed seeds

that further free metal ions form and agglomerate from solution, growing the seeds in

size. When the particles become of a certain size the materials form into their native

lattice structures which hence directs the crystal growths into certain shapes and forms,



18 Chapter 1. Introduction

reflecting aspects of their crystal structure. It is at this point in a crystals’ development

that other outside variables can be used to direct the growth of the crystal to other

forms.12,65,66

Figure 1.10: Diagram of nanoparticles of subsequent shells on one cen-
tral atom, with labelled total atom numbers7

It is interesting that when particles are growing from these minute nucleating seeds that

there exists certain “magic numbers” relating to the number of atoms present. These

can be imagined starting from one central nucleus, that grows subsequent shells of atoms

around it. These magic numbers to name a few are 13, 55, 147, 309, 561 and onwards

and are shown in figure 1.10.7 Nanoparticles have been caught and observed at these

sizes such as Au561, Au309 etc. and proves the process of addition by which these

crystals grow.19

1.3.1 Capping agents / Surfactants

While controlled crystal growth can result in small nanoparticles of defined morphologies,

the smaller the particles are the higher potential for agglomeration from solution can

be. This is explained as the nanoparticles having a high relative surface area and hence

surface energy, so to find a reduction in interfacial energy between solid and solvent

the nanoparticles can often agglomerate into a larger mass and as such reduce the net

interfacial area. To prevent this effect, the use of various surfactants or capping agents

is common, and may be introduced for the purpose or are otherwise merely reaction by-

products. These stabilisers can be found to either bond directly to nanoparticle surfaces,

or protect the surface by the formation of charged electrical double layers where ionic



1.4. Synthesis Processes 19

species in solution arrange themselves around nanoparticles carrying a slight charge

themselves.67,68

1.3.2 Structure Directing Agents

The use of structure directing agents or surfactants has become common in nanoparticle

synthesis when certain morphologies or crystal faces of particles are desired,61 and are

often dual use improving the dispersibility of the resulting particles as described above.

These surfactants are present in solution and typically work through displaying some

preference over which crystal faces of a material they will bind to, resulting in the

further growth of the crystal along the least or un-protected faces.

1.4 Synthesis Processes

In the next few sections a brief overview of the synthesis processes and methods that have

been used in this project will be given, where their history in the literature will be sum-

marised, and secondly how they have found recent use and application in nanoparticle

synthesis.

1.4.1 Forced Hydrolysis

Hydrolysis has been a term used in chemistry and related disciplines for a long time,

deriving the meaning from greek “hydro-” for water, and “lysis” meaning to break or

cut. So the term has been used to describe different processes; either unbinding of water

molecules themselves, or to the breakdown of a larger particle by cutting it apart and

water binding to one or both of the constituent parts, facilitating the division process

by providing stable reaction products.

When applied to this project specifically the term “Forced Hydrolysis” represents the

heating of an iron precursor compound solvent in water for varying time lengths, which

through a slow process of hydrolysis the iron compound is broken down and various
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Fe x H2O compounds are formed.69,70 These aquo compounds undergo further reduction

resulting in several iron oxides and oxyhydroxides. The presence of phosphate and

chloride ions in solution from added reagents forces the hydrolysis reaction to ultimately

form hematite particles of a controlled morphology.71–73

1.4.2 Noble Metal Coating

This process isn’t necessarily known as a method in its own right, but the aim of the

process can be met by a few routes and find common results. For certain applications of

nanoparticles a noble metal coating over some other material is desired due to the hard

wearing properties, novel optical and electrical properties, and inertness. This has been

achieved in studies over the past few decades by physical deposition processes where films

of metal are deposited at a precise thickness over a whole substrate via the gas phase, or

via several wet chemical processes where a material is deposited or grown directly onto

a particle dispersed in a solution or at phase boundaries.

In the research presented here the coating steps typically proceeded by an initial seeding

step, with then further deposition of noble metals on to the seeds resulting in a noble

metal coating on a differing material core. We also found that adequate coats could

be attained without a seeding step, where noble metals were deposited directly onto

functionalised cores.

1.4.3 Digestive Ripening

Digestive ripening was first discussed in the late 1990s with the work of Klaubunde et

al. looking to use the process to tune the size dispersions of the nanoparticles being pro-

duced.10,74–77 The issue to be solved was that many solution processes for synthesising

nanoparticles were resulting in particles of several sizes being made concurrently. Diges-

tive ripening allows, via the use of many possible digestive ripening agents,78–82 more

monodisperse populations of nanoparticles to be attained. The process also showed its

applicability to producing alloyed nanoparticles of two or more metals.83–86 A digestive

ripening agent is able to first bind and then scavenge metal clusters from the largest
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particles in solution, and then adds these clusters to the smallest particles in solution

resulting in growth. This has the effect of narrowing the size distribution of particles

in solution until a near monodisperse population is attained. The process proceeds in

contradiction to the more well studied Ostwald ripening process, which describes the

free energy driven aggregation of the smallest particles in solution resulting in larger

and fewer particles; typically which are monodisperse also.87

For this research the digestive ripening process was used to try and produce more uniform

coatings of noble metals on a core, due to starting with more uniform and monodisperse

particles, and by which to give an alloyed metal coat.

1.4.4 Interface Coating

The interface between two liquid phases or a gas and liquid phase has in recent years

found increasing use for synthesising nanoparticles as thin films, or as a system by which

to isolate and trap the particles when formed. The interface of air and a liquid can

support many types of particles and as the film present at the interface is compressed we

can produce large amounts of the material, in a technique known as Langmuir-Blodgett

films.88,89 Similarly the interface of two immiscible liquids can trap solid particles and has

been used to produce thin films of particles, via reaction of precursor compounds.90,91

In these studies the process of forming metallic nanoparticles at the interface of two

liquids was applied to again attempt to form a noble metal coating on a nanoparticle

core.

1.4.5 Polyol Reduction

The Polyol process is a novel synthesis that has been used to make metals, their oxides

and various other compounds. The process was first discussed in the late 1980s, primarily

in the work of Fievet et. al. where they identified its potential in producing “finely

divided” metal particles.92–94 This process is different in that using an organic solvent:

a polyol, which itself or its decomposition products reduce the precursor compounds. The
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use of these organic solvents also allows for reactions to be run at higher temperatures

without the use of expensive equipment due to the higher boiling points.

The Polyol process has been shown to be capable of producing highly monodisperse and

shape-controlled nanoparticles,94 particularly with the case of silver nanowires,95 when a

surfactant is introduced to the reaction conditions. During this research it was attempted

to simultaneously produce silver nanowires with a nickel constituent, providing for both

the magnetic and optical properties required in the research brief.

1.4.6 Hydrogenation Reduction

The reduction of compounds by hydrogen gas has been well known for a long time. The

use of hydrogen as reducing agent allows for non-aqueous environments to be studied, as

such oxygen or water sensitive materials can be produced. In recent years publications

have shown that reduction of cobalt precursors by hydrogen gas, with the presence of a

surfactant can produce precisely controlled cobalt nanorods or other nanoparticles.96–99

Briefly this process of producing cobalt nanorods via hydrogenation reaction has been

looked into; as to whether alternative cobalt precursors could effectively be used, and

to test the effect of greater amount of surfactants within the reaction on the particulate

product morphology.

1.4.7 Pickering Emulsions

The general term of emulsion refers to a mix of two immiscible liquids, containing

droplets of an opposing phase in the other, stabilised by some surfactant. Typically

emulsion surfactants are large molecules usually with opposing functional ends; where a

“head” is hydrophilic and a “tail” is lipophilic, as presented in the left hand diagram in

figure 1.11. Pickering emulsions differ in that a solid particle acts as the surfactant to

stabilise these droplets in the opposing phase.8,100 A Pickering emulsion is seen in the

right hand schematic of figure 1.11.
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Figure 1.11: Schematic comparing emulsions stabilised with molecular
and solid particulate surfactants8

A short time in the project was spent exploring the possibility of synthesising gold and

silver nanoparticles in-situ of producing a Pickering emulsion stabilised by the same

nanoparticles. By adapting a method of synthesising nanoparticles at the interface of

toluene and water, their long-term stability at the interface allows for their application

as a surfactant in making Pickering emulsions.

1.5 Biphasic Fluid Interfaces

The interface of two immiscible liquids is an interesting system to consider when dis-

cussing nanoparticle synthesis or processing.101–104 This system underpins the idea be-

hind the synthesis processes outlined in the previous subsections 1.4.4 and 1.4.7. It can

briefly be explained by the presence of an interfacial tension between two liquids that

will not mix, a simple example of this is how oil will sit on top of a volume of water

along-side the presence of a meniscus between these two layers, just as we see between

water and air which is similarly a phase interface. Particles can be seen to adsorb to

the interface when certain criteria are met and a net reduction in the Gibbs interfacial

energy is ensued;8,100,104,105 the mathematical justification for this is discussed further

in chapters 6 and 9. The criteria for the adsorbing particles include size, cross-sectional

area, wettability amongst others.
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1.6 Analysis Techniques

A full suite of both commonly used techniques and more niche equipments have been

used to characterise the particles produced over the duration of this project; the range

of techniques available to us have allowed us to observe and measure their optical,

morphological, magnetic, structural and chemical properties.

1.6.1 Electron Microscopy

Electron microscopy has had a huge impact on the research and study of nanoparticles,

as it has allowed the researcher to observe the morphology and sizes of particles down

to the nano and sub-nanoscale. These nm scale images are not possible to acquire using

conventional optical microscopes and theory, this is down to the manipulation of light and

hence the highest resolution of an optical microscope being of the order of the wavelength

of light used. Optical microscopes use visible light radiation with wavelengths of several

hundred nm and as such cannot be trained to features of a particle in just tens of nm

or smaller.

Electron microscopes avoid this issue by; as the name suggests, using a beam of electrons

to look at the sample, with two divergent types of electron microscopy arising from

whether the image of the sample is built from transmitted electrons through the sample,

or electrons collected from above the sample where the electron beam is incident from. To

direct a collimated, accelerated beam of electrons at a sample the use of electromagnetic

lenses are required, making use of the tiny magnetic moment of single electrons a series

of electromagnets arranged in sequence can direct the beam of electrons and ensure they

are moving in a controlled path.

All this could not have been possible without a series of inventions in the early 20th

century, first came electromagnetic lenses in 1926 developed by Hans Busch. Ernst

Ruska a physicist developed and built both the first prototype electron microscope and

the first electron microscope to achieve resolution greater than an optical microscope

in 1931 and 1933 respectively. Since then subtle changes have been made to result in

greater resolution and applicability, but the theory and build of electron microscopes are
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very much similar to Ruska’s first instruments. The main changes in today’s commer-

cial and research microscopes are the source of electrons, number and configurations of

electromagnets and filters, and modern digital sensors for image capture.

The two types of electron microscopy have inherent advantages and disadvantages when

compared to each other and are better used for certain applications, such as need for high

resolution, imaging of conductive material, or to minimize damage to delicate samples

or to collect elemental mapping data.

SEM

Scanning Electron Microscopy or SEM is a method of electron microscopy where a

focused electron beam is passed over a rectangular area of the sample to be imaged in

a raster pattern. This is where the beam is traced across the width of the area, then

moved down one line and back across the width of the area until the whole area has been

covered. At each point or pixel at which the scanned beam passes over in the image area,

a change is observed in energy between the incident electron beam and what is resulting

from its interaction with the sample. This change is manifested as high-energy back

scattered electrons, low-energy secondary electrons, heat, and also as x-ray emission, all

of these energies provide information on the sample be it topography or composition.

Typically back scattered or secondary electrons are detected and used to build up an

image of the sample over the area scanned, building up an image with data gained from

when the electron beam is focussed at each pixel of the image.

This interaction of the electron beam with the sample allows for SEM to make use of a

by-product: x-ray emission, to build up an elemental map over the image scanned. This

means that at each pixel a reading can be made of the x-ray emission from the sample

and specific elements can be judged to be at this point. As the SEM output is an image

of the interaction of the electron beam with the surface of a sample, thick and bulky

samples can be imaged, at least showing topography or features of the surface of the

sample.
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SEM has lent itself well to being used to image cells, biological structures and in general

samples of a more delicate nature. This is due to the process by which an image is com-

piled where the beam is focused and passed over the sample, due to this focusing of the

beam a relatively low accelerating voltage is applied to the electron beam, resulting in

less potential for damaging the sample. It is this property of relatively low electron ener-

gies required that mean that many table-top SEMs have been produced with reasonable

imaging resolution.

TEM

Transmission Electron Microscopy or TEM is a form of electron microscopy which typ-

ically offers greater resolution than SEM. The principle difference in TEM to SEM is

that the image built is from electrons that are transmitted through the sample. Due to

TEM working on transmittance, only relatively thin or samples with good conductance

can be imaged.

Images of the sample are created in a different manner to SEM also, where the incident

electron beam is not focussed to a small point of the image area, rather it is a wider

collimated electron beam whose focal point is matched to the surface of the sample. As

the electron beam passes through the sample conductive materials transmit the greatest

number of electrons, with denser or electrically insulating materials hindering the beam

and at which point a snapshot is taken of the sample area from an advanced digital

camera. In the past the transmitted electrons would be incident with a phosphorescent

screen underneath the sample, which with greater electron density a brighter image

would be attained. From this difference in numbers of transmitted electrons a picture is

given of the sample.

An issue with TEM is that due to using a wider beam passing through a large area of

the sample, higher accelerating voltages must be used so the potential to damage the

sample is increased. It is then usual that a TEM will incorporate something like a field

emission gun as the source of electrons with high energy.
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Associated Techniques

STEM or Scanning Transmission Electron Microscopy incorporates both methods above,

where typically an electron beam in a TEM will be focussed to a point and scanned

in a raster pattern over the sample as in SEM. This allows for TEM equipments to

function as an SEM and can hence be used for elemental mapping from x-ray emission,

complementing the high resolution of the TEM electron source.

3D-topography is a process by which stacks of images taken typically in TEM but pos-

sibly in SEM, are layered atop each other resulting in a 3D visualisation of the sample.

With the correct computer package it can allow the observer to get a feel for the full

morphology of an individual particle and its positioning in space, rather than seeing just

a slice through one plane of the particle.

EDX or Energy Dispersive X-ray spectroscopy can also be known by the acronyms EDS,

XEDS and EDXA. This technique is a commonly used method added on to SEM and

TEM equipments. EDX simply takes a reading of any x-ray radiation given off from

the sample as the electron beam is incident on it, the resulting x-rays and their inherent

energies are characteristic of certain elements. This means that sample composition can

be evaluated or complete elemental maps can be made to overlay an image taken in SEM

or STEM modes.

EELS or Electron Energy Loss Spectroscopy works by knowing that the beam of electrons

present in an electron microscope is of a given narrow range of kinetic energies, as the

beam is incident on the sample being imaged then a loss of energy is seen as the electrons

interact with the atoms in the sample. This loss in energy can be measured and losses

of certain energies can be assigned to certain interactions of an incident electron and

the type of material being imaged. EELS and EDX are often used in conjunction with

each other as through analysing EELS spectra oxidation state, chemical bonding and

conduction band properties can be resolved. When both spectroscopies are used together

a more complete picture of the samples’ chemical properties can be given.
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1.6.2 UV/Vis Spectroscopy

UV/Vis spectroscopy is a common type of analysis in a variety of chemical research and

industries, due to its relative low instrument cost and ease of use. This technique works

by passing light on the ultra-violet to visible range of wavelengths, that is typically from

<200 nm to ∼800 nm and above, with more modern instruments reporting up to the

near-infrared wavelengths. A cuvette with the sample is placed in the path of the light,

then a diffraction grating separates the wavelengths from the incident light where a CCD

sensor records the image. The light that has passed through the sample cuvette is then

compared to the incident light prior to passing through the sample, and any absorption

of specific wavelengths by the samples is presented in the spectrograph.

Materials of different kinds are able to be studied by UV/Vis spectroscopy, where sam-

ples are for the most part solutions however it can be applied to solid and gas samples

also. The development of UV/Vis spectroscopy first originated from the knowledge that

certain vitamins strongly absorb UV light, and so the spectroscopy was first commer-

cialised in the early 1940s to indicate levels of vitamin in a sample. The molar amount in

solution would result in a certain absorbance signal in the spectroscopic data. UV/Vis

spectroscopy can also give us information on certain compounds, as certain chemical

bonds can resonate as such with matching wavelengths, with the potential for stimu-

lation of electron and photon emission as-well. The theory of UV/Vis spectroscopy is

underpinned by Beer-Lambert’s law, which is summarised by the following equation 1.1,

where absorbance (A) is the product of a molar attenuation coefficient (ε), concentration

of sample (c), and the path length of light through the sample (l) .

A = ε c l (1.1)

UV/Vis spectroscopy; most importantly for this work, has also found recent uses in

studying colloids of nanoparticles of metals, as the LSPR of certain nanoparticles can

equally show absorbance signals in the UV/Vis range. As light of certain wavelengths

will resonate with the de-localised sets of electrons on the particle, and this is highly

dependant on surface chemistry, size, morphology and more properties of the particle,
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we can thus see some clear scaling effects of changes in the particle properties and the

spectrograph. Beer-Lambert’s law and Mie Theory allow for the calculation of spherical

metal particle sizes from the absorption of UV/Vis light, and has been adapted for

modelling of particles of different shapes and structures.

1.6.3 Powder X-ray Diffraction Crystallography

Powder x-ray diffraction crystallography is just one technique of using x-ray radiation

to resolve the crystal structure of a material, amorphous materials or those without a

long range order will not provide useful data from crystallography methods. Known as

XRD, single crystal or powder samples can be analysed, and the theory on which the

technique is based is Bragg’s law which is presented in equation 1.2.

nλ = 2dsinθ (1.2)

In basic terms an x-ray source is positioned next to the sample, the x-rays are tuned

into a narrow beam incident onto the sample, the x-ray source is then moved through a

range of positions relative to the sample surface for example from 10◦ through to 60◦.

At the same time as the x-ray source is moved so is the x-ray detector moved at the

opposite side of the sample and at the same angle as the source respective to the sample.

The intensity of detected x-rays at the detector will depend on the crystal structure and

the angle of incidence, meaning the crystal structure can be established from the data.

1.6.4 Raman Spectroscopy

This spectroscopic technique has been in practice since 1928, where the principle was

first demonstrated by the Indian scientist Sir C. V. Raman by looking at organic liquids

exposed to intense sunlight, and observing spectroscopic shifts in the light. The phe-

nomenon studied by Raman spectroscopy was proposed theoretically earlier in 1923 by

Adolf Smekal. The theory of this process is explained by the inelastic scattering of light

by a compound, to which the shift in energy relates to rotations or vibrations of specific



30 Chapter 1. Introduction

bonds and lattice structures. The scattered light measured in Raman sectroscopy is in

opposition to the Rayleigh scattering of light.

Raman spectroscopy can be used in complimentary fashion with other techniques such as

infrared spectroscopy which demonstrates the presence of dipole moments in the analyte,

whereas Raman spectroscopy demonstrates polarisability of the analytes’ bonds. It has

been a useful analysis technique for this work to characterise synthesised materials by

comparing their spectra to other standard spectra found in the literature.

In practice these days a Raman spectrometer is typically attached to a microscope,

with a monochromatic laser light source. The sample is placed under the microscope

which is then focused on the surface of the sample, the laser light is passed through the

microscope optics and is thus also focused on the sample. Scattered light is collected by

a sensor somehow out of line with the incident laser light and the shift in the scattered

light energy is plotted against intensity.

1.6.5 Thermo-gravimetric Analysis

This simple technique can provide some basic information about the sample material

and using informed conjecture or theory further assumptions about the sample and its

interactions can be made. It incorporates a high precision balance on which the sample

is placed, which can then be heated to high temperatures (1500–2000◦C). The analyser

then continually weighs the sample as the heat is varied, usually at a constant rate. The

material usually will loose some mass at certain temperatures which can be attributed

to drying, loss of certain chemical groups or surfactants and other chemical events. The

heating of the sample can be conducted under a variety of conditions such as different gas

atmospheres, so chemical events such as oxidation can also be more accurately quantified.

1.6.6 Nuclear Magnetic Resonance Spectroscopy

This widely used spectroscopic facility (NMR) can help to qualify the molecular structure

of compounds. Through the use of a large external magnetic field and a smaller near-

field oscillating magnetic field, within the sample certain atoms can be observed, and
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depending on their local environment their resonance with the oscillating field will vary.

As such when resonance with certain frequencies are observed the molecular structure

can be inferred. Each element to be studied is observed independently, and commonly

when working with organic molecules 1H and 13C NMR is performed, as the difference

in environment such as double bonds, functional groups with varying electromagnetic

values will shift the resonances of the atoms.

1.6.7 Vibrating Sample Magnetometry

This material analysis technique is useful for measuring some magnetic properties of a

material. It can show the user which class of magnetic materials the sample is from the

output data by providing information on hysteresis, magnetic saturation point and the

magnetic hardness of the sample.

The system works relatively simply by using an electromagnetic set-up where two poles

are separated by a gap, in this gap the magnetic flux lines will flow from one pole to the

other, fairly evenly right in the centre of the two poles. The sample under study is then

placed in to the centre of this gap between the poles, where the sample holder is then

vibrated sinusoidally. This movement of the sample will cut across the flux lines between

the poles, this will result in an induced current in the electromagnet, proportional to the

magnitude of magnetism in the sample. Data can be collected under a certain magnetic

field, or the electromagnetic poles can be set to sweep through a range of magnetic fields,

which will provide the hysteresis measurements and so on.

1.6.8 Magneto-optic Test Setup

Some data had been gained from a hand built prototype system, that was designed and

built for testing the applicability of certain nanoparticle materials for use in the aimed

biodiagnostic system. Important criteria for these reporter particles can be measured

with this equipment such as phase lag, oscillation amplitude and values, with a variable

external magnetic field placed around a sample cuvette holder.
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1.7 Project Aims

Cotton Mouton Diagnostics Ltd. (sponsoring company) currently use an established

protocol for producing size defined iron oxide nanoparticle cores, and to subsequently

coat these cores with a shell of gold particulates. These composite core-shell particles

are then functionalised with bio-active adducts, which can bind selectively to their com-

plimentary analyte marker. These nanoparticles perform as reporters in the system

attaching directly to the targeted analytes in solution and by producing a readable sig-

nal through their diagnostic system: α-CMD. It is anticipated that through designing

similar elongated particles of either a different size, or of different optical and magnetic

properties that the biodiagnostic system’s capabilities can be improved. By increasing

the number of finite reporter particle populations which can be detected individually;

the system can then be used to detect multiple analytes simultaneously. Additionally,

these reporter particles can sense changes in solution such as viscosity changes through

coagulation etc, and so if a synthesied particle could improve the sensitivity of the system

for detecting changes in viscosity that would also be of benefit.

The particles prepared from the work of this project are expected to meet the require-

ments of the above mentioned biodiagnostic application and to be able to act as reporter

particles within the system.

The aims of this project were: to synthesise anisotropically shaped nanoparticles, with

control over both magnetic and optical characteristics. To this end we have system-

atically looked to tweak and control the two main properties of critical importance to

the diagnostic system; to affect changes in these properties five separate syntheses have

been explored. Two of such methods were endeavouring to provide alternative routes to

coating the same core magnetic particles already used in the target diagnostic system,

with gold and with silver, with a hope to control the surface density of the noble metal

coating, hence shifting the optical response. A third process explored was to dope the

core particles with different metals with the intention of influencing the magnetic prop-

erties of the core. The final two methods explored were started from scratch, attempting

to build complete alternative reporter particle morphologies and constructs using more

modern synthesis methods to the ones already employed.
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In the following chapters it is hoped that to some extent it can be proven that each

briefed aim has been met in some way, and that it is possible to develop controlled

populations of nanoparticles, suited to use as reporter particles in such a diagnostic

system with discreet optical and magnetic properties.
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2.1 Introduction

The iron oxide cores used in the majority of this research project and studied by various

other research groups globally, have been prepared following a method first published in

1984 by Ozaki et al.73 who demonstrated a simple, well controlled route to producing well

defined hematite nanoparticles, whose shape and size are controlled easily by reaction

time and reactant concentration ratios.

2.2 Forced Hydrolysis Synthesis

The synthesis proceeds by a forced hydrolysis reaction, where the iron precursor is

dissolved in a large quantity of high purity water which at high temperatures liberates the

Fe3+ ion and forms a variety of iron oxides and iron oxy-hydroxides. Forced hydrolysis

has been used as such to produce a wide variety of oxides and oxyhydroxides of metals

from a range of origin precursors.71,72,106,107

2.2.1 Original Published Method

The process originally described and developed by Ozaki et al. is a forced hydrolysis

synthesis where aqueous solutions of FeCl3 and NaH2PO4 are aged for 2 to 7 days

at 100◦C in a sealed reaction vessel.73,108 Depending on the ratio of iron precursor

to phosphate, and the length of ageing, the aspect ratio is controlled of the resultant

particles.73,108–112 Of all populations produced there is high control with very little

deviation from the mean morphology found in each sample. There is a general transition

of shape moving from slightly elongated spheres or truncated potato shapes, through to

rice or spindle shapes via a much larger increase in the longest vector of the particle,

relative to the increase in width.
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2.2.2 Influence of Co-precipitating Agents

Some studies have explored the effect of various co-precipitating agents in this forced hy-

drolysis process.71,113 The most prominent publication of this is by Reeves and Mann,112

where the addition of simple anions such as phosphate and sulfates result in complete

iron oxide formation with preferred adsorption to certain crystal facets, whereas more

complex organo-phosphate additives can result in favoured formation of oxy-hydroxy

iron compounds with less selective binding of crystal facets hence less shape control.

The effect of various anion binding to iron compounds is dependant on solution pH as

detailed in the paper.112

In the case of phosphate as is used in our synthesis, it is not a specific binding of

phosphate to certain iron compound crystal faces that is observed. However, the mono-

disperse nature of the resulting particles can be explained by stereochemical and ge-

ometric properties of certain faces that encourage strong phosphate binding.110,112–114

Bi-dentate binding of phosphate can bridge two surface iron atoms by substituting two

O2− sites when the spacing is close to 2.5Å which is the O-P-O distance in phosphate

itself. We see that the faces of hematite parallel to the c-axis have a distance of 2.7Å be-

tween surface O2− atoms, meaning a relatively strong binding of phosphate is possible

and further growth generally along the c-axis is observed. The distances of 2.5 and

2.7Å do present a small mismatch and this can explain the presence of a rough sur-

face and curvature seen in the resulting particles such as in figure 2.4; from this forced

hydrolysis process when using phosphate as the structure-directing agent.

The paper further relates the reduced shape control from the use of sulphate rather than

phosphate due to an increased mismatch in binding spacings, with the O-S-O distance

being 2.4Å which is a worse match to the 2.7Å distance between surface O2− atoms

available on the parallel face to the c-axis of hematite lattice.112,113

A publication by Hu et al. who were discussing a microwave induced hydrothermal

decomposition of iron precursors in the presence of phosphate ions discussed further the

structure directing affect.110 In their experimentation they similarly found, that with a

key starting molar ratio of Fe3+ to PO4
3− that spindle shaped hematite particles were

produced. In their explanation of phosphate’s role they discuss that from hematite’s
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lattice structure there is crystal faces that exhibit either singly or doubly coordinated

surface hydroxyl groups, and that in the case of the doubly coordinated hydroxyl on

the (001) face they probably prevent adsorption of phosphate to that face. This sits

with other publication’s assertion that the hematite is preferentially elongated along its

c-axis.

In a more recent publication by Frandsen et al. a new crystal growth mechanism is

proposed.115 The forced hydrolysis method from Matijevic et al.’s paper was duplicated

and samples at several occasions were analysed by varied processes. They found that in

the early stages of reaction, or up to 56 hours, the solid formed is solely; or mostly the

akaganeite (β-FeOOH) phase of iron complex. At this stage the akaganeite crystals are

present as rod shaped particles or loosely defined particulates varying between several

nms up to 100 nm longest vector. After 56 hours reaction time an increasing presence

of hematite is seen, at the expense of akaganeite.

The growth mechanism in this paper hypothesises that the akaganeite rod shapes crys-

tallographically orient themselves into agglomerated structures. The akaganeite particles

were seen to typically arrange on their (100) and (001) crystal faces, then when the ag-

glomerated particles are of a large enough total size a favourable transition to hematite

structure is seen.115,116 This agrees with the reduction of akaganeite’s presence in so-

lution as the presence of hematite increases, while allowing for the appearance of the

final hematite nanorice particles to be that of a single crystal even often diffracting as so.

Irregularities in the crystal structure and also the surface roughness of the final hematite

particles also adds to the theory of the nanorice particles being formed from akaganeite

sub-units which transition to hematite with further hydrolysis.

It has been noted in the past that phosphate is also able to strongly adsorb to ak-

aganeite’s surface usually as a bi-dentate form, as presented in figure 2.1.107,117 Due

to the crystal structure of akaganeite the hydroxyl units on its surface which will be

exchanged for phosphate adsorption are present as one, two and three co-ordinate con-

figurations,107,118 meaning the preferential binding of phosphate to certain faces will

again result in preferential growth in a certain direction, resulting in these nanorod

shapes.
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Figure 2.1: Crystal structure of akaganeite (β-FeOOH) showing pref-
erential bi-dentate binding of phopshate (blue balls) over mono-dentate
binding positions (red balls), green balls indicate position of chloride ions

commonly found in akaganeite

The desorption of phosphates as smaller sub-units aggregate could be driven by the

decrease in the reaction solution’s pH as the hydrolysis mechanism proceeds.114 This

then allows the primary sub-units to perform inter-particle sintering forming Fe-O-Fe

bonds between the particulates.116 It has also been shown that heating the resulted

particles up to 800◦C we find a decreasing value of the c parameter of the observed

crystal lattice by x-ray diffraction studies, from a value larger than which is observed

for single crystal reference hematite sample, down to a value close to the reference value

when heated to 800◦C.116

2.3 Hematite Structure and Other Iron Oxide Phases

The hematite form of iron oxide and others have been highlighted as a desirable mate-

rial from which to design magnetic nanoparticles for use in bio-diagnostic or for treat-

ment purposes due to their relative stability in standard conditions along with typically

being un-reactive.119–122 However some research does point to unexpected toxicity of

specifically magnetic nanoparticles when used within the body, so for internal use these

proposed particles should be subject to similarly stringent testing as for new drugs for

example.123,124 This present cytotoxicity challenge can be met by further surface engi-

neering or coating of the magnetic particles with a more suitable material.40,58,125



40 Chapter 2. Hematite Nanorice Core Synthesis

Figure 2.2: Crystal structures of: (a) hematite and (b) akagenite.
Brown shapes represent iron valency, red balls; oxygen atoms and green

balls; chloride ions

The structure of hematite has been resolved by various means as having a typical corun-

dum structure as Al2O3, assigned with the space group R3ch. The unit cell is often

computed with oxygen atoms forming a geometry of hexagonal close packed, with the

iron atoms subsequently filling 2/3rds of the trigonally distorted octahedral interstitial

spaces. From this it can be seen that each iron atom is valent to six oxygen atoms, three

of which form an equilateral triangle above the iron atom as presented in figure 2.2.

The other three oxygen atoms are arranged similarly in an equilateral triangle, which

is staggered in respect to the opposing three oxygens, and this lower three oxygens are

positioned relatively closer to the central iron atom and hence form a larger triangle

arrangement with longer O-O distances.126–128

Hematite in bulk is only ever weakly either antiferromagnetic below the Morin transition

which is placed at 260 K, or slightly ferromagnetic between the Morin transition and Neel

temperature at 960 K.44,120,128–132 However in the case of nanoparticles below a certain

size, hematite tends to superparamagnetism.128,132–137 This is due to approaching the

size at which a particle will take the form of a single magnetic domain which is actually
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of a lower total energy than to be split into multiple magnetic domains, which is the

approach we find of bulk magnetic materials to minimise contained magnetic tensions.

Akagenite is a similarly important iron oxy-hydroxide phase in this study, in that it is an

intermediate compound formed in the synthesis of hematite.115 Akaganeite is typically

described as the β-FeOOH phase of iron oxy-hydroxide, in that oxygen and hydroxide

groups are present, however chloride ions are known to be a common constituent of

akaganeite.138 Its structure is also presented in figure 2.2, where the unit cell falls into

the monoclinic I2/m crystal class. Iron in akaganeite is also arranged in an octahedral

geometry, valent with 3 oxygen and 3 hydroxide groups. An interesting feature of the

structure of akaganeite is large tunnels through the iron oxy-hydroxide structure which

is where chloride or water ions are commonly found to reside, and so hydroxide groups

are thought to mostly reside around the inside of these tunnels to balance charges.138

Akaganeite is well known to be a very weak (negligible) magnetic material, but the

classification of its magnetic properties are debated in the literature, with presented

evidence of ferrimagnetic,139 ferromagnetic, anti-ferromagnetism140 and superparamag-

netic139 properties, with clear size and temperature effects on its properties.139

2.4 Experimental

Following suite from more modern publications who also use the hematite nanorice core

on which to deposit noble metals,59,111,116 we chose to use KH2PO4 as co-precipitation

agent, as it was shown to act in an identical manner to NaH2PO4 resulting in mor-

phologically controlled populations. The involvement of a small ratio of phosphates

as a complexing agent, relative to the iron precursor, is stated to be integral to the

development of the anisotropic shapes as the reaction proceeds.109,110

The synthesis route used to produce all the hematite nanorice cores used throughout this

project is as follows: A 50 mL aqueous solution of FeCl3 (0.1622 g, 20 mM) and KH2PO4

(0.0027 g, 0.4 mM) is mixed in a fully sealed vessel, and aged at 100◦C for 72 hours

in a pre-heated oven. Over the duration of the ageing and heating process the solution

transitions from an initial transparent rust-orange solution, deepening over 24 hours to a
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dark brown, and finally the solution thickens to a deep opaque red solution. Following the

72 hours heating at 100◦C the glassware is withdrawn from heating in the oven and left

to cool to room temperature. When the vessel is able to be handled easily the contained

deep red solution is subjected to ultrasonic bombardment in a water bath to disperse the

solid precipitate, at which point the solution is quickly transferred into centrifuge tubes.

The produced precipitate is then washed by repeating centrifuge regimes as detailed in

table 2.1. After each centrifuge step the supernatant is decanted from the centrifuge

tubes leaving behind a rust-red precipitate. Each eliminated supernatant should contain

extraneous ions, un-reacted precursor and smaller particles. The remaining precipitate

is then dispersed in fresh solvent by ultrasonic bombardment as prior, and subjected to

the next centrifuge step. With each supernatant removed the colour of the supernatant

transitions from a translucent orange to clear, indicating the amount of unwanted ions,

particles and precursors is reduced. After the final centrifuge step the supernatant is

removed and the dried precipitate is dispersed in 12.5 mL of fresh Industrial Methylated

Spirits (IMS) for structural, spectroscopic and optical analysis, and for further use.

Table 2.1: Centrifuge washing regime followed with a centrifugal force
of 2400 xg / 4500 xrpm

Solvent Time (minutes) Repetitions
Reaction solution 20 1
Deionised water 20 2
Industrial Methylated Spirits 20 2

2.4.1 Results and Discussion

The synthesis process used throughout this research was conducted only as described

above, i.e. only hematite nanorice were precipitated after a heat treatment of 72 hours.

And so the results presented below are obtained from that synthesis condition only and

typically labelled as “72 hours”, unless stated otherwise.
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Figure 2.3: XRD plots of nanorice particles sampled at 24 and 72 hours
of heating, and reference data of hematite and akaganeite

XRD

After centrifuge cleaning the red precipitate was dried in air at 80◦C to a powder and

analysed on a Philips X’Pert Powder X-Ray Diffractometer with a Cu K-α x-ray source

with a wavelength of 1.541 Å. It was found that after 72 hours of heat treatment in

solution the diffractogram of the precipitate strongly correlates with that of hematite (α-

Fe2O3). We see this in figure 2.3 where peak position and heights of particles produced

after 72 hours match those of standard data.115,126,127,141 Some additional peaks are

observed here that are not present in standard hematite diffractograms with peaks at

≈38 and 44.5 and a group of peaks at around 65◦, which can all be attributed possibly

to remnant akaganeite or some lamelar structure; possibly surface bound phosphate.

A sample taken from solution after 24 hours of heating shows some similarities to stan-

dard akaganeite β-FeOOH data, which agrees with the mechanism of formation proposed
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Figure 2.4: Raman spectroscopy data of samples prepared at 24 and 72
hours of heating, alongside a reference hematite spectra

by Frandsen et al.72,115 Although, the spectra as a whole in this case has given less in-

tense peaks than the sample heated to 72 hours, indicating a less crystalline powder.

Raman

Table 2.2: Peak positions and phonon assignments of Raman spectra in
figure 2.4

Raman shift position Phonon assignment
227 cm−1 A1g

246 cm−1 Eg

294 cm−1 Eg

300 cm−1 Eg

412 cm−1 Eg

499 cm−1 A1g

612 cm−1 Eg

Similarly prepared samples as studied by powder-XRD have been studied through a

Model 1000 Renishaw Ramascope with a 633 nm laser source, attached to an Olympus
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optical microscope. Agreeing with the XRD analysis we find that our nanorice particles

produced after 72 hours of heating show strong correlation with standard Raman data

of hematite.72,130,131,141–145 We can assign 7 typical peak positions of hematite in our

data which is presented in table 2.2 with phonon assignments. The weak signals at 660 -

700 cm−1 have been described as lattice disorder in hematite in several studies,130,144

especially present in nanoparticles over bulk hematite samples.146 However the samples

produced from 24 hours of heating again shows some similarities with published Raman

data of hematite, but with some additional peaks that can be attributed to akaganeite

presence, seen at ≈310 and 730 cm−1.147 Overall the 24 hour sample has resulted in

less intense raman peaks than the 72 hour sample which can be explained from the

non-concise nature of the sample.

Some difference is observed when comparing our 72 hour heated sample to the hematite

reference, as the reference data was attained using a 532 nm laser source. As the laser

wavelength is changed we see the relative peak heights vary but the peaks stay largely

at the same positions (wavenumber).

Electron Microscopy

Using various electron microscope techniques it was found that this synthesis is highly

controlled in terms of morphology of the resulting particles and a narrow distribution of

sizes.

By measuring a total of 593 individual particles seen on both the images below in figure

2.5; the distributions in length, width and aspect ratio of the particles were plotted and

can be seen in figure 2.8. Over the total 593 particles measured, the average width,

length and aspect ratio was found to be 112 nm, 564 nm and 5.07 respectively. The

presence of some larger poorly shape defined particulates has had the effect of increasing

the average particle widths while at the same time pulling down the average aspect

ratio. Meanwhile the presence of some smaller observed particles also have decreased

the average particle aspect ratio, length and width.
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Figure 2.5: SEM images of hematite spindles resulting from 72 hours of
100◦C heating in forced hydrolysis of FeCl3 with KH2PO4

Figure 2.6: HRTEM images of hematite spindles resulting from 72 hours
of 100◦C heating in forced hydrolysis of FeCl3 with KH2PO4, with inset

electron diffraction patterns and expanded lattice interference
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Figure 2.7: TEM images of precipitates at: image a. 24 hours, and
image b. 48 hours of heating, with inset electron diffraction patterns

It must also be understood that due to the shape of the rice particles and the method of

imaging, we have to consider improper length measurements due to the angled position

the particle adopts in relation to the imaging plane. Due to the rice shape, the widest

point can be assumed to be spherical, meaning that no matter the angle of the particle

from 0 - 180◦ relative to the image plane the width will remain the same. Conversely

as a rice shaped particle rotates from 0 - 180◦ relative to the image plane the length

measurement taken will fluctuate almost sinusoidally from the true length - to the true

width - back to the true length. It has been assumed that largely many particles will

be present aligned with length axis of the particle in plane with the image, but any

deviation from this will result in a decrease in the measured length, and as such the

measured lengths will be skewed to a lower value.

The calculated interplanar distances of hematite as displayed in table 2.3 were arrived

at through the use of equation 2.1, where the Miller Indices are assigned h, k , l , while a

and c are lattice constants. The R3ch space group of the hexagonal unit cell of hematite

requires the use of this equation, if the unit cell was cubic or tetragonal or other; a

different equation would be required.
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Table 2.3: Calculated interplanar distances of hematite lattice planes

Crystal structure Lattice plane Calculated interplanar distance
α-Fe2O3, R3ch (112) 0.3689 nm

(211)/(121) 0.1637 nm
(011)/(101) 0.1133 nm
(111) 0.2478 nm

1

d2hkl
=

4

3
(
h2 + hk + k2

a2
) +

l2

c2
(2.1)

Through analysis of the inset electron diffraction pattern in figure 2.6 the (211)/(121),

(011)/(101) and (111) lattice planes of hematite have been identified. The lattice spac-

ings of such are seen to be 0.162, 0.123 and 0.247 nm accordingly. While the (112)

plane of hematite has also been identified in another HRTEM image not presented here

(included Appendix D.1), to be 0.365 nm. These are analogous to the calculated lattice

spacings for hematite presented in table 2.3.

Thermo-gravimetric Analysis

The dried powder of samples produced after 72 hours have been analysed by Thermo-

Gravimetric Analysis (TGA), and it was found to concur with auxiliary tests showing

the particles to be the hematite (α-Fe2O3) phase of iron oxide. This data is presented

later in section 4.4.1, labelled as “bare core” in figure 4.5.

Vibrating Sample Magnetometry

Through the use of Vibrating Sample Magnetometry (VSM) the magnetic properties

of our naked hematite core particles have been studied briefly, and were found to con-

cur with properties that would be expected for hematite particles of several hundred

nanometers, or bulk. That is that at room temperature we expect for hematite to be

very weakly ferromagnetic with all spins aligned, being above the Morin transition tem-

perature.132 Below the Morin transition hematite is known to go through a “spin-flop”
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Figure 2.8: Histograms with fitted distribution curves compiled from
measurements of 593 particles seen in figure 2.5
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Figure 2.9: VSM of hematite nanorice formed after 72 hours of heating

transition 90◦ adjacent to the c-axis of the crystal structure and spins facing opposite

directions in equal number, resulting in an antiferromagnetic property.

We see in the VSM data in figure 2.9 that indeed our particles are weakly ferromag-

netic as the external magnetic field is varied from zero to positive, magnetisation of the

particles increase to saturation as the relationship becomes less steep. As the field is

reversed through zero and to negative values and back to zero, we see a symmetrical

pattern emerge, with a very slight gap between the external field being either increased

or decreased. This is due to magnetic hysteresis in the hematite particles resulting from

the ferromagnetism, if the particles were of smaller size; <50 nm or so, there would be

no hysteresis present in the cycle as the particles would be superparamagnetic, which

would mean no remnant magnetisation when the external field is zero.

2.5 Conclusions

Through these varied studies we find after 72 hours heating of aqueous solutions of

FeCl3 and KH2PO4 at 100◦C spindle or rice-grain shaped particles of α-Fe2O3 with
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little variation in size dimensions. We also found that after just 24 hours of heating an

agreement with other studies whereby akaganeite is the primary phase present.115,148

Akaganeite has been noted in the past to be reliant on the presence of chloride ions to

form which is the case in this synthesis upon decomposition of FeCl3.
72,138,147 Chloride

ions penetrate the iron oxy-hydroxide lattice resulting in the akaganeite structure as

seen in figure 2.2, rather than resulting in formation of geothite or lepidocrocite (other

phases of iron oxy-hydroxides). These smaller akaganeite rod particles or sub-units

align along their long axis where with further aged heating the phase transition to

hematite is undertaken. Electron microscopy studies have been able to image lattice

interference patterns of the formed hematite nanorice after 72 hours for the first time,

which appear as single crystalline particles, but are actually formed of smaller sub-

units as described prior. The magnetic properties of these particles as a dried powder

has also been introduced here, and characterised as weakly ferromagnetic, confirming

assumptions.
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3.1 Introduction

As discussed in section 1.1.2, the magnetic properties of particles are something that can

be seen to change when particles are of the nanometer regime, and when the morpholo-

gies and structure of the particles are altered.120,128,132–136,141,149 To meet the aim of

this project of producing differing reporter particles for a biodiagnostic system we also

aspired to influence the magnetic properties in some way; either a slight strengthening

or weakening of the magnetic strength would be sufficient. While changing the magnetic

class of the designed particle would not necessarily exclude them from application in

this biodiagnostic system, the property of the particles was most important, with a low

magnetic hysteresis being the most desirable property. It was however also important

that the magnetic strength of the particle wasn’t increased to too great an extent, as

the application requires the particles to disperse easily in aqueous solutions for several

minutes, and with minimal agglomeration.

In an attempt to manipulate the magnetic properties of our hematite core nanoparticles,

we have explored the option of doping the hematite lattice with various transition metal

ions. Doping of materials involves the insertion of an impurity element (dopant) which

differs from any elements in the lattice in to which the dopant is being inserted.150

The inserted dopant is typically in relatively low amounts in respect to the majority

make-up of the material, so that small changes in the materials properties are affected;

if the dopant was the majority constituent of the material the properties and hence our

consideration of the material would be that of the dopant itself.

Doping of materials has been explored extensively to alter their electrical and optical

properties, a ubiquitous example of this is for n-type and p-type semiconductors used

in modern electronics and computer components. To highlight the relative low levels of

dopant and use of the term “impurity”,150 in doping of semiconductor materials it is

considered a high level of doping when there is one dopant atom per 10,000 atoms of the

bulk material and low doping of one per 1,000,000 atoms. These dopants are introduced

in order to influence a shift in band gaps of the material.

Use of hematite and its doping with various other metals has been explored over the last
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10 years quite extensively for their efficacy as photoelectrodes and catalysts.151–154 The

purpose of doping hematite with other metals is often to overcome the poor conductivity

of hematite, while the implementation of different metal ions with higher carrier capa-

bility meanwhile limiting electron-hole recombination that is standard in the un-doped

material.153

Knowledge of the lattice structure of α-Fe2O3 is important to understand its magnetic

properties and how this can be influenced by doping with other metals. Hematite has

only Fe3+ ions present in its lattice as opposed to other iron oxides which often have a

combination of Fe3+ and Fe2+ ions due to iron’s flexibility and stability in changes in

its d-block electrons.120

3.2 Doping to Influence Magnetism

The doping of a lattice with a minority dopant is also known to affect the magnetic prop-

erties of the resulting material, often in an greater magntitude relative to the dopants

quantity in the material. This means that the alteration of the properties results not

just from the intrinsic magnetic property of the dopant being present, but that the

dopant alters the material on the whole to result in changed magnetic properties. This

is manifested by not just an increase in; or diminishing of magnetic strength, but with

changes between various magnetic classes occurring. Changes between magnetic classes

ferments changes in hysteresis, blocking temperatures, saturation limits and remnant

magnetisation, among others.

It has been shown in various publications that the magnetic properties of α-Fe2O3 can

be influenced by its doping with a variety of transition group metals.150,155–160

3.3 Experimental

Our method of doping the hematite core particles involved a slight further modification of

the method described in section 2.4. We elected to simply co-precipitate our transition
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Table 3.1: Table of ionic radii14 discussed in this chapter

Ion species Ionic radii (pm) low spin / high spin

Fe3+ 69 ls
Fe3+ 78.5 hs
Co3+ 68.5 ls
Co3+ 75 hs
Co2+ 79 ls
Co2+ 88.5 hs
Ni3+ 74 ls
Ni3+ 70 hs
Ni2+ 83 hs
Cu3+ 68 ls
Cu2+ 91 -
Sn2+ 69 -

metals studied with the iron from their respective precursors in a one-pot synthesis

route. Refer back to section 2.4 for the method of producing the hematite nanorice,

and prior to heat treating the solutions we added calculated amounts of SnCl2, CuCl2,

CoCl2 · 6 H2O and Ni(CH3CO2)2 · 4 H2O. The amounts of dopant precursor added was

either calculated by percent weight fraction of the iron precursor used in the synthesis,

or as a percent molar fraction of Fe3+ ions to dopant ions. The amount of doping is

relativley much more than is discussed above in typical doping synthesis for electronic

purposes with the maximum by weight fraction at 10%.

3.3.1 Results and Discussion

Using the various analytical means discussed below we have monitored the doping of

α-Fe2O3 with cobalt, nickel and copper ions. Attempts to dope with tin ions was un-

successful in this study. The ionic radii of the relevant ions are of importance when

considering the effect the dopant will make upon the lattice it is being inserted into.

Hematite (α-Fe2O3) is made up of only Fe3+ ions, and so the relative size of our dopant

ions will cause the lattice to either contract or expand in someway. The dopants’ ionic

radii must also be closely matched to the origin ion it is substituting for, otherwise the
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Figure 3.1: XRD plots of α-Fe2O3 nanorice doped with 3 different tran-
sition metals: cobalt, nickel and copper. The bottom data plot is that of

undoped α-Fe2O3 nanorice particles, with labelled lattice indices

ion does not constitute as a favourable dopant. From table 3.1 we see the low spin Fe3+

ion has an ionic radii of 69 ppm, with Co3+ and Cu3+ ions in low spin showing very

closely matched ionic radii both slightly smaller than the Fe3+. Sn2+ does match very

well with an ionic radii of 69 ppm, but is however the wrong oxidation state to substitute

directly with Fe3+. Conversely Ni3+ displays an ionic radii larger than Fe3+ both in low

and high spin, and so may be more difficult to substitute into the lattice, likely causing

an expansion of the cell volume.

XRD

Through the use of x-ray diffraction the doping of hematite nanorice cores with several

transition metal ions of varying proportion is monitored. In all cases we see the ability

of these metal ions to replace iron ions in the lattice structure of α-Fe2O3 as we see

mostly the same lattice peaks evident in the diffractograms in figure 3.1. The same

additional peaks discussed in section 2.4.1 are present here, and can be neglected when

considering the affect of doping. However, the presence of a shift in the peak positions
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with incremental addition of the dopant ions, alongside a relative broadening of the

peaks confirms the successful doping of the hematite lattice.

Figure 3.2: XRD plots focussed to 31–37◦ of particles doped with;
nickel, cobalt and copper in images a., b. and c. respectively with in-

creasing proportions of up to 10%

Nickel In the case of nickel doping, it is seen that the hematite structure is preserved

when the dopant is present in 5% quantity seen best in figure 3.1. Per contra when the

nickel dopant is increased up to 10% a very weak to no XRD signal is observed. In graph

a. of figure 3.2 we can see the down shifted presence of peaks (104) and (110) in the 5%

doped sample with no peaks for the 10% nickel doped sample. From this we can assume

a very poorly crystalline sample, and that the doping of Nickel into hematite lattice has

a low limit, possibly derived from Ni3+ having a less well matched ionic radii for doping

of hematite, when compared to that of Co3+ and Cu3+.

Cobalt Equally in the case of doping with cobalt, the hematite lattice structure is

maintained. Moreover we again observe a similar down-shift of the peak positions as

cobalt is incorporated. Seen in graph b. figure 3.2, the (104) and (110) lattice peaks

shift increasingly as doping is increased, from 2.5 to 5%. It is to be noted that from 5

through 10% doped samples no further peak shift is observed, likely indicating that the

potential of hematite to be doped with cobalt reaches saturation at the 5% condition.



3.3. Experimental 59

Copper The doping of hematite nanorice with copper in this process has resulted in

similar XRD data as the doping with nickel and cobalt discussed above. A down-shift is

again observed as seen in figure 3.2, whereby a sample doped with 10% copper sees the

(104) peak shift -0.6◦ and the (110) peak shift -0.6◦ also.

Raman

Figure 3.3: Raman spectra of hematite nanorice core, and 10% doping
of cobalt, nickel and copper

Similarly to using XRD to monitor doping, we can observe changes in lattice structure

due to doping with Raman spectroscopy. As is seen in figure 3.3 we see a significant

down shift of peak positions for 10% doping with cobalt and copper while the general

pattern for hematite is maintained. For example the first A1g peak, seen in figure 3.4,

placed at 227 cm−1 for our standard hematite particles is shifted to lower wavenumbers

of 221 cm−1 for both samples doped with 10% doping with cobalt and copper. However,

the sample doped with 10% nickel is placed slightly below that of hematite at 226 cm−1.

It is also of interest that a reasonably good Raman spectra of the 10% nickel doped

sample is achieved matching a hematite lattice structure. However, this same sample

did not result in a good XRD plot; this could be due to some sampling error in the XRD

analysis, or, in addition, due to only a small yield of crystalline precipitate.



60 Chapter 3. Doping of Hematite Core with Transition Metals

Figure 3.4: Raman spectra of hematite nanorice core (SP9 - prepared
in chapter 2), and 10% doping of cobalt, nickel and copper, focussed on

the A1g peak between 200–250 cm−1

Electron Microscopy

Through the use of electron microscope studies we have qualified that the doping of

hematite with cobalt, copper and nickel ions has minimal affect on the overall mor-

phology of the resultant particles. As these dopants have a similar ionic radii to Fe3+

species in hematite; only a small change of the lattice is resulting, and as such the

controlled synthesis of nanorice morphologies with phosphate presence is maintained.

This is demonstrated in figures 3.5 & 3.6, where electron micrographs show nanorice

morphologies are maintained upon doping with cobalt and nickel.

However, it does seem that there is more size dispersity in the resulting particle: while

the spindle shape is still evident among all particles seen; there is a larger variation in

length of the particles when compared to the undoped hematite synthesis. This could

point to unequal doping of particles, maybe the substitution of dopant ions into the

hematite lattice does effect the lattice structure to such extent that further growth of

the nanorice particles is hampered, and so some particles grow preferentially grow larger

with pristine hematite structure.
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Figure 3.5: SEM and TEM images of nanorice particles doped with
cobalt, image a. is of 5% cobalt and image b. 10% cobalt

The calculated interplanar distances of hematite presented in table 2.3 were then com-

pared to the values attained through analysis of the electron diffraction patterns from

HRTEM images. In general, the introduction of the dopants studied here resulted in

smaller observed values of inteplanar distances for the (111) and (112) lattice planes, a

slight increase in (011)/(101) plane and no trend seen in the (211)/(121) plane. Overall

with these observed interplanar distances decreasing upon doping, and with XRD data

showing a lowering of peak positions; the insertion of low spin Co3+ and Cu3+ into

hematite, as they are relativley smaller than Fe3+, is resulting in a lattice contraction

with the lattice slightly expanding along the (011) plane to compensate. The unequal

interatomic distances of Fe-O atoms in hematite crystal structure will result in doping

occuring preferentially at certain Fe sites, hence why we observe contraction of the lat-

tice in certain planes for all dopants, even Ni3+ which is the only dopant ion to have a

slightly larger ionic radii than Fe3+.

In the case of doping with nickel, we noticed some difference not with the morphologies

of the particles or their size, but how they arranged themselves in respect to others.

The samples of 5% nickel doped hematite nanorice seen in figure 3.6 appear to show the

particles closely packed together in clusters. This would agree with previous publications

of nickel doped hematite increasing the magnetic strength of the particles,156 resulting

in the particles more likely to be agglomerated in solution. As such the closest packing of
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Figure 3.6: SEM image of 5% nickel doped hematite nanorice, with
expanded areas of interest. Inset image a. shows the close packing ar-
rangement of spindle particles, with inset image b. showing a cluster of

these agglomerated particles along the opposing axis

the spindle shaped particles is of the shortest axis of the particle being closest together.

Magneto-optic System

Some of our doped hematite nanorice particles were studied in the magneto-optic test

system at CMD Ltd. (the underpinning principles of the test have been described in

section 1.2), where through variation of the external magnetic field oscillation frequency

the reporter particles were subject to, and by varying the viscosity of the solution they

are dispersed in, certain properties of the particles could be gleaned.

All doped samples presented in figure 3.7 indicate a larger amplitude of oscillation with

the external magnetic field than sample IC50 with just an undoped hematite core (syn-

thesis method described in section 6); both when particles are dispersed in just DI water

and in a 25% /w glycerol solution. However, of the three doped samples analysed, the

10% cobalt sample has the largest amplitude over the whole frequency range studied.
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Figure 3.7: Plots of amplitude against frequency, and phase against
frequency for nanorice particles doped with 5% nickel, 10% cobalt, 10%

copper, and sample IC50 for reference (chapter 6)

These results could be linked to the fact that no shell-deposition method has been under-

taken (when comparing to IC50) and so it is only the spindle shaped particles in solution

providing a large amplitude of oscillation with no scattering from other dispersed parti-

cles. The phase against frequency plot is not as clear cut and so each sample is discussed

below.

The sample with 5% nickel doping quickly sees a drop down in its phase value as fre-

quency is increased, while the difference between these two curves when the particles

are dispersed in DI water or 25% /w glycerol solution is markedly large in comparison

to other prepared particles. The difference between these two curves at 50 Hz is 95.9◦.

For this reason the nickel doped particles have highlighted themselves as much more

sensitive to changes in viscosity in solution, as it is around 4x more sensitive to viscosity

changes than sample IC50 with an undoped hematite core. Some issues are seen with

this data set when the values of phase go below -180◦, as it is impossible for the system

to resolve between 0 and 180◦. The values of phase are seen to increase after reaching

this minimum value of -180◦ in both samples in DI water and 25% /w glycerol solution,

more work would have to be undertaken to study this phenomenon whether it is a bug
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in the analysis technique, or an attribute of the doping with nickel.

The sample of 10% cobalt doping appears at closer values to undoped core particles

than the nickel doped sample. At 50 Hz this difference is 28.2◦ which is very similar to

the undoped hematite, however the difference between samples in DI water and 25% /w

glycerol solution is greater at higher frequencies.

The sample of 10% copper doping appears very similar to 10% cobalt in the plot of

phase against frequency, where the difference at 50 Hz between particles dispersed in DI

water and 25% /w glycerol solution is 32◦ which is slightly larger than undoped hematite

values. The difference doesn’t however vary as much as frequency is increased, providing

a more reliable sensitivity to viscosity changes over a range of frequencies.

3.4 Conclusions

To summarise, in this chapter the doping of hematite nanorice particles with cobalt,

copper and nickel by a co-precipitation method has been explored. The previous process

for forced hydrolysis of FeCl3 in aqueous solutions was amended to add in portions

of the dopant precursors, while maintaining all other variables such as reaction time,

temperature and ratio of phosphate structure directing agent.

This adaption was shown to successfully produce still shape controlled particles of spindle

morphology, while doping to a certain extent with these other metals. This doping was

demonstrated by observed shifts in XRD and Raman data, while the general α-Fe2O3

lattice structure was preserved. The behaviour of these doped particles was also observed

to change when studied in the magneto-optic diagnostic system depending on the dopant

metal, with significant increases in sensitivity to solution viscosity changes for doping

with nickel. However much more detailed studies of the magnetic properties of the

doped particles should be performed, through VSM, or more sophisticated and sensitive

techniques.
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4.1 Introduction

As discussed in chapter 1 our produced particles must have a strong optical component

to them, which is not significantly strong enough when using the hematite magnetic

cores by themselves. To meet this requirement we have looked to coating our magnetic

cores with noble metals; primarily with gold and silver. These metals as nanoparticles

are renowned for their strong optical resonances that are intrinsically linked to the

morphology and size of the particles, this is labelled in theory as an aspect of LSPR.

This quality of nanoparticles has been covered in section 1.1.1.

This section covers the previous work completed in the area of seeded growth of noble

metal shells on iron oxides and other core particles, and the various methods that can

be used to perform this. In the results section the method used in this study to deposit

gold and silver seeds on hematite nanorice cores is discussed.

4.2 Simulated Optical Resonances

Figure 4.1: Graph showing simulated longitudinal resonance of α-Fe2O3

nanorice coated with 10 nm of either gold or silver
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As a proof of concpet it was found to be beneficial to simulate the optical resonant prop-

erties of the core-shell particles which were aimed to be produced through this process.

The simulations presented in figure 4.1 were prepared in CST simulation software using

a numerical full wave electromagnetic solver, the program used a Finite Difference Time

Domain (FDTD) solution with a boundary size set to three times the particle radius.

The solver wavelength ranged from 400 to 2500 nm measured using a discrete set of

far-field monitors using a linear 10 nm step size to calculate the absorption, scattering

and extinction co-efficient. The optical properties of gold and silver used in this simula-

tion, namely the refractive index was taken from an experimental study.161 Setting up

the simulation with similar parameters to another study,59 the core rice shape was set

to dimensions of our standard particle dimensions, which are detailed in section 2.4.1.

Then in the case of our simulations, a 10 nm shell of gold and silver with their standard

optical properties is formed around the whole core morphology.

The study by Wang et. al.59 studied only the resonances of these core-shell morpholo-

gies with gold forming the shell layer. They saw that with increasing shell thickness a

blue-shift of the longitudinal resonance was observed, moving to longer wavelengths pro-

gressively. The published method also was simulated using core particles with smaller

dimensions than our standard core particles (340 nm x 54 nm), but with a relatively

larger aspect ratio, at 6.3. The longitudinal resonance was demonstrated to be the much

stronger resonance with incident light, as opposed to the transversal resonance, so we

found it most relevant to simulate this response.

For our simulation of a gold coated core, the longitudinal resonance is blue-shifted in

relation to the simulation in the previously mentioned publication, at 1,200 nm.59 This

is likely down to the increased length of our core particles being about 200 nm longer.

We similarly observe a small resonance peak at about 650 nm which is attributed to a

high order longitudinal plasmon mode.

This project has strived to coat the hematite core particles with both gold and silver and

different compositions of such. In our simulations a clear blue-shift of resonance peak

was observed when the shell was changed from gold to silver, positioned at 1,110 nm

with a slightly more intense resonance than the gold coating.
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It is planned that between these two longitudinal peaks of gold and silver coatings at

1,200 and 1,110 nm, we can incrementally scale between these two resonances by varying

the composition of the shell between gold and silver.36,37 These simulated resonance

peaks also fall within the near-infrared window of 650-1350 nm, which has minimal

absorbance from water and blood in biological sample fluids. This is important to

consider for the intended application.

The application of our reporter particles uses them dispersed in solution in a relatively

low concentration, and so the influence of plasmonic particles in close proximity to each

other or in an array can be neglected,162 meaning that the simulated optical properties

of just one particle should be true to the intended application.

4.3 Published Methods to Formation of Metal Coats

The coating of hematite (and other iron oxides) particulates with noble metals has

been the focus of intense research from various approaches; of which some are presented

here.59,109,120,163–165

4.3.1 Linker Group Functionalisation

Gold and silver are not able to directly complex or alloy with iron oxides, so the use

of a linking group is required to combine these two components; magnetic and optical.

This bridging function has fallen to several established routes, such as utilising organic

compounds with known bonding to metals and oxide surfaces, or to an intermediate layer

of another oxide material which can provide a surface layer which is easier to decorate

with metals.120 A few routes to this end are discussed below.
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Figure 4.2: Scheme detailing the various possible attachments of
APTES to iron oxide via surface hydroxyl groups9

APTES / APTMS

APTES and APTMS or (3-aminopropyl)triethoxysilyl and (3-aminopropyl)trimethoxysilyl

are commonly used linker groups in various core-shell or layer-by-layer deposition pro-

cesses and their interactions with materials are quite well understood. These chemicals

can be utilised for binding to many metal oxide or oxide materials in general.9,59,109,111,163

The paper by Liu et al. provides a very detailed kinetic study as to how APTES can

functionalise the surface of Fe3O4 nanoparticles,9 which we can assume as broadly similar

to the functionalisation of our hematite (α-Fe2O3) nanorice particles. APTES which is
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seen in figure 4.2 on the left, undergoes hydrolysis in solution with the ethane groups

being stable leaving groups, leaving a tri-silanol group exposed. The silanol groups

can then covalently bind to the material surface by substituting the hydroxyl groups

present on the surface. The preferential arrangement is seen in route 1 in figure 4.2,

where the APTES is directly bound to the material surface, the best case scenario

for this attachment is that all three silanol groups bind to the surface. Any unbound

silanol groups can undergo a condensation mechanism with neighbouring silanol with

the eviction of one water molecule, we can also see an unwanted attachment in route

2 where via condensation reaction a free APTES molecule in solution will bind to an

APTES group that is already bound to the material surface. In route 3 we see a possible

arrangement where by hydrogen bonding an amine end group of APTES can bind to

the material surface, or can also proceed with hydrogen bonding to any unbound silanol

group.

So to this end route 1 from the figure presented (4.2) is the far preferred arrangement of

attachment, as the amine group is the functionality that is needed to further bind with

noble metal nanoparticles, and in this binding mode the amine is most available.

An alternative to silyl functionalisation of iron oxide spindle cores has been published,

using lysine as a linker group.164 This amino acid can bind to the iron oxide surface by

bi-dentate bridging coordination, or in ionic coordination to surface hydroxyl groups,

again leaving a free amine group to secure metal nanoparticles to the iron oxide core.166

Polyelectrolyte

Polyelectrolyte polymers have also been investigated as an intermediate linking group

between iron oxides and noble metals. These polymers arranged around the core have

been used in pairs of one negative, and one positively charged. These can act as linking

groups in that they arrange in a smooth fashion around the core, and via electrostatic

attraction, can pull particles with slight charges to the surface.

In the paper by Zhu et al. they discuss that the strong electronegative charge of the

initial AuCl4− reagent strongly adsorbs to the polyelectrolyte poly(styrenesulfonate) -
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poly(allylamine hydrochloride), or (PSS - PAH) surface, where through further reduction

these act as seeds for further growth of gold into nanoparticles.167

The study by Liz-Marzan et al. also used PSS but with poly(diallyldimethylallylamonium

chloride) or PDDA as the positive component of the polyelectrolye pair. In this study

they hypothesise that gold is deposited to the iron oxide surface by electrostatic at-

traction between the positive PDDA and the negatively charged citrate-stabilised gold

nanoparticles as they are introduced.108

The paper by Yeap and others use various polymer groups to stabilise gold nanoparticles

to the surface of their magnetite nanorods, but also as a route to improve the colloidal

stability of their rods for biomedical applications.165 Alternativley Wu et. al. function-

alised the surface of β-FeOOH nanospindles with polyethylene amine (PEI) to deposit

silver seeds,148 on which further silver growth was performed. The PEI can secure metal

nanoparticles through amine groups similarly to APTES.

Ultimately these polyelectrolyte intermediate layers seem to increase the general size of

the composite particle as a whole, more than can be seen with directly bound linking

groups such as APTES. But these coatings can be also seen to improve the surface density

of the noble metal coating due to the smooth, complete coatings of the polyelectrolyte

on the core, in affect homogenising the surface for attachment.

Silicate

Some studies have explored the use of a silicate intermediate layer to coat the iron oxide

core, which can be seen to have a similar result as discussed above. Through using the

Stöber method a silicate layer is grown on the core resulting in a much smoother surface

than the core which has quite substantial surface roughness, this then can facilitate a

more complete coating with a metal.109,168

The silicate layer in one study has been sensitised with a tin compound, which can act

as seeds for preferential growth of noble metal coating on top of the silica intermediate

layer.168 Tin has been used in other studies to help with complete coatings of noble

metals as its lattice spacing is close to that of the noble metals desired.169
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The silicate layer can subsequently be functionalised again with silyl linking groups, but

is possibly more effective in this process with better deposition likely, such as route 1 in

figure 4.2. The silanol groups of the linking molecule can bind to the silicate surface in

the same mechanism as it does to an iron oxide surface as cited above.170

Both the silicate and polyelectrolyte intermediate layers do result in a greater overall

increase in the size of the composite particle, with greatest vector increase seen in the

width as opposed to the length of the particle, resulting in a decrease of aspect ratio.

Thus for applications where the optical resonance is of importance this approach may

not be appropriate to use.

4.3.2 Growth of noble metal shells

As mentioned in chapter 1 and section 4.1, it is often desired to coat magnetic or iron

oxide nanoparticles with noble metal shells, either for their superior plasmonic properties

or as a passivating-inert protective shell, or for two-fold purpose.40 In this section a few

published methods for creating a noble metal shell on specifically iron oxide nanoparticles

with various intermediate linker groups are presented in brief, to indicate the breadth

of options available to perform this task.

Duff’s gold seeds

Many published methods for coating iron oxide nanoparticles with gold initially use gold

seeds deposited on the oxide surface by some linking function described above, on which

complete shells are grown due to preferential growth of metals on kind rather than freely

in solution. Many studies have used so called Duff’s gold seeds for this purpose, referring

to the publication by Duff and Baiker in 1993.59,109,163,165,171–176

Duff’s process for synthesis of gold seeds is known as a reliable procedure for making

tightly controlled gold nanoparticles of 2-4 nm in size, which the size can be tailored by

reaction time and reactant concentrations.173,177–180 However if it is not fully required to

differentiate the exact size in this range, and the particles are used as seeds for further

growth as discussed in this work and other publications, the solution can be allowed
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to age and be added to a colloid of core particles with linking group functionalities on

which to attach the gold seeds.

The Duff’s gold seeds are produced by mixing aqueous solutions of THPC and NaOH

at room temperature. Then to initiate the reaction, under constant stirring an aged

aqueous solution of HAuCl4 is added. This is not a direct reduction of the initially

added reagents, but it has since been theorised that THPC in basic solutions is par-

tially hydrolysed.90,180,181From equation 4.1 it can be seen that when THPC undergoes

hydrolysation formaldehyde, tri(hydroxymethyl)phosphonium oxide (THPO) and hydro-

gen are produced which are all capable of reducing many precursor metal salts such as

HAuCl4, AgNO3 and others.

P(CH2OH)4Cl + NaOH −−→ P(CH2OH)3 + HCHO + NaCl + H2O

P(CH2OH)3 + NaOH −−→ O−−P(CH2OH)3 + H2(g)
(4.1)

The oxidation of THPC and the resulting compounds are responsible for stabilising the

as formed gold nanoparticles in solution, with THPO and other molecules being weakly

bound to the metal surface.181,182

Turkevich gold seeds

Some other publications utilise the small gold particles produced via the Turkevich

method to be attached to the core particle, and subsequently act as seeds for further

deposition of metals to form a shell.111,148

These seeds are prepared using sodium citrate as reducing agent in solution to reduce

HAuCl4, resulting in a tightly size controlled colloid,183,184 of similar size to those pre-

pared by the Duff method. Unlike the Duff method gold particles are stabilised by citrate

ions in solution through the particles’ electrical double layer, negating the relative charge

of the particle.68,181
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Gold Seeds by NaBH4 reduction

Alternatively NaBH4 has been utilised as a strong reducing agent by which to pro-

duce small gold or silver nanoparticles as seeds for further growth.108,148 This reduction

method can again produce gold particles (2-5 nm) that are applicable for this purpose.185

This process similarly stabilises formed gold nanoparticles with ionic groups in solution

from NaBH4 negating the charge of the particle by forming an electrical double layer,

and hence increasing the stability of the colloid.

Shell Deposition with Formaldehyde

Some studies have utilised the addition of formaldehyde to solution as reducing agent,59,111,168,172

this is sufficiently strong a reducing agent to reduce metal salts like AgNO3 and HAuCl4

in the presence of metal seeds of a similar lattice structure. It has been described as a

“seed catalysed reduction”,111,168 similar to that of other shell deposition processes.59,148

The paper cited here used direct addition of formaldehyde as reducing agent, but in

a buffered solution of ammonia to ensure the stability of the metal shell solution over

the length of the deposition process, allowing for complete shells to be attained in one

growth step.168

Shell Deposition with Formaldehyde - via THPC

As mentioned above in the subsection 4.3.2 the hydrolysation of THPC in basic solutions

results in formaldehyde amongst other reductants being produced. To this end the

further growth of noble metals on attached gold seeds can be implemented by addition

of further THPC and noble metal precursor salts, along with a basic pH. Ultimately

resulting in similar produced shells as the noble metal growth process of adding in pure

formaldehyde to reduce a metal precursor, although the kinetics of the reaction will

differ from the direct addition of formaldehyde as the hydrolysis of THPC yields other

molecules capable of reducing the metal precursor.
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Shell Deposition with Hydroxylamine

Hydroxylamine reduction has been touted as another possible route to coating iron oxide

nanoparticles with gold,108,111,186 along with other core particles.176

The paper authored by Ma et al. compared the use of formaldehyde (as above) and

hydroxylamine chloride as reducing agents for forming gold shells on hematite core parti-

cles.111 This again proceeds by gold seed catalysed reaction with gold deposition forming

on gold seed particles attached to the hematite surface by thiol based linker molecules.

The method of hydroxylamine reduction is as follows: a solution of seed-coated particles

and hydroxylamine chloride is added to a pre-aged gold precursor solution of HAuCl4

and K2CO3 and subject to sonication for 2 hours.108,111

It was found that the hydroxylamine reduction formed a more complete gold shell on

the core particles than the reduction with formaldehyde, with less bulky gold growths

forming, and the greater prominence of an absorbance peak at 586 nm after the reaction

is complete.111

Shell Deposition with Ascorbic Acid

Previous work has also used ascorbic acid to deposit noble metal shells on iron ox-

ides,174,187,188 and other core particles.189

Two papers showed its applicability to producing gold shells from HAuCl4 solutions,

onto Fe3O4 particles. However most applicable to our study the paper by Kartseva et

al. showed the distinction between the use of ascorbic acid and formaldehyde to reduce

AgNO3 to form a shell on gold-seeded hematite particles. It was demonstrated that

in this case ascorbic acid reduction resulted in a less uniform coating of the core with

silver metal coating, and that with increasing deposition the particles attained close to

spherical morphologies and as such the presence of discrete longitudinal and transversal

resonances were not obvious.174
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Shell Deposition with CO

In the Cai paper where a gold shell was grown on gold seeds attached to a silica shell

on top of an iron oxide core, the HAuCl4 reagent was reduced in the presence of CO

in solutions. The shell growth solution was prepared 24 hours in advance of deposition,

where HAuCl4 and K2CO3 were combined in solution, then when aged were introduced

to the iron oxide - silica - gold seeds in solution, where complete shells were formed in 5

minutes by a gold seed catalysed reduction.109

Shell Deposition with Sodium Citrate

Both gold and silver shells on iron oxide cores have been formed by reduction of their

precursor salts with sodium citrate.148,190 One publication used sodium citrate to reduce

AgNO3, resulting in further growth of silver on silver seeds situated on the β–FeOOH

core surface. With subsequent steps of reducing silver precursor with sodium citrate

complete shells are formed around the core.148

Shell Deposition with NaBH4

One study has used NaBH4 to form a complete gold shell but in this case on a core of

silica, gold seeds are present on the silica core via an amine-thiol linker, which catalyse

further growth of gold to form a shell.175 Similarly to a process discussed prior,108,111

an aged solution of HAuCl4 and K2CO3 is introduced to the seeded-silica particles, and

a solution of NaBH4 as reducing agent.

4.4 Experimental

The linking group function in our studies followed most closely the paper by Halas

et al. where hematite is functionalised with APTES,72 which can be decorated with

noble metal nanoparticles. It was elected to use APTES rather than APTMS which is

used in the above mentioned publication, but when the APTES or APTMS undergoes
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hydrolysis prior to binding to the surface, the resulting surface ligands are the same. The

hydrolysis mechanism is probably more favourable with APTES as opposed to APTMS

as the ethane leaving group is more stable than methane, but apart from this both linker

groups attach in the same way to the same affect; leaving an amine group available for

binding metal seeds to the oxide surface.

In short, to every 5 ml solution of nanorice (containing 1.4 gL−1 of hematite particles) in

IMS, 600 µL of APTES solution is pipetted, and the mixture left at room temperature

under constant stirring for 12 hours. This step is performed in polyethylene beakers,

as APTES will readily bind to the silicate surface of glassware. Following this time

the solution is washed by centrifuge following the regime in table 2.1, to remove any

excess APTES not bound to the core particles. The nanorice-APTES particles were

then re-dispersed back into the same original volume of IMS (5 mL) for the next stage.

The nanorice core was then deposited with gold seeds fabricated following Duff’s method,

which initiate the seed catalysed reduction of noble metal salts to produce metal coating

of the hematite core. Briefly, under constant mixing to 45.5 mL of DI water 1.5 mL

of 0.2 M NaOH (aq) solution is added, along with a diluted solution of the reducing

agent THPC (1 mL of a 1.2 mL 80% THPC stock solution made up to 100 mL), and

finally 2 mL of the aged chloroauric acid solution (25 mM (aq) solution prepared at least

15 minutes prior to its use).177 This process is known for its quick reliable production

of tightly size controlled gold nanoparticles of around 2 nm diameter.59,175 Nanorice-

APTES particles were introduced to aqueous solution of the gold nanoparticles, and left

under stirring for several hours to ensure optimal coverage of the seed nanoparticles over

the nanorice cores. Following further centrifugation any un-bound gold nanoparticles

and excess reagents could be separated from the nanorice-APTES-Au seeded particles.

We also tested whether silver nanoparticles produced by THPC reduction could similarly

be attached to the nanorice core using the APTES linking groups. Silver nanoparticles

were prepared in a similar fashion to the gold seeds and a published method.179 From

this study the silver nanoparticles are claimed to be of less than 4 nm in size and so

should also act to facilitate the deposition of further metal clusters on to the nanorice

core.
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It was subsequently explored how to deposit further noble metals onto the metallic seed

particles, by two processes: digestive ripening and interface coating. These methods are

discussed in the following chapters 5 and 6.

4.4.1 Results and Discussion

It has been found to concur with the literature that through the use of APTES linker

groups it is relatively simple to deposit both gold and silver nanoparticle seeds onto the

hematite core particles. A good coverage of the core particle surface is observed, however

this could be improved by developing the process of functionalising the iron oxide with

APTES. APTES is known for its multiple possible configurations of attachment to oxide

surfaces as demonstrated in figure 4.2, so if care was taken in this step an optimised

coverage could be attained.9,191,192

Electron Microscopy

The hematite spindle shaped cores were analysed by SEM above in section 2.4.1. The

addition of APTES linker groups to the hematite surface can not be observed using

electron microscopy techniques due to the organic molecules being largely transparent

to the high energy incident electron beam. Following the deposition of gold and silver

seeds to the nanorice core the resulting composite particles can however be studied,

and the contrast difference between the oxide core and noble metal seeds provides rapid

confirmation of attachment.

It can be seen in figure 4.3 that the deposition of gold nanoparticle to the hematite core

has been successful, and provides a satisfactory coverage of the core particles, on which

further metal is to be deposited to complete the shell morphology. It can be seen in figure

4.3 that indeed many gold particles are of around 2 nm diameter consistent with Duff’s

method and subsequent studies using his process for this function. However, it must be

noted the presence of larger gold crystallites of up to 15 nm diameter. The presence of

lattice interference patterns in these images has also been used to confirm the materials

present in the image. From the images an electron diffraction pattern is computed as a
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Figure 4.3: SEM and TEM images of gold seeds deposited on hematite
nanorice cores via APTES linking group. Image a. shows an SEM image
of a group of these particles, whereas b. and c. are TEM images with

inset electron diffraction patterns

Fast Fourier Transform (FFT), from which lattice spacings can be measured and cross-

referenced with the literature values, and then assigned Miller indices to the observed

lattice planes. From the images b. and c. in figure 4.3 the lattice planes (111), (112)

and (211)/(121) of hematite have been observed, alongside the lattice planes (111) and

(110) of gold.

The addition of silver nanoparticles to the nanorice cores has likewise been imaged,

as seen in figure 4.4. In these images we have utilised Energy Dispersive X-ray (EDX)

mapping to show the distribution of elements of interest in the HRTEM image. In image

b. of figure 4.4 the HAADF image shows us the morphology of the particle in question,

with the images labelled Fe and Ag corresponding to the presence of these elements

where the colour is present. As expected the core strongly displays the presence of iron,

while deposited nanoparticles on the surface display as silver as well as a faint display

of colour relating to silver over the whole surface of the core. Overall the deposition of

silver nanoparticles to the cores is completed to a similar standard as the gold seeds, with

many small (1-4 nm) silver seeds dispersed over the whole surface of the hematite core,

again via APTES linking groups. Similarly we see the presence of larger crystallites of

silver, just as seen in the case of gold, of up to 20 nm diameter deposited on the hematite

surface.
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Figure 4.4: HRTEM images of silver seeds deposited on hematite
nanorice cores via APTES linking group. Image a. shows a group of
these particles, whereas b. shows HRTEM–EDX mapping images, show-

ing the spatial data of certain elements

TGA

These stages of coating the hematite nanorice cores with the linker group APTES, and

then the deposition of gold nanocrystal seeds has been monitored by the prepared ma-

terials’ thermal degradation, using TGA.

We can see in figure 4.5 that in the case of bare hematite nanorice particles (as produced

in chapter 2 after 72 hours heating), the weight percentage of the material declines

very little up until 1400◦C. If a substantial amount of akagneite (β-FeOOH) were to be

remaining in the sample we would expect some greater loss of mass at lower temperatures

as the iron compound underwent phase transition, ultimately to hematite when heated

above 200◦C.193 If there was presence of other iron oxides such as magnetite (Fe3O4) then

we would again expect reductions in the sample’s mass as the iron compound underwent

phase transformations at 200 and 400◦C.130,144 Slight mass loss in this region could be

attributed to exposed faces of particles possibly presenting as these other iron oxide

structures, and adsorbed surface water and other groups being vaporised. The sudden
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Figure 4.5: Thermo-gravimetric analysis data plot of hematite nanorice,
nanorice functionalised with APTES and of nanorice with deposited gold

seeds via APTES group
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mass loss at 1400◦C of around 3% of the mass fits with calculated mass loss values for

phase transition of hematite to magnetite and the loss of oxygen. A sharp trough at

1400◦C in the ploted heat transfer against mass is also indicative of this endothermic

phase transition.194

When the functionalisation of hematite cores with APTES is performed, we see an in-

creased loss of mass at lower temperatures, from R.T. and increasing in rate between

300 and 425◦C. This coincides with an exothermic peak in the Wg−1 plot, and this is

attributed to the APTES molecules bound to the surface of the hematite nanorice being

burnt at the elevated temperatures and being lost into the gas phase, hence a reduction

in sample weight. Above 425◦C this sample echoes closely the sample of pure hematite,

where little loss of mass is observed up until ≈950◦C. Between 950 and 1200◦C (as can

be seen in figure 4.5) a large, gradual mass loss (≥15%) is observed, with a correspond-

ing slight exothermic peak (1080◦C) in the Wg−1 plot. This observation can not be

confidently explained or justified from the available literature, however the exothermic

nature suggests some loss/burning of surface bound organics or functionalities, rather

than a phase transition such as hematite-magnetite which is endothermic.194

A further difference can be observed as our hematite nanorice cores are decorated with

gold seed nanoparticles, attached to the cores via amine interactions on the surface

bound APTES. The initial loss of mass due to organic compound burning between R.T.

and 450◦C occurs at a slightly slower rate, than the sample without gold seeds attached.

The data then again shows an almost horizontal plot with limited mass loss up until

around 1100◦C. Conversely the gradual loss of mass after 1100◦C could well be linked to

the sublimation of the attached gold nanoparticles. A sharp loss in mass (≈3%) is again

observed in this plot at 1400◦C with the corresponding trough in Wg−1 coinciding with

the sudden phase transition from hematite to magnetite of the core particle.

4.5 Conclusions

This chapter has provided a broad base of the existing literature that discuss linking

groups and other means by which to establish a core-shell structure or to coat a substrate
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with another material. Specifically to be applied to this work it was of more importance

to highlight methodologies for coating iron oxide materials with noble metals by an

intermediate molecule or material. This review of the literature was separated into the

component providing the linking function between core and shell, and the method for

producing the metal shell. It has also been explained in this chapter why it is wanted

for us to form a noble metal shell, and what benefits this provides for the application.

Experimentally it has been shown that APTES functions sufficiently for this linking

group function, immobilizing noble metal seeds to the core, which can provide nucleation

points for further metal growth from ions or small clusters in solution. The addition of

smaller Duff’s gold seed nanoparticles was found to be more evenly distributed over the

hematite core particle surface when compared to that of silver nanoparticles similarly

prepared by reduction with THPC. However, the discovery of attachment of silver to

hematite through APTES in the same way as gold is in itself a revelation. It was also

discovered that the coating of hematite with APTES linker groups, and then subsequent

deposition of gold seeds improved the thermal stability of the particles, with weight

loss occurring at higher temperatures in TGA analysis, while the reduction of hematite

to magnetite occurs as expected at around 1400◦C again confirming the core crystal

structure.
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5.1 Introduction

In this chapter discussed is the particle processing method called digestive ripening,

which has been the subject of nanoparticle processing publications over the last 20

years.67 We were inspired by previous work with this method as a potential route to

depositing gold and silver onto our previously prepared hematite core particles.

5.2 Size Focussing

As more and more effort and focus is placed on nanomaterials and particles to answer

problems in electronics, environmental and chemical processes; a high control over the

particle size or shape is required.10,85,195 Control over these factors need to be more

accurate and reliable than for the production of other non-nano materials, due to the

rapid change in properties observed for any change in dimensions of the particle, the

very reason that these desired particles are to be made for. Particles and crystals in

the nanometer size regime start to neglect the properties displayed by their bulk coun-

terparts as the surface effects become relatively more substantial, these special scaled

size-dependant properties hold from hundereds of nm down to around 1-10 nm where in-

dividual difference between these atomic clusters or nuclei are many and large.20,23,196,197

These size dependent properties that change much more rapidly at the 1-10 nm range,

will display an average property when these particles are present in a polydisperse sam-

ple. This can be acceptable for certain uses where the average property of the colloid

is sufficient, but may not be applicable to other applications as the whole population

includes particles of other size and properties that may interfere with the results.10,85

Digestive ripening has provided an atypical low temperature process by which shape,

size and composition of noble metals can be altered through heating in the presence

of a digestive ripening agent, which facilitates an exchange of metal atoms between

metals of differently sized nanoparticles resulting in a more monodisperse product than

the particles found in the initial colloid.10,84,87 This process also has an advantage over

size separation methods for gaining a monodisperse sample as inherently size selection
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results in waste material whereas digestive ripening is an equilibrium point at which the

total mass of metal in the solution is divided into equally sized particles. This process

is a fairly modern conception spearheaded by the work of Klaubunde and others from

the late 1990s onwards. While the mechanistic properties of the process have not fully

been uncovered there has been many controlled studies to try and provide an accurate

description for the process.10,77,85,198

There has been several theoretical papers published on how the digestive ripening process

can work on producing a monodisperse product and the process by which two metals

may alloy from a polydisperse binary system to a monodispersed alloy colloid.76,77,84,198

These theoretical papers also highlight how the size and number of particles that will be

used in digestive ripening also have to be in a certain range otherwise the process will

not yield a monodisperse product, and this seems to agree with results from experiment

with bulk gold powders.76

It is thought that digestive ripening occurs in complete contrast to the more well un-

derstood and established technique called Ostwald ripening, where over time in a poly-

disperse colloid sample, the smaller particles present are sacrificially destroyed and the

larger particles will grow in size. This proceeds until ultimately only one particle is left

with a mass equal to the initial total solid mass of the colloid particles.77,87 The process

of Ostwald ripening is directed by a reduction in interface free energy, explaining why we

find a reduction in particle numbers as Ostwald ripening occurs.198 Digestive ripening

works by a different mechanism whereby the smallest or molecular particles in solution

will grow at the expense of any larger particles.84,87

These larger particles will be broken down by a digestive ripening agent, pushed back

into solution as smaller particulates to then aggregate and grow on other small particles

equally. This process has been presented schematically in figure 5.1 resulting in a highly

ordered super-lattice of monodisperse particles. As digestive ripening is at odds to

Ostwald ripening another force must be present in the reaction to counter any reduction

in interface free energy and force a resulting increase in particle number. It is thought

that electrostatic forces are responsible for this as strain force is the alternative, and it

is assumed that these solid particles in a liquid phase will have no appreciable strain

energy.83,199
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Figure 5.1: Diagram showing the role of digestive ripening agent in this
process10

5.3 Digestive Ripening Agent

The use of a digestive ripening agent must be used as a method to reduce the interfacial

free energy by reducing the electrostatic potential between metal and the solvent phase.

These digestive ripening agents act as simple surfactants placing themselves between the

solid particles and the liquid phase thereby reducing the interfacial free energy allowing

for transfer of metal ions through solution from the larger particles present in the solution

to the smaller. It has been shown that many different surface active agents with different

ligand groups can be used, resulting in differing crystal sizes.10,78,81,82

The choice of which surfactant to use in the process of digestive ripening must be based

on the desired size of particle to be attained, as each surfactant will result in varying

sized particles. This is due to a myriad of factors with each ripening agent being able

to reduce the interfacial free energy between particle and solvent to different extents,

partially due to steric properties, charges and other energies. These ripening agents

can be loosely placed in groups mostly named on the group that has most affinity to

the metal being processed, e.g. amine, silanes, phosphines. These surfactants usually

have a highly electronegative atom or group of atoms with typically a carbon chain. An



5.3. Digestive Ripening Agent 89

appropriate agent must also be chosen based on the solvent that is being used, as this

ripening agent will also act as a surfactant to decrease agglomeration of particles given

the correct conditions.

As was mentioned previously much early work on digestive ripening was completed by

Klaubunde et al. where digestive ripening was demonstrated to work as a homogenising

process for gold and silver nanoparticles, taking them from polydipserse colloids with a

particle diameter range from 2-40 nm and turning into particles with diameters 4-5 nm

with low poly-dispersity.75

Much work has been advanced on using digestive ripening as a process by which to

alloy noble metal nanoparticles, now the addition of a secondary metal with which

to ripen may throw up issues that were not present when ripening just one metal.

As such metals of a similar composure are typically used to minimise these problems;

things are made simpler if just one digestive ripening agent / surfactant can be used, or

similar experimental conditions such as temperature and solvent are utilised for the two

metals.77,83–85

The introduction of two digestive ripening agents has not had as much attention in this

area and the use of more than one may result in size focused particles but of possibly

two or more distinct populations, or the process could completely fail in its aim and

produce a polydisperse product. When mixing two metals in solution and employing

the digestive ripening technique to produce an alloy it has often been found that a small

or negligible reduction of particle sizes is often found over the whole sample population,

this points to the proposed mechanism of surfactants reducing the interfacial tensions of

the largest particles in the sample, releasing small atomic clusters or ions into solution

to attach to smaller particles growing on the established crystal structures.84,200 The

overall reduction in size points to a total increase in number of particles. The LSPR

properties of the produced alloy particles can easily be monitored by UV/Vis during the

reaction, as it has been seen that over the length of the procedure two discrete lamda

max for each metal will shift to each other and integrate into one peak when the process

of alloying is complete.83,84

SEM and TEM images of particles produced in this method provide data of average
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sizes of a large sample population, these particles are often formed into superlattices

of regular distribution partially due to the monodispersity. These images are also of

importance when working with alloys or core/shell morphologies, as it can be seen the

alloys tend to have excellent atomic ordering within the particle with no areas of con-

trasting density.77,84,200 This points to the uniform mixing of atomic level components

throughout all particles.

In summary, size focusing, digestive ripening or inverse Ostwald ripening has allowed

for precisely controlled production of a range of noble metal and other metal particles

and their corresponding alloys, with a variety of metals and digestive ripening agents

to be used in conjunction with each other. This method has shown that it is possible

to create monodisperse nanoparticle populations of a set size and can conceivably also

provide routes for synthesizing more metal particles.

Digestive ripening has been of interest to us a chemical process resulting in monodisperse

particle populations in the hope that we can translate this high control to the deposition

of noble metals onto magnetic cores. By preparing concise populations of nanoparticles

with digestive ripening it was theorised that we could make more uniform coatings on

the core particles than had been prepared before in published methods. We also saw

digestive ripening’s potential to alloy two noble metals as a positive aspect for us to use

in that we could then tailor the optical properties of the resulting core-shell particles.

5.4 Experimental

For this area of study, a process that can be linked to the digestive ripening of nanoparti-

cles has been applied to form coatings of mixed noble metals on a core with good surface

density. THPC reduction in basic solution was used with gentle heating to reduce both

gold and silver precursors, proceeding via the path presented in equation 4.1. With

the extended heating times of up to 5 hours, THPC and other in-situ formed reaction

products may act as digestive ripening agents.

Experiments were conducted with the reagent concentrations and volumes as logged in

table A.1 (Appendix A), where all solutions were dispersed in a sealed vessel with THPC
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solution being introduced last as the reducing agent. Then the vessels were placed into

a laboratory oven already heated to the noted temperature. After the reaction time

had been met the samples were removed from heating and allowed to cool to room

temperature. The thus formed core-shell particles were retained and separated from

un-reacted reagents and smaller particles by following the centrifuge regime as described

in table 2.1.

The synthesis products were stored in IMS and then analysed by the methods discussed

below after being prepared in a manor relevant for the analysis technique.

The gold shell growth solution referred to in tables A.1 (Appendix A) and 5.1 is a pre-

cursor solution used in several other studies on forming gold shells,108,111 whereby an

aged solution of HAuCl4 (5.55 mM) and K2CO3 is used. This is a modification of Zsig-

mondy’s method for preparation of gold sols. The gold seeded nanorice solution used in

this process and in section 6 were standardised to have a dry mass of precipitate particles

corresponding to 1.4 g per 1 litre of the dispersed particles in IMS. The preparation of

these seeded particles were kept the same each time to ensure continuity throughout the

following experiments.

5.4.1 Results and Discussion

UV/Vis

Table 5.1: Table presenting difference in proportion of gold and silver
precursors used in synthesis of conditions presented in figure 5.2

Name 5mM AgNO3 (aq) (mL) Au shell growth sol (aq) (mL)

DR51 1.5 3.5
DR52 2 3
DR53 2.5 2.5

By collecting UV/Vis spectroscopic data for the particles produced through this method

of experimentation we can tend to see the relative presences of gold and silver forming
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Figure 5.2: UV/Vis spectroscopy of samples DR51, 52 and 53

the shell, as well as the degree of completeness of the shell. With a greater proportion of

gold a typical peak position for gold nanoparticles at around 550 nm, red-shifting with

increasing size, will be more prominent. However if silver nanoparticles are the more

prevalent metal, then an absorbance peak at around 410 nm would be marked. The

alloying of gold by silver typically results in a blue-shift of the resonant gold peak.

We see in figure 5.2 the UV/Vis spectra of DR51 through 53, which incrementally in-

creases the proportion of silver precursor to gold in the coating step as presented in table

5.1. A relative increase in absorbance at ≈420 nm (blue band) reflects this increase in

silver presence, while a relative decrease in absorbance of the range 525–550 nm (gold

band) indicates a lessening proportion of gold. A peak at 590–610 nm (red band) can be

attributed to the noble metal shell being adequately complete so that a resonance over

the whole surface of the particle is resulting as discussed in chapter 4. A slight red-shift

of this resonance peak is seen, which could be attributed to the fact that increasing

silver resulted in bulkier metal growths on the metal core. While a broad absorbance at

500–550 nm can be attributed to the scattering properties of the hematite core itself.
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Figure 5.3: HRTEM–EDX mapping of sample DR51

Electron Microscopy

From electron microscopy studies it was found that the samples labelled DR51 and DR52

resulted in the best coverage of the hematite nanorice cores with gold and silver, and so

are discussed below.

DR51 had the most complete shell formed on the core particle shown in figure 5.3, where

the majority of the shell is formed mostly of gold with some silver, as the experimental

method used a ratio of 3:7 of silver and gold precursor salts by concentration. The

EDX mapping relating to the HRTEM images gained of DR51 allows us to qualify

that the growth of gold and silver has proceeded from the previously deposited gold

seeds growing into larger islands on the core surface. We also see the presence of silver

nanoparticles at the iron oxide surface where gold seeds are not present, indicating that

APTES linking groups had not been fully saturated with gold seed particles, allowing

for silver nanoparticles formed in the shell growth step to attach to the core themselves.
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Figure 5.4: HRTEM image of sample DR52 with inset electron diffrac-
tion pattern

The close proximity of gold and silver in many areas of the elemental mapping indicate

either close mixing of the two metals or complete alloying, while in other areas core-shell

morphologies are observed (figure D.2 in Appendix D).

The sample DR52 had a similarly complete shell formed as DR51, with a larger propor-

tion of silver precursor in the reaction conditions, resulting in a relative larger growth of

silver particles. The almost identical lattice parameters of gold and silver allow for the

easy growth and alloying of these two metals with each other. DR52 shown in figure 5.4

displays how the silver has grown epitaxially on the attached seeds, and grown outwards

from the iron oxide surface resulting in larger and bulkier growths than was found in

figure 5.3. By analysis of the electron diffraction pattern inset in figure 5.4; and of other

images, interplanar distances matching to the lattice planes (111) and (200) of gold and

silver were identified. It is not possible to discriminate between these two metals, or

their alloys by this method due to the close matching of their face-centered cubic (FCC)

lattice parameters. The close matching of lattice parameters for gold and silver goes

some way to justifying why they can be alloyed in this way with the use of digestive

ripening agents.

It was also found through electron microscopy studies that tailoring the relative ratio

of hematite core particles to the gold precursor was important for attaining the greater
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Table 5.2: Table presenting difference in proportion of gold precursor
to seeded core particles used in the synthesis of conditions presented in

figure 5.5

Name Au seeded nanorice (mL) Au shell growth sol (aq) (mL)

DR42 0.1022 5
DR45 0.073 4
DR46 0.073 3
DR47 0.073 2
DR48 0.073 1

coverage of the core, agreeing with other studies.111 Samples DR46, 47 and 42 shown in

figure 5.5 had the most disperse coating of gold nanoparticles on the hematite core sur-

face, which meant a reduction of gold precursor quantity, or an increasing concentration

of seeded-cores by 50% resulted in better deposition of further gold.

5.5 Conclusions

It was found that through the adaptation of a digestive ripening procedure, that the

process could be applied to coating core particles (hematite nanorice–APTES) with gold

and silver nanoparticles. The process may not stick true to the original definition of

digestive ripening: to focus the size dispersion of the particles, but its use has enabled

the deposition and alloying of varying proportions of gold and silver. A mostly complete

shell has been attained, giving rise to plasmon resonances from the constituent particle,

and not just the individual nanoparticles decorating the core particles. This shell–

resonance peak position is then able to be blue or red-shifted by varying proportion of

gold to silver depositied on to the core particles.

It is thought that the metal shells could be made more complete in their coverage by

multiple iterations of this digestive ripening step, and maybe by varying the ratio of

gold to silver reagent in each iteration this process could be further perfected to tune

the optical resonances.
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Figure 5.5: HRTEM images of cores coated with varying amounts of
gold. Images a., b., c. and d. are of samples DR45, 46, 47 and 48
respectivley, while image e. shows HRTEM–EDX mapping of sample

DR42
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Figure 6.1: Diagram showing the equilibrium position of a spherical par-
ticle at the interface of two liquids, resulting in a reduction of interfacial

tension11

6.1 Introduction

The interface between two immiscible phases was identified in the 1990s as a controlled

system at which nanoparticles of various materials and properties can be deposited as

a thin film precipitate between the two phases. This arrangement of particles being

formed and settling at the interface results from the interfacial tensions between the

two phases, with the addition of small enough particles to this boundary resulting in a

favourable overall decrease in the interfacial tensions. In this sense these particles are

acting as a sort of solid phase surfactant.11,201–204 Typically, chemical reagents used to

synthesise these thin films are chosen and prepared to be dispersed in both the phases, so

that they interact with each other primarily in close proximity to the interface. Due to

the reagents interacting close to the interface this in turn helps the crystalline particles

formed to be stable at the interface, displaying bi-functional anisotropic properties. The

particles are necessarily Janus, or two faced particles, with surface groups often present

on the particles of the side of one phase or the other. These surface groups often help

to make the particle stable at the boundary by utilising several available forces. The

presence of hydrophillic groups by hydrogen bonding or van der walls etc. can help to

improve the wettability of the particle, or otherwise lipophillic groups can be used if the

particles are more stable in aqueous phases to maintain the wettability angle (θ in figure

6.1 of the particulate at close to 90◦ .
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As mentioned above the wettability angle of a particle at the interface of two liquids is

a crucial term in determining how stable the emulsion will be with the solid surfactant.

These balancing of energies to describe a solid sphere adsorbing to the interface is de-

scribed by the Gibbs free energy equations 6.1 or 6.2 that have been derived for this

system.

∆G = −πr2γwo(1− cosθ)2 (6.1)

∆G = −πr2γwo(γwo − γpw + γpo)
2 (6.2)

These equations represent the interfacial tension energy loss with a particle interrupting

the interface with ∆G. The r term is the radius of the solid particle, with γwo, γpw

and γpo representing the interfacial energies of water-oil, particle-water and particle-oil

respectively. The (1− cosθ)2 term stands for the loss of interface area between the two

liquids when the spherical particle is at its equilibrium state, with a given θ or contact

angle.

6.2 Previous work

Previous publications in this area are centred around the self assembly of nanoparticulate

metals, their alloys, chalcogenides and other materials into thin films at the interface of

two liquid phases.90,101,205,206 This self assembly of synthesised particles to the interface

is driven by the resulting loss in interfacial energy as considered above, and explained

by the adaptation of Gibbs equation in 6.1.

These studies typically involve reactants being dispersed in both organic and aqueous

phases, which upon reaction initiation can diffuse somewhat across the interface and

react forming the desired material. Gold and silver thin films of nanoparticles have

been studied to a greater extent in this area, whereby varying reaction conditions and

reactants the thin film properties can be suitably controlled.207,208
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Figure 6.2: Diagram showing coating of hematite nanorice core with
gold and silver particulates when suspended at the interface of water and

toluene phases.

The interface of two liquids has also been studied for the self assembly of pre-synthesised

nanoparticles,91,209 and how ligand exchange or other adaptations can change the film

properties. Other work has looked at ligands that are able to transfer metal nanoparticles

across the liquid-liquid boundary aptly described as “phase transfer agents”.90,210,211

Despite the breadth of work in this area concerning nanoparticle synthesis and adsorption

to and from the liquid-liquid interface, it has up until now not been used not been utilised

for a secondary nanoparticle deposition or growth stage. This potential has been explored

in the following experiments and it is hoped to prove that this system can be utilised

and is aptly suited for that purpose.

6.3 Interface coating

Work has been conducted into trying to apply this thin-film nanoparticle synthesis

method to a secondary particle coating process, in which it was hoped that the hematite

nanorice cores discussed prior could be coated with noble metal nanoparticles. In fig. 6.2

we have assumed that the nanorice particles will adsorb to the interface with the longest

axis of the particle aligned on or closely to the interface of the two fluids. Extending

the equations 6.1 & 6.2 above it is assumed that with the nanorice aligned along the

interface that this would result in the largest reduction in interfacial tension, due to the

maximum area of the interface being interrupted by the particle.
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From the previous work we see that this synthetic process can posses high control over the

size of the particles produced, controlled by reagent concentrations, beaker dimensions,

protecting groups and reaction temperature. It was anticipated that this high control

could be applied to coating pre-synthesised cores settled at the interface with further

particles, as when the nanoparticles of controlled size form at the interface, they will

attach preferentially to linker groups present on the core, increasing the particle size and

increasing the reduction of interfacial energies. The process has also shown its flexibility

by producing alloyed materials with tight regulation over the ratios of the amalgam,

which could be embraced to manipulate the optical properties of the coating.

6.4 Experimental

Using a published method on producing thin films of gold and silver nanoparticles at the

interface of toluene and water,90,101 many experiments have been conducted to explore

how to adjust this process to coat the hematite nanorice core particles discussed in

chapter 2. A summary of all experiments performed are displayed in table B.1 (Appendix

B).

Efforts were made to study the effect of alloying with gold and silver deposition on the

core particle, changes in reagent concentrations, iterations of deposition steps, and of

adding in molecular surfactants to improve the quantitative recovery of the metal coated

particles. As this method was an adaptation of a process for synthesising metallic thin

films, the resulting precipitate was not of solely noble metal coated core particles, but

also of many other noble metal nanoparticles forming as a thin film. To recover our

desired core-shell particles the centrifuge washing regime outlined in table 2.1 was used,

at each stage collecting the precipitate. For this stage the introduction of the surfactant

CTAB proved useful for bringing the as-formed thin film into aqueous solution, as the

amphiphilic nature of the interface thin film meant it became difficult to disperse solely

in aqueous solutions.

Some parallels here of the difficulty to disperse the resulting particles in one solvent for

washing and characterisation/application, and the stability of in-situ prepared Pickering
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emulsions discussed in chapter 9 can be drawn. Both processes have used largely similar

reaction conditions and precursors, and as such the particles formed at the interface of

the two phases are stabilised by hydrophobic and hydrophilic ligands. This property is a

slight draw back for this shell coating process, while conversely it underpins the superior

emulsion stability discussed in chapter 9. However the use of surfactants to increase

the dispersibility of the produced particles in aqueous solutions doesn’t pose much issue

considering the final applicaiton of the particles; being likewise in aqueous solutions.

6.4.1 Results and Discussion

UV/Vis

Figure 6.3: UV/Vis absorption spectra of four hematite nanorice cores
coated at the toluene-water interface; with either gold, or gold and silver.

Through the use of UV/Vis absorbance spectroscopy we can differentiate between bare

hematite cores, cores coated with metal seed nanoparticles, and hence the further growth

of metal shells on the core. The nanorice particles produced as detailed in section 2.4,

exhibit a weak absorbance of ≈550 nm as to be expected from the strong red colouration
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of the precipitate. With the addition of gold and silver nanoparticle seeds, typical

absorbance peaks of these entities are observed in the spectra.

Gold nanoparticles in the range of 1–15 nm tend to have an absorbance peak in the range

of 520–550 nm,24,177,212,213 so an increased absorbance in this region can be linked to the

presence of discrete gold nanoparticles deposited on the nanorice core. However as our

gold seeds are prepared by the as named “Duff” process these ultra-small gold nanopar-

ticles of 1–3 nm have very weak absorbance when compared to larger gold crystals,177

and so an increased absorbance in this region can also be attributed to the growth of

gold seeds on the core surface from further reduction of the metal precursor.

Silver nanoparticles of a similar size typically have an absorbance peak in the range of

400–430 nm,24,179,213,214 this is again dependant on the size and shape of the particle,

the surface groups, the solvent environment and other factors.

In table 6.1 below, when “(A)” is seen in the CTAB column it indicates that this surfac-

tant was added to the reaction vessel after the heating step, and the interface film had

been formed.

Table 6.1: Table presenting differences in the synthesis conditions pre-
sented in figure 6.3

Name Au(PPh3)Cl
(mL, mM)

Ag(PPh3)3Cl
(mL, mM)

THPC
(mL
@
50mM)

NaOH
(mL, mM)

Au-seeded
core (mL,
solvent)

APTES-
core in
toluene
(mL)

CTAB
(mL,
mM)

IC18 10, 1.5 - 0.33 16, 6.25 0.146, toluene - -
IC34 5, 1.5 5,1.5 0.33 16, 6.25 - 0.146 0.5, 25
IC50 5, 1.5 5,1.5 0.33 16, 12.5 - 0.146 0.5, 25
IC65 20, 1.5 - 0.66 16, 12.5 - 0.146 0.5, 25 (A)

The UV/Vis data presented here seems slightly counter-intuitive when considering the

typical absorbance peaks of gold and silver nanoparticles as discussed above. Samples

IC18 and 65 had only gold deposited on the core particles, while samples IC34 and 50

had gold and silver deposited in equal proportions, as can be seen in table 6.1. The data

shows samples IC18, 34, 50 and 65 presenting an absorbance peak at 450 nm which is
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at the high end of the region expected for silver nanoparticles, while samples IC34 and

50 presented an additional absorbance peak at 500 nm which is to be expected for gold

nanoparticles. It is asserted that the peak at 500 nm is still arising from the subsequent

deposition of silver to the cores, being red-shifted due to alloying with gold or of having

larger particle sizes. While the peak at 450 nm is attributed to small gold nanoparticles

deposited on the core particle, as this peak is present in each sample, even while silver

is no longer present.

We have also observed the presence of an absorbance peak centred at around 580 nm,

mainly in samples IC18 and 65, with minor peaks present for samples IC34 and 50. The

development of this peak indicates the formation of a more complete shell of gold as is

discussed in other publications.59,111 As the shell becomes more complete and smooth

the absorbance peak would be expected to be further red-shifted which is observed in

our data as the minor peak of samples IC34 and 50 present at slightly lower wavelengths,

these two samples with only small absorbances in this region have less complete shells

of noble metal formed as shown in electron microscopy analysis.

The peak at around 950 nm and upwards in all samples could well be attributed to the

transversal plasmon resonance of the composite core-shell particles formed.59 While the

slight peak seen at 730 nm could be attributed to a 2nd order longitudinal resonance.59

Unfortunately as discussed elsewhere the limit of the spectrometer used in this study

means that the presence of the main longitudinal resonance peak cannot be identified

as this should occur above the wavelength limit of 1100 nm.

Electron Microscopy

Through initial experiments shown in figure 6.4 it was shown that by suspending hematite

core particles with attached gold seeds at the interface of toluene and water, along with

subsequent reduction of gold and silver precursors, that the growth of these metals was

resulted on the attached seeds. By no means was all nanoparticle formation and growth

on these core particles, as a thin metallic film at the interface was observed, but through

the typical centrifuge washing steps detailed in table 2.1 the larger core shell particles
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Figure 6.4: HRTEM–EDX mapping of hematite cores with gold and
silver deposited at the interface, series a. is of silver grown on gold seeds,
whereas series b. is of a 50:50 mix of gold and silver grown on gold seeds

could be separated from the smaller gold and silver nanoparticles which remain dispersed

in solution.

The HRTEM-EDX maps presented clearly demonstrate the presence of gold and silver

growths around a core of iron oxide. The top series a. of images shows the growth of

solely silver, presently grown atop of gold seeds, showing the viability of gold seeds for

further seed-catalysed growth of both gold and silver. The bottom series b. of images

is resulting from the growth of both gold and silver on the gold seeded cores, with a

1:1 ratio of the metal precursors in solution, the EDX data shows that these two metals

have an even coverage of the core particles and that alloying of the two metals may have

occurred.

One thing to note is that it seems with the further deposition of silver on gold seeds

bulkier morphologies are resulting, with growth equally outward in all directions from

the core surface. Whereas when gold is deposited simultaneously more of an evenly

spread deposition is seen, with more of the cores’ surface being covered with the noble

metals.

The sample IC18 which is shown in figure 6.5 resulted in a good coverage of the core

surface with gold nanoparticles, and as such presented with a UV/Vis absorbance spectra

with a reasonably prominent peak at around 580 nm. The inset electron diffraction



106 Chapter 6. Interface Coating

Figure 6.5: TEM images of IC18 and IC20 samples: row a. is of IC18
with an inset electron diffraction pattern in the top right corner; row b.

is of IC20

pattern in this image has allowed us to identify simultaneously the presence of (112)

and (111) crystal planes of hematite and (200) and (211) crystal planes of gold metal,

further confirming the deposition of gold on the hematite core surface.

As discussed prior we found that through introduction of the surfactant CTAB that

it was easier to disperse the thin film into aqueous solutions, thus allowing for better

recovery of our desired particles and separation from reaction by-products. CTAB has

been used in many nanoparticle synthesis methods and so it was of import for us to

establish whether the introduction of this surfactant prior to metal deposition in anyway
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affected the shell growth. Presented in figure 6.5 is samples IC18 and IC20, between

which the sole disparity is that IC20 had a small quantity of CTAB introduced to the

reaction vessel prior to heating and thin film formation. IC18 instead had the same

quantity of CTAB introduced to solution, but conversely this was done after thin film

formation and deposition of metal growth on the seeded core particles. Quite a stark

difference can be seen between the two images. IC20 has only some regions of further

gold growth on the core particles, and many un-attached larger nanoparticles of gold

which have been separated from reaction by-products alongside the nanorice are present

in the TEM sample. From this contrast it was seen that the addition of CTAB into

the reaction vessel was to be performed after shell deposition was complete. This could

be exlpained by the addition of CTAB surfactant to solution prior to reaction initiation

meant that growth of gold nanoparticles in solution was more favourable, rather than

forming primarily on the core particles as desired.

Figure 6.6: TEM and SEM images of IC34 sample

Sample IC34 shown in figure 6.6 echoes the reaction variables of the sample presented in

series b. of figure 6.4, whereby gold and silver precursors are introduced at a 1:1 ratio,

however in this case some CTAB surfactant solution was added prior to metal salt reduc-

tion is initiated. The resulting particles show a lesser coverage of the core particle with

gold and silver metal, agreeing with the results presented above indicating that CTAB

should be added after the reaction is complete. One other difference in the preparation of

sample IC34 was that unseeded APTES functionalised core particles were used, so from

this we could see that the in-situ deposition of noble metal nanoparticles onto APTES
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coated core particles could be performed in this method without the requirement of a

pre-seeding step.

Figure 6.7: TEM images of IC50 sample

Following this, sample IC50 was prepared with the introduction of just APTES func-

tionalised core particles without gold seeds. Many core particles in this sample seen in

figure 6.7 still attained a better coverage of gold and silver shells than IC34. This is likely

down to the increased concentration of NaOH in this experiment, forcing the hydroly-

sis of THPC to occur at a faster rate, and hence the reduction of metal precursors by

formaldehyde and hydrogen occurs at a faster rate stimulating burst nucleation resulting

in smaller nanoparticle formation. These smaller nanoparticles can attach themselves

more evenly to the free amine groups of APTES due to reduced steric effects, and then

more even growth of further gold and silver from solution can occur.

The sample IC65 combined the positive aspects of the above described experiments

to provide a good coverage of core particle with a quasi-shell of gold nanoparticles.

The increased reactant concentrations allowed for the fast preparation of small gold

nanoparticles and their subsequent deposition onto APTES functionalised cores. In-

creased volume of gold precursor solution allowed for more sustained growth of gold on

the in-situ prepared gold seeded cores, and the introduction of CTAB after the reaction

is completed allowed for good recovery of the core-shell particles without hampering the

deposition process. Again the crystal structures of hematite and gold were established
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Figure 6.8: TEM images of IC65 sample, with inset electron diffraction
pattern in the top right corner

present through analysis of the electron diffraction patterns from these HRTEM images

shown in figure 6.8.

Initial experiments had gold seeded cores dispersed in IMS added to the two phase

reaction system, however it was found that if the core particles were dispersed in toluene

instead, they settled and adsorbed to the interface much quicker, and so the reaction

could be initiated sooner. This change in method was found to have no negative impact

on the coating of the cores, however as the core particles form less stable dispersions in

toluene it was important to agitate and mix the colloid thoroughly prior to adding to

the reaction vessel.

The addition of PVP as surfactant rather than CTAB was also explored, knowing that

it absorbs well to gold and silver surfaces. This was seen to have no affect on the shell

coating process, however didn’t function as well as CTAB at dispersing the thin film

into the aqueous layer prior to centrifuge washing.

Magneto-optic System Testing

Samples IC18, 50 and 65 were tested in CMD Ltd’s magneto-optic setup to test their

applicability as reporter particles in their diagnostic system as described in section 1.2,
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Figure 6.9: Plots of amplitude against frequency, and phase against
frequency for samples IC18, 50 and 65 in DI water and 25% /w glycerol

solutions

with some of the resulting data output is shown in figure 6.9. The particles were tested

for their sensitivity for sensing solvent viscosity changes, for this test reporter particles

were dispersed in DI water and separately in a solution of 25% /w glycerol in DI water.

All three samples were synthesised with the same hematite core particles, so any change

in response to varying the oscillating external magnetic field frequency is due to changes

in coating deposition, or other particles present in the colloid. The particles are more

sensitive to solution viscosity when the phase lag or difference to the oscillating magnetic

field is greatest when the solution viscosity is varied a certain amount.

IC50 has been seen to have the least core surface coverage with noble metals, and it

is thought because of this the nanorice particles are most able to align themselves in

solution with the external magnetic field, due to least surface drag. This sample then

presents the highest amplitude value for all frequency values measured, both in DI and

in 25% /w glycerol solution. It also provides the highest values of phase lag against

frequency for the corresponding solvent environment. Taking values at a frequency of

50 Hz the difference between the particles suspended in DI water and in 25% /w glycerol

solution is 25◦, making this sample relatively sensitive to solution viscosity changes.
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IC18 displayed relatively low plots for amplitude against magnetic field frequency mean-

ing that the measured amplitude of oscillation of optical resonance in the solution is

quite low, this could be caused by a larger presence of nanoparticles in solution which

are not attached to our core particles, thus wouldn’t oscillate with the external magnetic

field. This could be improved by more thorough centrifuge washing and processing of

the synthesis products. IC18 has also presented with lower values of phase against fre-

quency than IC50, which could in part be due to more complete growth of noble metal

shells increasing the drag in solution for this sample. However the difference between DI

and 25% /w glycerol solution at 50 Hz oscillation is 29.7◦ making it the most sensitive

to solution viscosity changes of these samples, at this frequency of oscillating magnetic

field.

Finally sample IC65 has the lowest values of amplitude against frequency at all points,

which could similarly be caused by other nanoparticles dispersed in solution scattering

the laser light being used for analysis, thus reducing the overall amplitude of oscillation

caused by the core-shell particles induced oscillation. This sample also manifests low

values when plotting phase against frequency, with a relatively small difference between

the two conditions of particles dispersed in DI or 25% /w glycerol solution. The difference

between these two solvent conditions at 50 Hz is only 11.5◦, making it less than half as

sensitive to viscosity changes as samples IC18 and 50. This could be down to large

nanoparticle shell growths on the core particle, rounding out the whole morphology of

the particle making the particles’ rotation less obvious to this mode of analysis, and the

relative drag of the reporter particle is lessened.

6.5 Conclusions

Overall it has been proven through these experiments that by suspending core particles

at the interface of two liquids, with subsequent thin film deposition to this interface is an

applicable process for coating the core particles with a shell of noble metal nanoparticles.

While some issues were met with recovering the core-shell particles initially, this was

remedied by the introduction of a surfactant which could negate the dual ligand nature

of the interfacially deposited particles.
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The interface coating method has allowed a controlled deposition of varying gold to

silver ratio on the hematite nanorice cores, while generally more complete shells were

formed with a higher fraction of gold. It has also been shown that this process does not

require the pre-deposition of gold nanoparticle seeds on the cores to promote further shell

growth, while the in-situ generation of metallic nanoparticles is sufficient. The simulated

longitudinal resonance responses of core-shell particles of this morphology are out of the

scope of the UV/Vis data we have acquired, however with good coverage of the core

with noble metal particles we have seen the evolution of an absorbance peak at around

580 nm which matches the observations from other studies forming near-complete gold

shells on these hematite spindle shaped particles.59,111

It is expected that with further work and exploration of nucleation factors, and subse-

quent deposition steps, that better noble metal shells can be formed. This should be

possible for both gold and silver shells along with their incremental amalgamation, and

as such shifting the optical resonances of the whole composite particles.
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Chapter 7

Polyol Synthesis of Silver and Nickel

Composites
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7.1 Introduction

We have explored an alternative route to producing asymmetric particles with magneto-

optic properties without using the hematite nanorice core as discussed in the previous

chapters. The process we chose as a candidate alternative synthesis was the previously

reported polyol synthesis of nanowires of silver metal, which has been shown to very

reliably produce silver wire particles with a width in the order of 50–100 nm and lengths

of 1–5 µm.67 The polyol process differs from the majority aqueous syntheses described

in this thesis in that the solvent used is a polyol which itself or its degradation products

performs the in-situ reduction of the metal precursor salt.

The fabrication of asymmetric nanocrystals such as nanowires and nanorods are receiv-

ing attention from diverse fields across science due to their unique scalable properties

and possible applications. These asymmetric particles are interesting and a desirable

synthesis product as new properties of a material are discovered when its dimensions

are extended in one plane but not appreciably in the remaining two planes, the aspect

ratio describes this feature and the higher this figure the longer and thinner the particle

is (as demonstrated in figure 2.8). Asymmetric nanocrystals of noble metals have been

studied for their potential applications in electronics, bio-diagnostics and photonics to

name a few. These unique properties of nanoscale materials has been well documented

for various noble metals and it has become apparent that not just size but morphology

and structure of the metal clusters will more often than not alter the optical, magnetic

and chemical properties.19,41,215–217

This asymmetry as opposed to symmetrical particles gives a change primarily in LSPR

of the nanoparticle,41 as has been discussed prior in section 1.1.1 and other places in

this document. The red-shifted longitduinal resonance is of greatest importance to this

study and the intended application, this is best met by high-aspect ratio particles which

are still easily dispersed in aqeuous solvent.

The polyol system described in this section is a well documented process for producing

finely divided particles of many types,12 primarily of noble metals among others and

was pioneered by Fievet et al. in the late 1980s.92,93,218
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The polyol process has been demonstrated to be a useful synthesis route for producing

metals, metal oxides, chalcogenides and other particles. The produced particles can

be in the range of a few nm to µm powders. A variety of polyol compounds have been

explored in the publications and the general characteristic of these solvents are that they

are viscous, polar and have relativley high boiling points when compared to aqueous

solutions. This elevated boiling point when compared to aqueous solutions allows for

higher thermal energies to be introduced to the system and thus reduce precursors with

higher reduction potentials than is possible in aqueous solution.

Due to the sensitivity of this reaction to multiple variables, temperature of the reaction

must be tightly controlled to try and limit variations in the shape and size of the produced

particles. Many publications that use the polyol process detail a drop by drop addition of

reagents to the reaction vessel, so as to not dramatically reduce the overall temperature

of the reaction. Typical injection rates vary between 1–50 mL/hr in an attempt to

keep the reaction balanced between thermodynamic and kinetic forces;219 it has been

demonstrated many times that by changing the temperature of this reaction by 5–10◦C

will change both the shape of the formed particles, their size and the dispersity of the

sample.95,219 A highly monodisperse product is often wished and by using slow injection

and not reducing the system temperature too dramatically the product is likely more

highly coherent.41 This slow addition rate of reagents also controls the concentration of

metal ions in solution, controlling growth.

7.2 Polyol solvent

The polyol solvent used in this process is ethylene glycol (C2H6O2) with two alcohol

groups positioned on the ends of the carbon chain, that has a boiling point of 197.3◦C.

Ethylene glycol is used in this process as both the solvent in which the metal salts and

other precursors are dissolved, and as the reducing agent / precursor in the system.95,217

As ethylene glycol is used as the solvent medium reaction temperatures can be used up

to around 190◦C prior to evaporation and higher under reflux. Often a surfactant or

protecting group such as polyvinylpyrrolidine (PVP) is introduced, usually as a method
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to prevent further agglomeration of nanoparticles once formed into crystalline structures.

The presence of a protecting group is also of increased importance when working with

a metal that possesses magnetic properties and as such agglomeration may occur more

easily.

It is understood that under heating the ethylene glycol (EG) used as solvent will degrade

to several groups dependant on the reaction temperature each with varying reduction

potentials which are able to reduce the as added metal salts in solution. In previous

experiments conducted by Fievet et al. it was thought that acetaldehyde was the in-

situ formed reducing agent as diacetyl was detected in the final solution.92,93,220,221

This is likely true in the published case but is probably a side product from the initial

reduction of the cobalt and nickel hydroxide precursors used promoting acetaldehyde

production from the presence of as formed hydroxide ions. As such it is now thought

that glycoaldehyde is a common in-situ reducing agent alongside EG itself responsible

for many polyol syntheses of silver nanostructures.12,218,220

7.3 Silver nanowires

In the case of silver nanowires the metal salt precursor: usually AgNO3; is added drop

wise into the reaction vessel, where it is first released into solution as Ag+ ions. These

ions are then reduced by the solvent and will combine to form small nuclei of metallic sil-

ver, with no as yet defined crystal structure as this will change depending on the reaction

conditions and the energetic favourability of certain structures. It has been suggested

that the nanowire structures can only form from seeds with a multiply twinned deca-

hedral structure rather than just a single crystal FCC structure, so this ability for the

small nuclei to form and remove such defects in-situ is important for this process.19,222

As the nuclei grow they become stuck with their current crystal structure as the re-

quired thermal energy to convert structure at this stage is too costly. These can now

be considered seeds for further crystal growth epitaxially as their structure will not now

change.12,65,66,222
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The reaction is often said to be monitored by colour, where upon initial addition of

AgNO3 the solution turns slightly yellow, indicating the production of small silver

nanocrystal seeds. As the reaction continues the solution should turn more to a grey-

silver colour and over the reaction time will become more thick, whispy and turbid,

which is the accepted visual confirmation of the formation of nanowires.216,219,221 The

reaction is often left at reaction temperature for around an hour after all reagents have

been added, as the final stage progresses by Ostwald ripening this just allows more time

for the nanowires to form and use up any leftover metal nuclei and small clusters.65

Some publications on this method report a product yield of 90–95% nanowires but this

often involves the use of pre-synthesised seeds, with slightly lower yields having been

gained from methods that don’t use seeds. A common technique for separating the

nanowires from any other formed nanocrystals is by centrifugation, as the nanowires are

much harder to disperse in solvents such as acetone and ethanol than any much smaller

nanocrystals formed in this reaction, the supernatant can be removed after centrifugation

removing any extraneous ions, reactants and unwanted nanocrystals.215,219,221

A typical reaction of this method will start with heating a portion of EG to the reaction

temperature, for silver synthesis this tends to be around 160–170◦C but metal salts with

higher reduction potentials will require higher temperatures, which can be up to 190◦C

with EG as a solvent. Often reflux apparatus is set up so as to ensure no evaporation

of solvent over the reaction time. The EG solvent will often be kept at this elevated

temperature for a while prior to adding any additional reagents,12,216,221 some groups

have had success with adding in the PVP at this early stage whereas others inject the

PVP solution simultaneously with the metal salt solutions. After the solvent has been

pre-heated, typically low concentrations (or lower than that of PVP concentration) of

metal salt precursors in EG are added drop wise to the heated reaction vessel.

7.3.1 PVP

Controlled growth in these conditions will occur in either; 3 steps in a one-pot reaction,

or in two steps when using pre-synthesised seeds on which to grow. In the case of a one-

pot synthesis, the reaction will start with the metal salt/salts being reduced to form free
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Figure 7.1: Diagram showing how PVP preferentially protects the (100)
crystal face of silver nanowires12

atoms and metal ions in solution which arrange into small metal clusters, secondly these

nuclei or small clusters will become seeds with defined crystal structures and faces that

can be monitored, and thirdly the seeds will be directed to grow in certain planes giving

distinct morphologies.12,65 At each step there is a combination of thermodynamic and

kinetic factors that must be considered and any slight change in any one factor can result

in particles of different shapes and sizes being formed. The formation of specific shapes

or morphologies from this method is not fully understood due to the lack of experimental

tools available to show the mechanism of seed formation from small atomic clusters or

ions in-situ.12,41,65

The crucial stage of crystal growth for forming anisotropic particles involves the struc-

tures being grown mostly in just one plane to form the nanowires, an important part

in this is the presence of PVP. It is understood that PVP acts as a capping agent in

this process and will preferentially bind to any (100) crystal facets of silver over the

(111) crystal facets which are left open and this is where the successive crystal growth

occurs with free Ag+ ions and Ag0 clusters attaching to the ends and conforming to the
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defined crystal structure given by the seed particle.65,223,224 This process is understood

to progress by Ostwald ripening with larger ready formed particles growing at the ex-

pense of smaller nuclei particles and free metal ions.95,219,225 The presence of PVP as

mentioned before allows the silver crystals to grow in just on dimension and its role is

demonstrated in figure 7.1.41

As these crystals grow further in one dimension to a rod or wire, their stability in

solution decreases which in the PVP system the effect is lessened. This aids further

controlled growth of primary particles by stepwise addition of atoms and ions, at the

same time preventing coalescence of smaller particles resulting in secondary particles

with less defined morphologies.

7.3.2 Seeds and Etchants

Use of pre-synthesised seeds is common for this method where near to monodisperse

seeds are made prior in a separate reaction, and then added into the polyol system to

provide a crystalline structure with defined crystal faces on which to grow with further

in-situ produced small atomic clusters and ions.19,65,95,225 These pre-synthesised seeds

don’t necessarily need to be of the same metal of which the desired product will be, but

the seeds will form a constituent part of the final particles.95,225 Commonly used seeds

for the process of forming silver nanowires are silver, copper or platinum, and are made

in relatively easy syntheses with high control over dispersity.

The addition of copper and platinum reagents in this reaction are not always just to

function as seeds on which crystal growth occurs, but as a way to facilitate and increase

the rate of this reaction. The work of Korte et al.13 describes the oxygen scavenging

properties of added CuCl or CuCl2 in the polyol process whereby Cu2+ is reduced by the

solvent and reducing agent EG to its Cu+ state. The Cu+ then scavenges any adsorbed

oxygen from the (111) face of the silver oxidising to Cu2+. The EG can keep reducing the

Cu2+ back to Cu+ providing a constant etching of oxygen from the Ag surface allowing

the nanowires to grow faster.13,19,226 This process of oxygen removal via Cu+ ions is

shown in figure 7.2. The addition of Fe species has been studied in a similar way to
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Figure 7.2: Diagram detailing the mechanism by which copper ions
facilitate the growth of silver nanowires13

CuCl and CuCl2 as way of etching adsorbed oxygen from the (111) face of silver due to

the (100) face being protected by PVP or other surfactant.227

It is not required that pre-synthesised seeds or oxygen scavenging reagents are used but

they can greatly increase the yield and reduce the polydispersity of the product.19,216,221

7.4 Experimental

To fit our aim of producing magneto-plasmonic nanorod structures, we have strived to co-

precipitate nickel by modifying the well published route of synthesis for silver nanowires

in EG.95,216 Nickel from several precursors had previously been shown to be able to

be precipitate in polyol systems with or without additional reducing agents,22,92,228–231

taking advantage of the higher boiling point of polyols.

The coating of pre-formed silver nanowires by nickel and nickel oxide, with further post

processing has been achieved and published previously.231? ,232 However, despite these

known routes, it was thought it was of use to explore the potential of co-reduction of

silver and nickel in a one-pot synthesis, without the use of harsher reducing agents such

as NaBH4 and N2H4 ·H2O.
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For this method the process pioneered by Sun et al. in 2002 was modified,95 with aspects

from other publications around this area of work.13,221 In short, all following reagents

are added to a round bottom flask with reflux apparatus: 10 mL EG is heated to just

shy of the boiling point (150–180◦C) for half an hour, following with EG solutions of

AgNO3 (≈0.1 M), PVP (≈0.6 M), Ni(CH3CO2)2 · 4 H2O (≈0.1 M) and CuCl2 (≈4 mM).

The metal precursor and PVP solutions were added to the pre-heated EG, injected at

controlled rates of 5–20 mL/hr. After the reagents had been fully inserted into the

reaction, the vessel was maintained at the reaction temperature for a further hour, at

which point the reaction was allowed to cool to room temperature.

All factors in this chemical reactions were varied in attempt to find the optimal parame-

ters. The variations made were: concentration and volume of reagents, relative precursor

ratios, some precursors omitted, reaction temperature and ramp and injection rate of

reagents. Some studies were also performed keeping all relative parameters equal but

increasing the total volume of the reaction, to test any changes with batch volume.

Again the desired larger particles were seperated from small nanocrystals, unreacted

reagents and excess surfactants by following centrifugation washing steps used elsewhere

in this project, and outlined in table 2.1.

7.4.1 Results and Discussion

Concurring with the existing literature, the optimal conditions found for the formation

of nanowire morphologies were as follows: AgNO3 (4 mL, 0.1 M), PVP (6 mL, 0.1 M),

Ni(CH3CO2)2 · 4 H2O (2 mL, 0.1 M) and CuCl2 (160 µL, 4 mM) were injected to 10 mL

EG at 160◦C at a rate of 10 mL/hr. Additionally the temperature of the reaction was

increased to 170◦C and was held at this temperature for 1 hour following all reagents

being added. This particular methodology resulted in the sample titled “NW46” and is

referred to below. A summary table of all tested experiment parameters is included in

Appendix C.

The use of CuCl2 was found to greatly improve the generation of elongated morphologies

in this system, by increasing the deposition rate of silver ions onto existing (111) silver
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surfaces, and possibly by providing fine copper seed particles on which silver growth

could proceed epitaxially.

Even with the addition of nickel precursors into the system, nickel nanoparticles or

alloying of silver-nickel was not found with subsequent analysis.

XRD

Figure 7.3: XRD data plot of sample NW46

Through XRD analysis of the NW46 sample produced in these experiements, a strong

correlation of the data was found to published diffractograms of silver nanowires with

PVP surfactant groups.216,224,226 These peaks are typical of single crystallite silver and

thus confirm the material properties of the precipitate of this experiment,233 being both

single crystaline silver particles with a face-centered cubic lattice structure. We find

peak positions at 2θ values of 38.5, 44.7, 64.8 and 77.7◦, which correspond to the crys-

talline planes: in ascending order; (111), (200), (220) and (311) of silver. The relative

prominence of the (111) peak agrees with the analysis of PVP adsorbing to the (100) face

encouraging further silver deposition and growth along the (111) plane as demonstrated
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in figure 7.1. The synthesis of NW46 did involve a 33% fraction of nickel precursor to

silver precursor, however in the XRD we see no presence of peaks; additional to the

peaks attributed to silver, that would normally be attributed to either nickel, or nickel

oxide.91,234,235 The peaks also appear reasonably sharp adding to the conclusion that

just silver metal is present, as we would expect some broadening of peaks if nickel was

to be alloyed with the silver in low amounts.235

Raman

Figure 7.4: Raman spectra of sample NW46

Raman spectroscopy analysis performed on sample NW46 resulted in spectra very closely

matched to published data of a similar procedure producing silver nanowires.221 Our

spectra shown in figure 7.4 has prominent peaks at 2933, 1556, 1322, and 222 cm−1. It is

thought that the peaks present in this spectra are actually from the PVP surface capping

molecules bound to the silver particles’ (100) surfaces, due to the Surface Enhanced

Raman Spectroscopy (SERS) effect, where the silver nanoparticles are acting to enhance

the spectra of PVP.221,236 This strong enhancement of the PVP spectra confirms the close

proximity of PVP to the silver particles’ surface, and the strong or weak enhancement
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of certain peaks can help to resolve how PVP is arranged at the silver surface. The

peak at 222 cm−1 which is not in PVP spectra, represents the Ag-O stretching vibration

showing the carbonyl group of PVP is responsible for it’s coordination to silver through

nonbonding electrons on the oxygen atom. This is backed up by the enhancement of

1556 cm−1 peak assigned to the stretching vibration of C=O, again indicating the close

proximity of carbonyl group to silver. We also see an enhancement of the peak at

2933 cm−1 from the standard PVP spectra, which is linked to asymmetric streching of

CH2 indicating the alkane chain is close to the surface of the silver particles.

Electron Microscopy

Figure 7.5: HRTEM images of sample NW46

Through TEM analysis of our produced particles, in particular sample NW46, we see

the typical well defined nanowire shapes of silver metal. These particles have a precisely

characterised morphology and structure in the literature,12,223 with a five sided geometry

extending along the (111) plane. The nanowires synthesised in sample NW46 range from

2–10 µm in length, and a width of approximately 100 nm. In some instances the wire

particles are seen to bundle together, while the yield of particles in this experiment

is not completely wire morphologies, with some platelets and other structures present.

HRTEM-EDX mapping of sample NW46 also confirmed the absence of nickel in the
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produced particles despite nickel precursor being added to the reaction (figure D.3 in

Appendix D).

Figure 7.6: HRTEM-EDX mapping of particles formed by reduction of
nickel precursor

A test was made to try and reduce only Ni(CH3CO2)2 · 4 H2O in ethylene glycol to test its

applicability in this study. The resulting precipitate shown in figure 7.6 by HRTEM-EDX

mapping indicates the resulting particles are an amoprhous nickel oxide compound, while

some crystaline particles were also seen elsewhere (figure D.4 in Appendix D). However

further analysis into this needs to be performed to fully qualify the reaction products.
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7.5 Conclusions

The polyol process investigated in this section proved a very delicate synthesis method,

where slight changes in methodology resulted in great differences in the reaction prod-

uct. Using a combination of several published methods for producing silver nanowires,

combining the key variables from each we could also produce wire morphologies of sil-

ver. It was, however, not possible to co-deposit nickel with the silver as was desired.

Further work into this method to fully designate the compounds in solution responsible

for the reduction of metal precursors should be performed, and extending from this the

use of other polyol solvents could be explored, alongside possible introduction of other

more potent reducing agents. Subsequent growth of nickel or nickel oxide on the silver

nanowires could also be explored using an alternative secondary coating step.
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8.1 Introduction

Cobalt metal is easily oxidised even just by oxygen in the air, as such when aspiring

to produce cobalt particles dry conditions must be used and synthesis routes not us-

ing aqueous solutions. In recent years cobalt nanoparticles have been prepared using

hydrogen gas as the reducing agent with precursors dissolved in organic or anhydrous

solvents,96–99 or just as solid precursor.237 The cobalt precursors hence have typically

large ligand structures with oligophilic regions to allow them to be solute in organic

solvents, they are not easily available compounds and relatively expensive. Usual cheap

halide metal salt precursors also cannot be used, as they will often contain water such

as CoCl2 · 6 H2O.

Synthesis methods previously published on this topic again require the presence of a kind

of structure directing agent or surfactant to attain nanorod shaped particles.96,97,238

Lauric acid (LA) or dodecanoic acid (DDA), and hexadecylamine (HDA) are some such

surfactants used in these processes. Auspiciously a phase transfer mechanism has been

published for the transfer of transition metal ions from the aqueous phase to the organic

phase, using LA.210 A combination of these two processes has been experimented with

to try and find a new route to the synthesis of cobalt nanorods, from an easily available

cobalt precursor.

Many of the publications then include a further step of coating the cobalt nanorods with

a metal that is harder to oxidise, so that the particles can be stored or used in aqueous

media. Typically gold, platinum and tin have been used for this coating purpose. This

would provide the optical properties of an anisotropically shaped particle we have strived

for throughout this project, while the cobalt core, being strongly magnetic, providing

the magnetic properties required.

The cobalt nanorods produced in these inert atmosphere syntheses are closely matched

in shape and size to candidate particles in several theoretical and computational publi-

cations on the use of magneto-optic particles in some diagnostic system.57,58
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8.2 Experimental

Figure 8.1: Images showing phase transfer step of cobalt ions from
aqueous to organic solvents

This process was commenced with the phase transfer method.210 Starting with CoCl2 · 6 H2O

(0.24 g, 20 mM) dispersed in 50 mL DI water and subsequently added to an equal volume

of IMS with 20 mL solvated hexadecylamine (HDA), this is presented in the left image of

figure 8.1 with a clear solvent phase sitting above the cobalt precursor aqueous solution.

The mixture was stirred for some minutes and slightly heated at 50◦C to keep the HDA

from solidifying, at which point an equal volume of toluene to the aqueous phase was

introduced, with stirring continued. As the toluene is added, a clear transition from the

aqueous to organic layer is seen of the green-turquoise colour, within moments. This

proceeds through HDA’s clear preference to existing in the organic solvent, however

is soluble enough in IMS through high polarity, to first complex with the cobalt ions

present in aqueous phase.

The coloured toluene phase is then taken to contain Co-HDA complex, due to the ob-

served phase transition, while no other phase transfer agents are present in solution. A

qualitative phase transfer (<95%) is assumed and so the desired mass of molar mass of

cobalt ions in the hydrogenation reduction step is introduced to the initial phase transfer

process.210

The green coloured toluene phase is then seperated from the aqeuous phase by use of a

seperating funnel, seen in the right hand image of figure 8.1.
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This solution of Co-HDA in anhydrous toluene is then used in a secondary step. This step

uses heating and hydrogen gas to reduce the cobalt precursor to surfactant coated metal

particulates.99 Some variations were made on the following method, such as reaction

temperature and relative amount of HDA to lauric acid (LA).

The volume of Co-HDA in toluene from the phase transition step was measured, and

made up to a total volume of 20 mL with anhydrous, degassed toluene in a Fisher-

Porter pressure vessel. To this an amount of LA is added and stirred to dissolve, and

the vessel is sealed shut. The vessel is heated in an oil bath to 170◦C, while the vessel

is purged with N2 multiple times, and then purged with H2 two times and then charged

to a pressure of 3 bar with H2. This mixture is held at this pressure and heated with

constant stirring for 48 hours. A black precipitate is resulting, indicative of cobalt metal

or cobalt oxides.

The precipitate was washed through centrifuge washing steps, consisting of two 20 minute

spins in fresh degassed anhydrous toluene, then stored in anhydrous toluene to attempt

to limit oxidation of the cobalt metal, prior to analysis.

8.2.1 Results and Discussion

Sample 24 was prepared as explained above, with 200 mg of LA added to solution prior

to heating in hydrogen reduction step, the vessel was purged with N2 and H2 gas then

pressurised again to 3 bar with H2 after 24 hours of heating. Sample 29 was prepared as

detailed above, with the one caveat that 400 mg of LA (double that of sample 24) was

added to solution in this case. Additionally the vessel stayed sealed with 3 bar H2 the

whole 48 hours of heating.

Electron Microscopy

Sample 29 had double the amount of LA acid added into the hydrogenation step than

sample 24, and as can be seen in figure 8.2 this resulted in the formation of cubic

nanocrystals. In contrast to sample 24 with less LA in solution, where longer rod shaped

particles are formed.



8.2. Experimental 131

Figure 8.2: HRTEM images of cobalt and cobalt oxide nanoparticles
formed after hydrogenation reduction reaction, with inset electron diffrac-

tion pattern, row a. is of sample 29 and row b. shows sample 24

The cube shapes formed indicate the presence of various Co, CoO and Co3O4 lattice

planes when interpreting the electron diffraction patterns from the HRTEM images in

figure 8.2. Lattice interference measurements of 0.2214, 0.1856, 0.4216 and 0.2615 nm

were measured, and match closest to the following calculated lattice planes and crystal

structures in order: (100)/(010) of cobalt, (210) and (100) of CoO, and (210) of Co3O4.

It is assumed that oxidation of certain planes may have occurred after synthesis, despite

best efforts to store in anhydrous environments. The cube nanoparticles vary in size

between 13.5 and 6 nm length edges. The greater availability of LA in solution must

hinder the growth of the cobalt nanoparticles in certain directions, counterbalancing the
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existing presence of HDA in solution following the phase transfer step.

The longer rod shape particles seen in sample 24 and in figure 8.2 row b. were equally

not well dispersed and looked to be half embedded in some amorphic material, just as

in sample 29. This factor makes measuring the dimensions of the rod shaped particles

more difficult. The length of the rods is estimated at between 70 and 200 nm, with

a width of about 8-16 nm, giving the particles an aspect ratio of between 8.75 and

12.5. The observed lattice spacings in these HRTEM images match best to cobalt oxide

miller indices. 0.4713, 0.4638, 0.3109, 0.27, 0.2401 and 0.2331 nm lattice spacings were

measured, but the first two could not be linked to any calculated lattice spacings of

cobalt or cobalt oxides. A measured lattice spacing of 0.3109 nm is likely attributed to

the (110) plane of CoO, while the remaining spacings of 0.2401 and 0.2331 nm correspond

to the (211) plane of Co3O4 and 0.27 nm corresponds to the (210) plane of Co3O4. No

lattice spacings from this sample could be linked to interplanar distances calculated for

cobalt metal, this again could well be due to oxidation of the precipitate occurring after

synthesis prior to analysis.

8.3 Conclusions

Through this brief study we have found it possible to conduct a phase transfer step of

aqueous soluble cobalt ions into anhydrous toluene via use of a phase transfer agent

(HDA), and then use this Co-HDA precursor directly in a hydrogen reduction process.

Further analysis of the phase transfer product should be conducted to characterise the

compound as Co-HDA, and also to quantify the efficiency of this step. While precise

shape control of the formed particles was not realised in the second hydrogen reduction

step it is anticipated that this route could match other publications on morphological

control, while using more easily attainable cobalt precursor compounds. The protection

of cobalt metal by further deposition of gold should also be performed to maintain the

formed cobalt metal structure and its desirable strong magnetic properties.
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Figure 9.1: Schematic illustration of the Pickering emulsion synthesis
scheme with silver precursor.

9.1 Introduction

Emulsions are defined as the mixing of two immiscible liquids that form a stable colloid in

the presence of a surfactant, commonly these are molecular surfactants that tend to have

a hydrophilic and oligophilic constituent. These are found in many applications and uses

such as paints, milks, medical applications and others. The key difference with Pickering

emulsions are that these colloids are stabilised by solid particulate surfactants.100,239–241

The juxtaposition of these two emulsion types is presented previously in figure 1.11.

This attribute to Pickering emulsions can bring new functionalities to emulsions that do

not originate from molecular compounds dispersed in either the water or oil phase, but

from the solid surfactants themselves.

The justification of how these emulsions can be stablised by solid particles can be drawn

from Gibbs free energy equations 6.1 and 6.2 discussed in section 6.1. Through these

Gibbs equations it has been proven that stability of Pickering emulsions can actually

be of a few magnitudes greater than regular emulsions stabilised by molecular surfac-

tants.201–203,239,240
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9.2 Experimental

Pickering emulsions have been produced in a one-pot reaction of molecular precursors

and reducing agents solvent in opposing phases. As the reducing agent is introduced,

initiating the reaction, then the whole reaction vessel is subjected to ultra-sonic radiation

which agitates the interface of the two phases creating countless droplets of each phase

dispersed in the other. During this agitation of the interface, the molecular precursors

are being reduced resulting in metal ions and clusters which then increase in size by

crystal growth. Due to the reagents only being in proximity to each other at the fluid

boundaries then these metallic seeds are again first produced in close proximity to the

interface. As the metal seeds grow then the reduction in interfacial tensions willl increase

driving the reaction to form nanoparticles adsorbed to the interface.

An example reaction proceeds as 1 mL of 18.43 mM NaOH(aq) and 5 mL of 0.6445 mM

of either Ag(PPh3)3Cl or Au(PPh3)Cl in toluene are introduced in a vial. Then 0.12 mL

of 50 mM THPC(aq) is injected into the vial, which is sealed and then placed into an

ultra-sonic bath for 60 minutes where the water is kept between 15-20◦C.

The reduction of metal salts by THPC is initiated in the same manor as demonstrated

in equation 4.1, whereby THPC is hydrolysed to form formaldehyde which can reduce

the salts, resulting in metal ion and cluster formation, which grow by further crystal

growth.

9.2.1 Results and Discussion

This process has shown its ability to produce stable emulsions stabilised by nanoparticles

synthesised in-situ of phase mixing. This has been simply demonstrated by dispersing

dyes insoluble in either organic and aqueous phases, and showing their presence through-

out the prepared emulsion. This property is exhibited in figure 9.2, whereby image a.

shows the incorporation of a red ink dye which normally only disperses in aqueous so-

lutions as shown in the vial on the left. However the right-hand vial of image a. (9.2) a

Pickering emulsion preparation clearly shows the red dye is also now present in the top

toluene layer, indicating how droplets of water containing the red dye must be dispersed
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Figure 9.2: Pickering emulsions prepared with silver nanoparticles by
the method detailed with phase soluble dyes to demonstrate presence of
emulsions, in each image the left vial contains no THPC hence no emul-
sions formed and both right vials were prepared as normal with THPC.
Image (a) shows an aqueous soluble red dye, with image (b) showing a

lipophilic solvet dye

in this phase. The opposing dispersion of toluene droplets within the aqueous layer has

also been demonstrated here in image b. of figure 9.2. This was performed by incorpo-

ration of the organic solvent dye 2-Aminoazotoluene or “Solvent Yellow 3”, with high

solubility in toluene while insoluble in water. Again the vial on the left of image b. 9.2

shows the dye only dispersed in the preferred phase while no emulsion is present, while

when the dye is added to a Pickering emulsion on the right hand vial the dye is seen to

be present throughout the two phases, indicating dispersed droplets of toluene within

the water layer.

It can also be observed in figure 9.2 that there is an obvious difference between vials with

and without Pickering emulsions, this is the apparent flattening of the interface between

the two phases. Two immiscible liquids or phases usually form a curved meniscus where

they meet due to interfacial tensions between the two phases. However due to the

inherent nature of Pickering emulsions which involves the adsorption of solid particles to

the interface to enact a reduction in interfacial tension, this likewise results in a reduction

of surface tension between the two majority phases that are still present, resulting in a
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flattened interface.

Optical Microscopy

Figure 9.3: Photographs showing droplets of oil present in the majority
water layers. Image (a) shows freshly prepared emulsion with silver, op-
posed to (b) which is imaged 3 months after initial preparation. Images
(c) and (d) show Pickering emulsions prepared with gold nanoparticles,

freshly made and aged 1 month respectivley.

Using a digital microscope setup the presence of toluene emulsion droplets in the aqueous

layer was studied at various time points, while subsequently droplet sizes were measured

from the images to study any changes with ageing. The microscope images in figure 9.3

are representative of the emulsion droplets observed in the aqueous layer, stabilised in

two cases by silver and gold nanoparticles separately, while freshly prepared and aged

for 1 month or over. Unfortunately, due to the intense lighting used in the microscope

system analysis of water emulsion droplets dispersed in the toluene majority layer was
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not feasible as the solvent evaporated rapidly, however the presence of water in toluene

emulsion was evidenced and discussed above in figure 9.2.

Images a. and b. of figure 9.3 present emulsions stabilised by silver nanoparticles, freshly

prepared and at 3 months after preparation. Some much larger droplets are present in the

aged sample which are not observed in the fresh sample, while the presence of similarly

sized small droplets are also still maintained in the aged sample. This size dispersion of

measured droplets are exhibited in figure 9.4 with fresh emulsions exhibiting droplet sizes

largely between 0.5 and 4 µm diameter, however the presence of much larger diameter

droplets (of around 85 µm) in the aged sample indicates the flexibility and stability of

this nanoparticle stabilised emulsion. It is also seen in the 3 month aged sample that

there are double emulsions, i.e. within the largest toluene-in-water droplet, there are

further droplets which must then be water-in-toluene droplets.

The emulsion droplets seen in images c. and d. of figure 9.3 are alternatively prepared

with gold nanoparticles. Interestingly in this sample it seems that up to one month

after the emulsion is prepared, a focussing of droplet sizes is observed. Freshly prepared

emulsion presented in image c. shows a range of droplet sizes measured to be between

1 and 27 µm but the distribution of these droplet sizes presented in plot c. of figure 9.4

is largely centered at about 5 µm diameter. After 1 month of ageing all the droplets

measured had a diameter of between 1 and 4.5 µm with the average droplet size being

slightly less than 3 µm.

Electron Microscopy

The nanoparticles in-situ synthesised of the emulsion preparation have been analysed

by HRTEM to study the nanoparticle sizes and morphology. The nanoparticles were

extracted from emulsion by centrifugation of the whole sample, both water and toluene

majority phases, retaining the precipitate. The precipitate was then dried in an oven at

80◦C and then dispersed in IMS for deposition to TEM grids for analysis. Displayed in

figure 9.5 image a. shows the gold nanoparticles formed in a freshly prepared Pickering

emulsion with in-situ reduction of the gold precursor. The particles are all spherical
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Figure 9.4: Histogram plots of droplet diameter size form fresh and aged
samples of Pickering emulsions stabilised with silver and gold nanoparti-
cles, plots a., b., c. and d. are measured from droplets seen in the relevant

images seen in figure 9.3

with small sizes of around 1 to 4 nm diameter, which matches typical nanoparticle sizes

of gold reduced by THPC, for example by the Duff method.177

Image b. in figure 9.5 displays silver nanoparticles isolated from a freshly prepared Pick-

ering emulsion with the aforementioned particles, with an additional inset image of the

particles isolated from a 3 month aged emulsion. The sample from fresh emulsion demon-

strates the largely spherical morphologies with diameters of 10 to 13 nm. Interestingly

nanoparticles taken from the aged emulsion indicate the presence of much larger silver

nanoparticles, with some undefined morphologies, while small nanoparticles like those in
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Figure 9.5: HRTEM images of nanoparticles synthesised in-situ of Pick-
ering emulsion preparation. Image (a) shows as formed gold nanoparti-
cles, with image (b) showing silver nanoparticles with an inset image of
the nanoparticles after 3 months of ageing in emulsion condition. The

main images a. and b. both have scale bars of 10 nm

the fresh preparation are still present. The largest particles in this aged sample are up

to 100 nm in diameter, indicating a growth of 10x. The growth of these nanoparticles

can be understood as all reaction products and reagents are present in solution through

ageing, while we can link the presence of larger droplets observed in the aged solution

in figure 9.3 image b. to the presence of larger nanoparticle stabilisers, as there has

been some discussed relationship between the size of solid surfactants and the resultant

droplet size.100

By putting in the nanoparticle diameters measured and discussed above for gold and

silver, the reduction in interfacial energy due to the particle adsorption to the interface

could be approximated through the use of equation 6.1. The value of γwo was taken to be

0.036 Nm−1,201 while θ is set to 90◦. Using 3 nm diameter for gold and 12 nm for silver

values of interfacial energy reduction due to nanoparticle adsorption was calculated to

be 250 and 4000 kBT respectively, which is drastically larger than thermal energy in

solution at room temperatures.203These adsorption energies are also much larger than

values for typical surfactant molecules used for standard emulsion preparations (in the

region of 10 kBT),100,105 making these solid stabilised emulsions highly stable.
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Nuclear Magnetic Resonance Spectroscopy

Figure 9.6: 1H NOSEY 2D NMR spectra of (a.) silver nanoparticles
produced at the interface of toluene and water, and (b.) silver nanoparti-
cles synthesised with the same reducing agents, however solvent in a mix

of CH3OH and H2O

The nanoparticles of silver formed in this Pickering emulsion preparation were also stud-

ied by 2D proton NMR, which is presented in plot a. of figure 9.6. Multiplet peaks

centered at 7.69 ppm is attributed to the proton environment in PPh3, while similar

peaks at 1.31 and 0.97 ppm corresponds to the oxidation product of THPC; THPO. 2D

NOSEY NMR analysis in theory allows for the interpretation of surface groups that are

present in very close proximity (less than 5Å) to each other through cross-coupling.182

In our case no off-diagonal peaks are observed in the 2D plot which would indicate that

the stabilising surface ligands of PPh3 and THPO are present in seperate faces of the

nanoparticle in a Janus particle configuration.

We also prepared silver nanoparticles with the same reducing agents and precursors,

however just in aqueous solution. This is presented in plot b. of figure 9.6 where

multiplet peaks attributed to both PPh3 and THPO are observed, however again there is

an absence of off-diagonal peaks caused through cross-coupling of surface groups in close

proximity. This would be expected in this case with a distribution of these surface groups

being evenly spread on the nanoparticles, due to there being no driving arrangement

factor from the particles’ environment such as the presence of oil. This result throws

into dispute the effectiveness of this study to resolving the surface arrangement of the
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hydrophilic or hydrophobic groups, or that the surface coverage of ligands in this case is

lower than previous studies of gold nanoparticles;182 meaning that neighbouring surface

groups are more than 5Å away from each other and hence no evidence of interactions.

9.3 Conclusions

These brief studies have further proven by extension the applicability of equation 6.1

for adsorption of nanoparticles to an interface, and thus in-situ synthesis of nanoparti-

cles alongside mixing of a two phase system resulting in long term stable emulsions by

reducing interfacial energy of the two immiscible phases.

This simple modification of a gold and silver nanoparticle thin film deposition process,

has resulted in Pickering emulsions with the as formed nanoparticles acting as solid par-

ticulate surfactants. The reaction mechanism produces PPh3 and THPO from reduction

and oxidation of the metal salt and reducing agent respectively, which in turn are able to

act as surface ligands on the precipitated nanoparticles providing hydrophobic and hy-

drophilic properties simultaneously allowing for preferential adsorption to the interface

of toluene and water.
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The set aims of this project have been addressed by various methods, and the resulting

nanoparticle properties are analysed through a suite of analysis techniques. Further

work could help to build a more detailed picture of these procedures and to tune the

methods to ensure their reciprocity and value, and some such prospective avenues are

ruminated here.

Starting with chapter 2: structural and material analysis was made on spindle shaped

iron oxide particles that were synthesised by the process first pioneered by Matijevic et

al.,73 and subsequently the subject of studies by many groups globally.59,111,115,116,148

Concurring with these studies we find that the particles first proceeded via forced hy-

drolysis from the FeCl3 precursor forming β-FeOOH nanorod particles up until around

24 hours of heating. Past this point with further heating it seems that α-Fe2O3 is formed

at the expense of akaganeite in solution, while it has been theorised that the transition

from akaganeite to hematite can proceed when close bundles of these sub-units are closely

aligned making the transition more favourable. The final formation of the hematite form

of iron oxide was qualified by XRD, Raman, electron microscopy and TGA analysis.

The study of a large population of the particles (593) formed after 72 hours heating

confirmed that the synthesis process produces well defined spindle shaped particles with

tight size dispersion. The tighter the size control of the synthesised particles will, after

subsequent coating procedures; result in a more acute optical resonance of the particles.

This is of importance if the proposed system of use for the magneto-optic reporter par-

ticles is to be multi-plexed, it is hoped that individual populations of particles can be

monitored by their discrete optical resonances. VSM analysis of the hematite nanorice

confirmed the expected magnetic properties of these particles, as being weakly ferro-

magnetic. The limitations of the equipment used (lack of field strength >0.4 Oe) meant

that magnetic saturation of the material was not observed, but just a weak hysteresis

is detected indicating some remnant magnetisation of the particles; which would not be

seen for a super-paramagnetic material.

Further work in this area would primarily base on attaining more comprehensive mag-

netic analysis of the material, and to experimentally study the particle sizes and size

dispersions for different reaction times and phosphate to iron precursor ratios.
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In chapter 3 a co-precipitation method was discussed as a route to dope the prior dis-

cussed hematite nanorice particles with various transition metal ions. This was achieved

through simple modification of the forced hydrolysis method that was performed in chap-

ter 2. Through the introduction of metal salts of nickel, cobalt and copper at low relative

proportions to that of the iron precursor salt it was found that these select transition

metals could be doped into the hematite structure, while maintaining the morphological

control over the produced particles with KH2PO4 addition.

The successful incorporation of these metals into the hematite particles was demon-

strated by XRD and Raman analysis, which generally found a slight contraction of the

crystal lattice upon doping due to the relatively smaller ionic sizes when compared to

that of iron species in hematite. Additionally the maintained shape control of the syn-

thesis method was proven through electron microscopy studies, however it is thought

that the resulting particles are not quite as well defined and there is greater variation

in size and shape than those from the undoped hematite synthesis method. Despite this

reduced size control, it was found that the nickel doped hematite particles in particu-

lar showed a large improvement in sensitivity when used to detect changes in solution

viscosity, when compared to the undoped hematite particles.

Subsequent work on these formed particles would be able to further qualify the magnetic

properties to a greater extent, while experimental work should try to further tune the

process to maintain the tight size control of the original procedure, establish the max-

imum extent of doping possible, and to study the efficacy of these particles to be later

coated with noble metals by the processes discussed in chapters 4, 5 and 6.

Chapter 4 hosted a broad discussion of the many varied approaches to attaining core-

shell morphology particles, and more specifically the published routes to coating noble

metal particles on a base or core of iron oxide materials. It was also described the

method followed in this study of immobilising noble metal seeds on the hematite core to

perform further shell growth steps.

Demonstrated in this chapter is that gold nanoparticle attachment to hematite cores

through APTES functionalisation gave a more dispersed coating of particles than when

repeated with silver nanoparticles, this is probably due to the size dispersity of the
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nanoparticle seeds being attached (gold more monodisperse than silver). Much further

work could be done in this region of study such as: optimising the APTES coating of the

hematite core, narrowing the size dispersion of nanoparticles being used for attachment

to the core particle, and to explore other attachment routes other than APTES; such as

the ones described within the chapter. A good candidate for this would be to explore

deposition of a silica shell on the hematite core to provide a smoother surface, with sub-

sequent APTES functionalisation in anhydrous solvents and then nanoparticle coating.

Other analysis such as X-ray Photoelectron Spectroscopy (XPS) would also add to this

study showing the binding of relevant groups (hematite-APTES, APTES-gold/silver)

and informing of their successfulness.

Introduced in chapter 5 is the nanoparticle size processing method titled “digestive ripen-

ing”. This method has a proven record of tuning and narrowing the size dispersion of

nanoparticle colloids by gentle heating with some digestive ripening agent; or ligand,

which can etch portions of metal material from the largest particles in solution, subse-

quently adding onto the smallest particles growing their mass and narrowing the range

of particle size or mass over the whole population.

This low-temperature process has proven able to produce alloyed and well mixed shells

of gold and silver, coated on a hematite core structure. This has meant that the optical

resonance of the core-shell particles can be tuned by adjusting the proportion of gold

to silver, while the best coatings were produced with just, or in higher proportions of,

gold. The use of gold seeds over silver was also found to give a better surface density

of coatings. Further work on this study should explore the other options for alternative

digestive ripening agents, such as thiol functional molecules, introduction of another

metal precursor, or to apply the digestive ripening process to the seed nanoparticles first

deposited onto the core particles. The question of subsequent coating steps could also

be approached, while it may be interesting to study whether the presence of seeded core

particles is necessary to forming a shell. Further analysis of the particles such as extended

UV/Vis spectra could enable a monitoring of the longitudinal plasmon resonance of the

core-shell particles, while XPS would show such details as gold binding to APTES coated

particles, and possibly the action of the digestive ripening agents bonding to nanoparticle

surfaces.
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The nanoparticle coating process discussed in chapter 6 explored the use of a two phase

liquid system of synthesising thin films of nanoparticles, but for the deposition of no-

ble metals on core particles suspended at the interface. This secondary coating process

was shown to be successful using a slightly modified method, resulting in some con-

ditions with good surface coverage and controlled optical properties. The variables in

this method could further be explored to achieve even better coatings, with subsequent

coating steps presenting an obvious option to improve deposition with. Work could also

be performed on better retainment of core-shell nanoparticles from the interface after

reaction, using some phase transfer agent or the like. The core-shell particles produced

through this method have proven to function well as reporter particles in the prospective

magneto-optic diagnostic system, all being able to signal changes in solution viscosity

adequately, while it seems that the particles with largest shell growths saw some slight

reduction in sensitivity in this case.

A well known route for synthesis of high-aspect ratio silver nanowires was explored in

chapter 7, while the co-precipitation of these structures with nickel metal was examined.

This process proved to be a delicate balance of factors, as the breadth of literature

indicates. While silver nanowire particles were produced, the simultaneous reduction

of nickel nanoparticles was not evidenced after analysis of the precipitates by XRD,

HRTEM and Raman techniques. Further work in this region could look at other solvents

which may be more amenable to nickel reduction, or to other subsequent methods which

could be used to coat the silver nanowires with nickel. Oxidation of nickel metal may

however prove to be an issue an all cases, and more strict storage protocols could be

introduced.

Nevertheless, the experimental work here concluded with many separate publications

on factors that improve the growth and yield of high-aspect ratio particles, such as

temperature, injection rate, reagent ratios and presence of metal halide salts.

Chapter 8 introduced a relatively newer nanoparticle synthesis method, for forming well

defined cobalt nanorods by hydrogen reduction in anhydrous conditions. A variation

of a published phase transfer mechanism allowed us to explore the application of other

cobalt precursor compounds in this synthesis method. It was demonstrated that phase

transfer of cobalt ions from aqueous solution to toluene with HDA, could then be used as
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a precursor in the subsequent hydrogenation step. It was found by variation of the ratio

of HDA to LA added in the hydrogen reduction step affected the shape of the produced

cobalt structures.

Subsequent study should work on finessing this technique, possibly by first removing any

excess HDA from solution so the ratio of particle surfactants can be better controlled.

Subsequent coating of the cobalt core with tin and gold metals should also then be

examined to prevent oxidation of cobalt. More detailed analysis of the produced particles

should also be made, such as XRD crystallography and Raman spectroscopy to confirm

the material’s structural properties, and some magnetic analysis such as VSM.

The final additional chapter 9 goes further into exploring the dynamic system of liquid-

liquid interfaces, and the use of in-situ synthesised nanoparticles to stabilise emulsions

of two liquids. By the adaptation of a published method for the preparation of gold and

silver thin films at the interface of toluene and water, Pickering emulsions were produced

displaying significant stability.

By the reaction of reagent compounds in opposing phases and constant irradiation by

ultra-sound energy, nanoparticles formed at the interface and stabilised by both hy-

drophilic and phobic surface groups stayed adsorbed to this interface after reaction was

complete. The formed nanoparticles of gold and silver were found to be of reasonably

tight size dispersions of around 10-13 nm diameter particles of silver and 1-4 nm diam-

eter particles of gold in freshly prepared emulsion. However, in the case of an emulsion

with silver nanoparticles prepared 3 months prior, the size and dispersity of the particle

sizes had increased dramatically. Further analysis of droplet sizes should be explored

for this method using a technique such as Dynamic Light Scattering analysis, while the

simultaneous precipitation of gold and silver in this process could be explored, and the

nanoparticle stabiliser growth alongside emulsion ageing mechanism could be studied

with more detailed chronological studies. Studies with XPS could also shed more light

on the stabilising ligand environment on the nanoparticle surfaces.

All aspects of this project have strived to manipulate the optical and magnetic properties

of high-aspect ratio nanoparticles that would be stable in aqueous environments, through
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the use of various chemical synthesis methods, and the successes of such methods have

been presented.

Optical resonance properties have been influenced by surface coverage of core particles

with gold and silver nanoparticles, and the relative proportions of these two plasmonic

materials. Alternative rod or wire particle preparation methods were also explored

which would have inherently different optical properties due to size, morphology and

structure differences. Magnetic properties of the anisotropically shaped nanoparticles

have also been affected, by doping of hematite core particles with other transition metal

ions, while the use of other rod shaped nanoparticles of different magnetic metals was

explored. Many avenues for further work on these methods have been identified, however

not exhaustively. Other novel properties of these well defined nanoparticles such as SERS

enhancements, catalysis and other applications could be examined.
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Appendix A

Table of Digestive Ripening Experiment

Conditions

In table A.1, the “Au shell growth” precursor solution referred to is explained in chapter

5, and contains a gold precursor concentration of 5.55 mM. The AgNO3 concentration

of 5 mM was used to closely match the gold shell growth solution used.
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Table A.1: Table of digestive ripening experiments performed (chapter 5)

Name Au seeded

nanorice

(mL)

Ag seeded

nanorice

(mL)

Deionised

water

(mL)

5 mM

AgNO3

(aq) (mL)

Au shell

growth

sol (aq)

(mL)

PVP

mw∼40,000

(mg)

NaOH (aq)

(mL, M)

THPC (aq)

(mL, mM)

Temp

(◦C)

Time

(hours)

DR1 0.073 - 30 - 5 40 2.5, 0.2 2.5, 20 60 1

DR2 0.073 - 30 1.25 3.75 40 2.5, 0.2 2.5, 20 60 1

DR3 0.073 - 30 2.5 2.5 40 2.5, 0.2 2.5, 20 60 1

DR4 0.073 - 30 3.75 1.25 40 2.5, 0.2 2.5, 20 60 1

DR5 0.073 - 30 - 5 40 2.5, 0.2 2.5, 20 60 3

DR6 0.073 - 30 1.25 3.75 40 2.5, 0.2 2.5, 20 60 3

DR7 0.073 - 30 2.5 2.5 40 2.5, 0.2 2.5, 20 60 3

DR8 0.073 - 30 3.75 1.25 40 2.5, 0.2 2.5, 20 60 3

DR9 0.073 - 30 - 5 40 2.5, 0.2 2.5, 20 60 5

DR10 0.073 - 30 1.25 3.75 40 2.5, 0.2 2.5, 20 60 5

DR11 0.073 - 30 2.5 2.5 40 2.5, 0.2 2.5, 20 60 5

DR12 0.073 - 30 3.75 1.25 40 2.5, 0.2 2.5, 20 60 5

DR13 0.073 - 30 - 5 40 2.5, 0.2 2.5, 20 75 1

DR14 0.073 - 30 1.25 3.75 40 2.5, 0.2 2.5, 20 75 1

DR15 0.073 - 30 2.5 2.5 40 2.5, 0.2 2.5, 20 75 1

DR16 0.073 - 30 - 5 40 2.5, 0.2 2.5, 20 75 3

DR17 0.073 - 30 1.25 3.75 40 2.5, 0.2 2.5, 20 75 3

DR18 0.073 - 30 2.5 2.5 40 2.5, 0.2 2.5, 20 75 3

Continued on next page
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Table A.1 – continued from previous page

Name Au

seeded

nanorice

(mL)

Ag

seeded

nanorice

(mL)

Deionised

water

(mL)

5 mM

AgNO3

(aq) (mL)

Au shell

growth

sol (aq)

(mL)

PVP

mw∼40,000

(mg)

NaOH (aq)

(mL, M)

THPC (aq)

(mL, mM)

Temp

(◦C)

Time

(hours)

DR19 0.073 - 30 - 5 40 2.5, 0.2 2.5, 20 75 5

DR20 0.073 - 30 1.25 3.75 40 2.5, 0.2 2.5, 20 75 5

DR21 0.073 - 30 2.5 2.5 40 2.5, 0.2 2.5, 20 75 5

DR22 0.073 - 30 - 5 40 2.5, 0.2 2.5, 20 60 1

DR23 0.073 - 30 - 5 40 2.5, 0.2 2.5, 20 60 3

DR24 0.073 - 30 - 5 40 2.5, 0.2 2.5, 20 75 1

DR25 0.073 - 30 - 5 40 2.5, 0.2 2.5, 20 75 3

DR26 0.073 - 30 - 5 40 2.5, 0.2 2.5, 20 85 1

DR27 0.073 - 30 - 5 40 2.5, 0.2 2.5, 20 85 3

DR28 0.073 - 30 - 5 40 2.5, 0.2 2.5, 20 75 3

DR29 0.073 - 20 - 5 40 2.5, 0.2 2.5, 20 75 3

DR30 0.073 - 10 - 5 40 2.5, 0.2 2.5, 20 75 3

DR31 0.073 - 30 - 2.5 40 2.5, 0.4 2.5, 40 75 3

DR32 0.073 - 30 1 2 40 2.5, 0.4 2.5, 40 75 3

DR33 0.073 - 30 1.25 1.875 40 2.5, 0.4 2.5, 40 75 3

DR34 0.073 - 30 2.5 1.25 40 2.5, 0.4 2.5 , 40 75 3

DR35 0.073 - 25 1.25 1.875 40 5, 0.4 5, 40 75 3

DR36 0.073 - 25 2.5 1.25 40 5, 0.4 5, 40 75 3

DR37 0.0584 - 30 - 5 40 2.5, 0.2 2.5, 20 75 3

Continued on next page
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Table A.1 – continued from previous page

Name Au

seeded

nanorice

(mL)

Ag

seeded

nanorice

(mL)

Deionised

water

(mL)

5 mM

AgNO3

(aq) (mL)

Au shell

growth

sol (aq)

(mL)

PVP

mw∼40,000

(mg)

NaOH (aq)

(mL, M)

THPC (aq)

(mL, mM)

Temp

(◦C)

Time

(hours)

DR38 0.0438 - 30 - 5 40 2.5, 0.2 2.5, 20 75 3

DR39 0.0292 - 30 - 5 40 2.5, 0.2 2.5, 20 75 3

DR40 0.0146 - 30 - 5 40 2.5, 0.2 2.5, 20 75 3

DR41 0.0876 - 30 - 5 40 2.5, 0.2 2.5, 20 75 3

DR42 0.1022 - 30 - 5 40 2.5, 0.2 2.5, 20 75 3

DR43 0.1168 - 30 - 5 40 2.5, 0.2 2.5, 20 75 3

DR44 0.1314 - 30 - 5 40 2.5, 0.2 2.5, 20 75 3

DR45 0.073 - 30 - 4 40 2.5, 0.2 2.5, 20 75 3

DR46 0.073 - 30 - 3 40 2.5, 0.2 2.5, 20 75 3

DR47 0.073 - 30 - 2 40 2.5, 0.2 2.5, 20 75 3

DR48 0.073 - 30 - 1 40 2.5, 0.2 2.5, 20 75 3

DR49 0.073 - 30 0.5 4.5 40 2.5, 0.2 2.5, 20 75 3

DR50 0.073 - 30 1 4 40 2.5, 0.2 2.5, 20 75 3

DR51 0.073 - 30 1.5 3.5 40 2.5, 0.2 2.5, 20 75 3

DR52 0.073 - 30 2 3 40 2.5, 0.2 2.5, 20 75 3

DR53 0.073 - 30 2.5 2.5 40 2.5, 0.2 2.5, 20 75 3

DR54 0.073 - 30 3 2 40 2.5, 0.2 2.5, 20 75 3

DR55 0.073 - 30x4 - 5x4 40 2.5, 0.2 2.5, 20 75 3

DR56 0.073 - 30x4 2.5x4 2.5x4 40 2.5, 0.2 2.5, 20 75 3

Continued on next page
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Table A.1 – continued from previous page

Name Au

seeded

nanorice

(mL)

Ag

seeded

nanorice

(mL)

Deionised

water

(mL)

5 mM

AgNO3

(aq) (mL)

Au shell

growth

sol (aq)

(mL)

PVP

mw∼40,000

(mg)

NaOH (aq)

(mL, M)

THPC (aq)

(mL, mM)

Temp

(◦C)

Time

(hours)

DRS1 - 0.073 30 - 2.5 40 2.5, 0.2 2.5, 20 75 3

DRS2 - 0.073 30 1 2 40 2.5, 0.2 2.5, 20 75 3

DRS3 - 0.073 30 2 1.5 40 2.5, 0.2 2.5, 20 75 3

DRS4 - 0.073 30 3 1 40 2.5, 0.2 2.5, 20 75 3

DRS5 - 0.073 30 4 0.5 40 2.5, 0.2 2.5, 20 75 3

DRS6 - 0.073 30 5 - 40 2.5, 0.2 2.5, 20 75 3
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Appendix B

Table of Interface Coating Experiment

Conditions

In table B.1, the table of experiment parameters are divided into groups of experiments

that looked to vary a couple or so variables at any one time.

When “(A)” is seen in the CTAB column it indicates that this surfactant was added to

the reaction vessel after the heating step and the interface film had been formed. When

an experiment has been performed in multiple coating steps, then values for volumes of

reagents may appear as “10x4” which indicates that the same volume (10 mL) of reagent

solution has been used for each coating step with centrifuge washing performed on the

precipitate particles between steps. Whereas if “10+5” is shown, this indicates that 10

mL of a reagent was used in the first coating stage, followed by a further 5 mL in the

second coating stage.

If an experiment was performed with multiple coating steps, but some parameters are

displayed only once, then this same paramater value was used for each coating step.

IC53-56 were all performed keeping synthesised particles in the same reaction vessel

between coating steps, not being washed by centrifuge, and with further reagents added

to the vessel in the second coating step.
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Table B.1: Table of interface coating experiments performed (chapter 6)

Name Au(PPh3)Cl

(mL, mM)

Ag(PPh3)3Cl

(mL, mM)

NaOH

(mL,

mM)

THPC

(mL @

50 mM)

Au seeded

core (mL,

solvent)

APTES-

core in

toluene

(mL)

CTAB

(mL,

mM)

PVP

(mg)

Time

(hours)

Coating

steps

IC1 10, 3 - 16, 12.5 0.66 0.146, IMS - - - 3 1

IC2 10, 1.5 - 16, 6.25 0.33 0.146, IMS - - - 3 1

IC3 10, 1.5 - 16, 6.25 0.33 0.292, IMS - - - 3 1

IC4 10, 1.5 - 16, 6.25 0.33 0.438, IMS - - - 3 1

IC11 10, 3 - 16, 6.25 0.33 0.146, IMS - - - 3 1

IC12 10, 3 - 16, 6.25 0.33 0.146, IMS - - - 3 1

IC13 10, 3 - 16, 6.25 0.33 0.146, IMS - - - 3 1

IC14 10, 3 - 16, 6.25 0.33 0.146, IMS - - - 3 1

IC15 10, 1.5 - 16, 6.25 0.33 0.146, IMS - - 80 3 1

IC16 10, 1.5 - 16, 6.25 0.33 0.146, toluene - - 80 3 1

IC17 10, 1.5 - 16, 6.25 0.33 0.146, IMS - - - 3 1

IC18 10, 1.5 - 16, 6.25 0.33 0.146, toluene - - - 3 1

IC19 10, 1.5 - 16, 6.25 0.33 0.146, IMS - 0.5, 25 - 3 1

IC20 10, 1.5 - 16, 6.25 0.33 0.146, toluene - 0.5, 25 - 3 1

IC21 10, 1.5 - 16, 6.25 0.33 0.146, IMS - 0.5, 25 (A) - 3 1

IC22 10, 1.5 - 16, 6.25 0.33 0.146, toluene - 0.5, 25 (A) - 3 1

IC23 5, 1.5 5, 0.6445 16, 6.25 0.33 0.146, IMS - 0.5, 25 - 3 1

IC24 5, 1.5 5, 0.6445 16, 6.25 0.33 0.146, toluene - 0.5, 25 - 3 1

Continued on next page
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Table B.1 – continued from previous page

Name Au(PPh3)Cl

(mL, mM)

Ag(PPh3)3Cl

(mL, mM)

NaOH

(mL,

mM)

THPC

(mL @

50 mM)

Au seeded

core (mL,

solvent)

APTES-

core in

toluene

(mL)

CTAB

(mL,

mM)

PVP

(mg)

Time

(hours)

Coating

steps

IC25 5, 1.5 5, 1.5 16, 6.25 0.33 0.146, IMS - 0.5, 25 - 3 1

IC26 5, 1.5 5, 1.5 16, 6.25 0.33 0.146, toluene - 0.5, 25 - 3 1

IC27 10, 1.5 - 16, 6.25 0.33 0.146, IMS - - - 3 1

IC28 5, 1.5 5, 1.5 16, 6.25 0.33 0.146, IMS - - - 3 1

IC29 10, 1.5 - 16, 6.25 0.33 0.146, toluene - - - 3 1

IC30 5, 1.5 5, 1.5 16, 6.25 0.33 0.146, toluene - - - 3 1

IC31 10, 1.5 - 16, 6.25 0.33 - 0.146 0.5, 25 - 3 1

IC32 5, 1.5 5, 1.5 16, 6.25 0.33 - 0.146 0.5, 25 - 3 1

IC33 10, 1.5 - 16, 6.25 0.33 - 0.146 0.5, 25 - 3 1

IC34 5, 1.5 5, 1.5 16, 6.25 0.33 - 0.146 0.5, 25 - 3 1

IC35 10x4, 1.5 - 16x4, 6.25 0.33x4 - 0.146 0.5x4, 25 - 3 4

IC36 5x4, 1.5 5x4, 1.5 16x4, 6.25 0.33x4 - 0.146 0.5x4, 25 - 3 4

IC37 8, 1.5 2, 1.5 16, 6.25 0.33 - 0.146 0.5, 25 - 3 1

IC38 6, 1.5 4, 1.5 16, 6.25 0.33 - 0.146 0.5, 25 - 3 1

IC39 4, 1.5 6, 1.5 16, 6.25 0.33 - 0.146 0.5, 25 - 3 1

IC40 2, 1.5 8, 1.5 16, 6.25 0.33 - 0.146 0.5, 25 - 3 1

IC41 10+10,1.5 - 16, 6.25 0.33 - 0.146 0.5, 25 - 3 2

IC42 10+10,1.5 - 16, 6.25 0.33x2 - 0.146 0.5, 25 - 3 2

IC43 10+5, 1.5 - 16, 6.25 0.33 - 0.146 0.5, 25 - 3 2

Continued on next page
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Table B.1 – continued from previous page

Name Au(PPh3)Cl

(mL, mM)

Ag(PPh3)3Cl

(mL, mM)

NaOH

(mL,

mM)

THPC

(mL @

50 mM)

Au seeded

core (mL,

solvent)

APTES-

core in

toluene

(mL)

CTAB

(mL,

mM)

PVP

(mg)

Time

(hours)

Coating

steps

IC44 10+5, 1.5 - 16, 6.25 0.33x2 - 0.146 0.5, 25 - 3 2

IC45 10, 1.5 - 16, 12.5 0.33 - 0.33 0.5, 25 - 3 1

IC46 5, 1.5 5, 1.5 16, 12.5 0.33 - 0.33 0.5, 25 - 3 1

IC47 10, 1.5 - 16, 12.5 0.66 - 0.33 0.5, 25 - 3 1

IC48 5, 1.5 5, 1.5 16, 12.5 0.66 - 0.33 0.5, 25 - 3 1

IC49 10, 1.5 - 16, 12.5 0.33 - 0.146 0.5, 25 - 3 1

IC50 5, 1.5 5, 1.5 16, 12.5 0.33 - 0.146 0.5, 25 - 3 1

IC51 10, 1.5 - 16, 12.5 0.66 - 0.146 0.5, 25 - 3 1

IC52 5, 1.5 5, 1.5 16, 12.5 0.66 - 0.146 0.5, 25 - 3 1

IC53 10+5, 1.5 - 16x2, 6.25 0.33 - 0.146 0.5, 25 - 3 2

IC54 10+5, 1.5 - 16x2, 12.5 0.33x2 - 0.146 0.5, 25 - 3 2

IC55 10+10, 1.5 - 16x2, 6.25 0.33 - 0.146 0.5, 25 - 3 2

IC56 10+10, 1.5 - 16x2, 12.5 0.33x2 - 0.146 0.5, 25 - 3 2

IC57 10, 1.5 - 16, 12.5 0.66 - 0.438 0.5, 25 - 3 1

IC58 5, 1.5 5, 1.5 16, 12.5 0.66 - 0.438 0.5, 25 - 3 1

IC59 10, 1.5 - 16, 6.25 0.33x2 - 0.146 0.5, 25 (A) - 3 2

IC60 5, 1.5 5, 1.5 16, 6.25 0.33x2 - 0.146 0.5, 25 (A) - 3 2

IC61 10, 1.5 - 16, 6.25 0.33 - 0.146 0.5, 25 (A) - 5 1

IC62 5, 1.5 5, 1.5 16, 6.25 0.33 - 0.146 0.5, 25 (A) - 5 1

Continued on next page
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Table B.1 – continued from previous page

Name Au(PPh3)Cl

(mL, mM)

Ag(PPh3)3Cl

(mL, mM)

NaOH

(mL,

mM)

THPC

(mL @

50 mM)

Au seeded

core (mL,

solvent)

APTES-

core in

toluene

(mL)

CTAB

(mL,

mM)

PVP

(mg)

Time

(hours)

Coating

steps

IC63 20, 1.5 - 16, 12.5 0.66 - 0.146 0.5, 25 (A) - 3 1

IC64 10, 1.5 10, 1.5 16, 12.5 0.66 - 0.146 0.5, 25 (A) - 3 1

IC65 20, 1.5 - 16, 12.5 0.66 - 0.146 0.5, 25 (A) - 5 1

IC66 10, 1.5 10, 1.5 16, 12.5 0.66 - 0.146 0.5, 25 (A) - 5 1

IC67 8, 1.5 2, 1.5 16, 6.25 0.66 - 0.146 0.5, 25 (A) - 3 1

IC68 6, 1.5 4, 1.5 16, 6.25 0.66 - 0.146 0.5, 25 (A) - 3 1

IC69 8, 1.5 2, 1.5 16, 6.25 0.33x2 - 0.146 0.5, 25 (A) - 3 2

IC70 6, 1.5 4, 1.5 16, 6.25 0.33x2 - 0.146 0.5, 25 (A) - 3 2
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Appendix C

Table of Polyol Experiment Conditions

In table C.1, the table of experiment parameters are divided into groups of experiments

that looked to vary a couple or so variables at any one time.

In the column for Ethylene glycol; when two temperatures are listed, such as “160/170”,

this means that the solvent temperature was at 160◦C prior to precursor injection and

then raised to 170◦C following precursor injection. In the column for AgNO3 when

a volume is presented with an * this volume was injected instantaneously, while the

remaining volume was injected at the specified rate. The column referring to “Ni seeds”

refers to particles synthesised following the experiment parameters listed under the same

name at the very end of the table, which were centrifuged as any others but were however

re-dispersed in 20 mL EG. The column for centrifuge washing steps refers to an “initial”

spin of the produced colloid, while “wash” steps are performed as the resulting precipitate

is re-dispersed in deionised water and washed twice for the stated time, and likewise twice

more in industrial methylated spirits. The final precipitate was always finally dispersed

in a small amount of industrial methylated spirits for storage.

For samples NW67 and 68, in the PVP column 29k and 1,300k refers to the average

molecular weight of PVP used, i.e. 29,000 and 1,300,000. The normal molecular weight

PVP used for the rest of the experiments was 40,000. For sample NW69, FeCl3 4 mM

was trialled to be used instead of the previously used CuCl2 4 mM solution.
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Table C.1: Table of polyol experiments performed (chapter 7)

Name Ethylene

glycol (mL,
◦C)

AgNO3

(mL,

M)

PVP

(mL, M)

Ni(acetate)

(mL,

0.1 M)

CuCl2

(µL,

4 mM)

Injection

rate

(mL/hr)

Silver or

nickel pre-

cursor in-

jected first

Nickel

seeds

(mL)

Centrifuge

washing steps

(initial / wash

minutes)

NW1 10, 170 6, 0.1 6, 0.6 - - 5 - - 20/15

NW2 10, 170 6, 0.1 6, 0.6 - - 10 - - 20/15

NW3 10, 170 6, 0.1 6, 0.6 - - 20 - - 20/15

NW4 10, 170 6, 0.1 6, 0.6 - - 5 - - 20/15

NW5 10, 160 6, 0.1 6, 0.6 - - 10 - - 20/15

NW6 10, 160 6, 0.1 6, 0.6 - - 20 - - 20/15

NW7 10, 160 6, 0.1 6, 0.6 - - 5 - - 20/15

NW8 10, 160 6, 0.1 6, 0.6 - - 10 - - 20/15

NW9 10, 170 3, 0.1 6, 0.6 3 - 20 - - 20/15

NW10 10, 170 3, 0.1 6, 0.6 3 - 5 - - 20/15

NW11 10, 170 3, 0.1 6, 0.6 3 - 10 - - 20/15

NW12 10, 170 3, 0.1 6, 0.6 3 - 20 - - 20/15

NW13 10, 180 3, 0.1 6, 0.6 3 - 5 - - 20/15

NW14 10, 180 3, 0.1 6, 0.6 3 - 10 - - 20/15

NW15 10, 180 3, 0.1 6, 0.6 3 - 20 - - 20/15

NW16 10, 180 5, 0.1 6, 0.6 1 - 5 - - 20/15

NW17 10, 170 5, 0.1 6, 0.6 1 - 10 - - 20/15

NW18 10, 170 5, 0.1 6, 0.6 1 - 20 - - 20/15

Continued on next page
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Table C.1 – continued from previous page

Name Ethylene

glycol (mL,
◦C)

AgNO3

(mL,

M)

PVP

(mL, M)

Ni(acetate)

(mL,

0.1 M)

CuCl2

(µL,

4 mM)

Injection

rate

(mL/hr)

Silver or

nickel pre-

cursor in-

jected first

Nickel

seeds

(mL)

Centrifuge

washing steps

(initial / wash

minutes)

NW19 10, 170/180 4, 0.1 6, 0.6 2 - -5 - - 20/15

NW20 10, 180 4, 0.1 6, 0.6 2 - 10 - - 20/15

NW21 10, 180 4, 0.1 6, 0.6 2 - 20 - - 20/15

NW22 10, 170 3, 0.1 6, 0.6 3 - 5 - - 20/15

NW23 10, 170 3, 0.1 6, 0.6 3 - 10 - - 20/15

NW24 10, 170 3, 0.1 6, 0.6 3 - 20 - - 20/15

NW25 10, 170 5, 0.1 6, 0.6 1 - 5 - - 20/15

NW26 10, 170 5, 0.1 6, 0.6 1 - 10 - - 20/15

NW27 10, 170 5, 0.1 6, 0.6 1 - 20 - - 20/15

NW28 10, 170/180 4, 0.1 6, 0.6 2 - 5 - - 20/15

NW29 10, 170 4, 0.1 6, 0.6 2 - 10 - - 20/15

NW30 10, 170 4, 0.1 6, 0.6 2 - 20 - - 20/15

NW31 10, 170/180 3, 0.1 6, 0.6 3 - 5 - - 20/15

NW32 10, 170 3, 0.1 6, 0.6 3 - 10 - - 20/15

NW33 10, 170 3, 0.1 6, 0.6 3 - 20 - - 20/15

NW34 10, 170 5, 0.1 6, 0.6 1 - 5 - - 20/15

NW35 10, 170 5, 0.1 6, 0.6 1 - 10 - - 20/15

NW36 10, 170 5, 0.1 6, 0.6 1 - 20 - - 20/15

NW37 10, 170/180 4, 0.1 6, 0.6 2 - 5 - - 20/15

Continued on next page
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Table C.1 – continued from previous page

Name Ethylene

glycol (mL,
◦C)

AgNO3

(mL,

M)

PVP

(mL, M)

Ni(acetate)

(mL,

0.1 M)

CuCl2

(µL,

4 mM)

Injection

rate

(mL/hr)

Silver or

nickel pre-

cursor in-

jected first

Nickel

seeds

(mL)

Centrifuge

washing steps

(initial / wash

minutes)

NW38 10, 170 4, 0.1 6, 0.6 2 - 10 - - 20/15

NW39 10, 170 4, 0.1 6, 0.6 2 - 20 - - 20/15

NW40 10, 170 4, 0.1 6, 0.6 2 160 10 Silver - 20/15

NW41 10, 170 4, 0.1 6, 0.6 2 160 10 Nickel - 20/15

NW42 10, 170 4, 0.1 6, 0.6 2 160 10 - - 20/15

NW43 10, 170 6, 0.1 6, 0.6 - 160 10 - - 40/10

NW44 10, 170 6, 0.1 6, 0.6 - 160 10 - - 30/10

NW45 10, 170 6, 0.1 6, 0.6 - 160 10 - - 30/15

NW46 10, 160/170 4, 0.1 6, 0.6 2 160 10 Silver - 20/15

NW47 10, 160/165 4, 0.1 6, 0.6 2 160 10 Silver - 20/15

NW48 10, 165/170 4, 0.1 6, 0.6 2 160 10 Silver - 20/15

NW49 10, 170/160 4, 0.1 6, 0.6 2 160 10 Nickel - 20/15

NW50 10, 170/165 4, 0.1 6, 0.6 2 160 10 Nickel - 20/15

NW51 10, 165/160 4, 0.1 6, 0.6 2 160 10 Nickel - 20/15

NW52 15, 170 9, 0.1 9, 0.6 - 240 10 - - 20/15

NW53 20, 170 12, 0.1 12, 0.6 - 320 10 - - 20/15

NW54 30, 170 18, 0.1 18, 0.6 - 480 10 - - 20/15

NW55 10, 170 6, 0.1 6, 0.3 - 160 10 - - 20/15

NW56 10, 170 6, 0.2 6, 0.6 - 160 10 - - 20/15

Continued on next page
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Table C.1 – continued from previous page

Name Ethylene

glycol (mL,
◦C)

AgNO3

(mL,

M)

PVP

(mL, M)

Ni(acetate)

(mL,

0.1 M)

CuCl2

(µL,

4 mM)

Injection

rate

(mL/hr)

Silver or

nickel pre-

cursor in-

jected first

Nickel

seeds

(mL)

Centrifuge

washing steps

(initial / wash

minutes)

NW57 10, 170 5, 0.2 7, 0.3 - 160 10 - - 20/15

NW58 10, 170 4, 0.2 8, 0.3 - 160 10 - - 20/15

NW59 10, 170 3, 0.2 9, 0.3 - 160 10 - - 20/15

NW60 10, 170 5, 0.1 7, 0.6 - 160 10 - - 20/15

NW61 10, 170 4, 0.1 8, 0.6 - 160 10 - - 20/15

NW62 10, 170 3, 0.1 9, 0.6 - 160 10 - - 20/15

NW63 10, 165 2*/4, 0.1 6, 0.6 - 160 10 - - 20/15

NW64 10, 165 5, 0.1 6, 0.6 - 160 10 Nickel 1 20/15

NW65 10, 165 4, 0.1 6, 0.6 - 160 10 Nickel 2 20/15

NW66 10, 165 3*/3, 0.1 6, 0.6 - 160 10 - - 20/15

NW67 10, 160 4, 0.1 6, 0.6

(29k mw)

2 160 10 Silver - 20/15

NW68 10, 160 4, 0.1 6, 0.6

(1,300k mw)

2 160 10 Silver - 20/15

NW69 10, 165 6, 0.1 6, 0.6 - 160

(FeCl3)

10 - - 20/15

Ni

seeds

10, 170 - 5, 0.6 5 - - - - 20/15
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Appendix D

Supplementary HRTEM images



170 Appendix D. Supplementary HRTEM images

Figure D.1: HRTEM image of sample DR42 with inset electron diffrac-
tion pattern



Appendix D. Supplementary HRTEM images 171

Figure D.2: HRTEM-EDX image and mapping of sample DR51 showing
presence of gold-silver core-shell morphology deposited on hematite core



172 Appendix D. Supplementary HRTEM images

Figure D.3: HRTEM-EDX image of NW46 showing presence of silver
only



Appendix D. Supplementary HRTEM images 173

Figure D.4: HRTEM image of crystalline nickel or nickel oxide particles
produced from reduction of Ni(CH3CO2)2 · 4 H2O in ethylene glycol
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[35] A. L. González, C. Noguez, J. Beránek and A. S. Barnard, J. Phys. Chem. C,

2014, 118, 9128–9136.

[36] L. M. Liz-Marzán, Langmuir, 2006, 22, 32–41.

[37] J. Langer, S. M. Novikov and L. M. Liz-Marzán, Nanotechnology, 2015, 26, 322001.

[38] S. Eustis and M. El-Sayed, J. Phys. Chem. B, 2005, 109, 16350–16356.

[39] I. Ojea-Jimenez, J. Comenge, L. Garcia-Fernandez, Z. Megson, E. Casals and

V. Puntes, Curr. Drug Metab., 2013, 14, 518–530.

[40] Y. Wu, M. R. Ali, K. Chen, N. Fang and M. A. El-Sayed, Nano Today, 2019, 24,

120–140.

[41] Y. Xia, X. Xia and H. C. Peng, J. Am. Chem. Soc., 2015, 137, 7947–7966.
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son, Materials, 2017, 10, 1191.

[56] S. Schrittwieser, B. Pelaz, W. J. Parak, S. Lentijo-Mozo, K. Soulantica, J. Dieck-

hoff, F. Ludwig and J. Schotter, Sci. Rep., 2017, 7, 1–6.

[57] J. Fock, C. Jonasson, C. Johansson and M. F. Hansen, Phys. Chem. Chem. Phys.,

2017, 19, 8802–8814.

[58] S. Schrittwieser, F. Ludwig, J. Dieckhoff, K. Soulantica, G. Viau, L.-M. Lacroix,
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[71] S. Musić, S. Krehula, S. Popović and Ž. Skoko, Mater. Lett., 2003, 57, 1096–1102.

[72] W. Wang, J. Y. Howe and B. Gu, J. Phys. Chem. C, 2008, 112, 9203–9208.

[73] M. Ozaki, S. Kratohvil and E. Matijevic, J. Colloid Interface Sci., 1984, 102,

146–151.

[74] X. M. Lin, G. M. Wang, C. M. Sorensen and K. J. Klabunde, J. Phys. Chem. B,

1999, 103, 5488–5492.

[75] X. Lin, C. M. Sorensen and K. J. Klabunde, J. Nanopart. Res., 2000, 2, 157–164.

[76] D. K. Lee, S. I. Park, J. K. Lee and N. M. Hwang, Acta Mater., 2007, 55, 5281–

5288.

[77] D. K. Lee and N. M. Hwang, Scr. Mater., 2009, 61, 304–307.



180 BIBLIOGRAPHY

[78] B. L. V. Prasad, S. I. Stoeva, C. M. Sorensen and K. J. Klabunde, Chem. Mater.,

2003, 15, 935–942.

[79] D. Jose, J. E. Matthiesen, C. Parsons, C. M. Sorensen and K. J. Klabunde, J.

Phys. Chem. Lett., 2012, 3, 885–890.

[80] B. Prasad, S. Stoeva, C. Sorensen and K. Klabunde, Langmuir, 2002, 18, 7515–

7520.

[81] P. Sahu, J. Shimpi, H. J. Lee, T. R. Lee and B. L. V. Prasad, Langmuir, 2017, 33,

1943–1950.

[82] P. Sahu and B. L. V. Prasad, Chem. Phys. Lett., 2012, 525-526, 101–104.

[83] Y. Ji, S. Yang, S. Guo, X. Song, B. Ding and Z. Yang, Colloids Surf., A, 2010,

372, 204–209.

[84] A. B. Smetana, K. J. Klabunde, C. M. Sorensen, A. A. Ponce and B. Mwale, J.

Phys. Chem. B, 2006, 110, 2155–2158.

[85] S. P. Bhaskar and B. R. Jagirdar, J. Chem. Sci., 2012, 124, 1175–1180.

[86] C. Bhattacharya and B. R. Jagirdar, J. Phys. Chem. C, 2018, 122, 10559–10574.

[87] P. Sahu and B. L. V. Prasad, Langmuir, 2014, 30, 10143–10150.

[88] F. Kim, S. Kwan, J. Akana and P. Yang, J. Am. Chem. Soc., 2001, 123, 4360–4361.

[89] K. Ariga, Y. Yamauchi, T. Mori and J. P. Hill, Adv. Mater., 2013, 25, 6477–6512.

[90] P. J. Thomas, G. U. Kulkarni, P. Saravanan, C. N. R. Rao and V. V. Agrawal, J.

Phys. Chem. B, 2003, 107, 7391–7395.

[91] H. A. Chaghouri, M. A. Malik, P. J. Thomas and P. O. Brien, J. Nanosci. Nan-

otechnol., 2016, 16, 1–6.

[92] F. Fievet, J. Lagier and M. Figlarz, MRS Bull., 1989, 14, 29–34.

[93] F. Fievet, J. P. Lagier, B. Blin, B. Beaudoin and M. Figlarz, Solid State Ion., 1989,

32-33, 198–205.



BIBLIOGRAPHY 181

[94] F. Fievet, S. Ammar-Merah, R. Brayner, F. Chau, M. Giraud, F. Mammeri,

J. Peron, J. Y. Piquemal, L. Sicard and G. Viau, Chem. Soc. Rev., 2018, 47,

5187–5233.

[95] Y. Sun, Y. Yin, B. T. Mayers, T. Herricks and Y. Xia, Chem. Mater., 2002, 14,

4736–4745.

[96] F. Dumestre, B. Chaudret, C. Amiens, M.-C. Fromen, M.-J. Casanove, P. Renaud

and P. Zurcher, Angew. Chem. Int. Ed., 2002, 41, 4286–4289.

[97] F. Wetz, K. Soulantica, A. Falqui, M. Respaud, E. Snoeck and B. Chaudret,

Angew. Chem. Int. Ed., 2007, 46, 7079–7081.

[98] B. Cormary, T. Li, N. Liakakos, L. Peres, P.-F. Fazzini, T. Blon, M. Respaud,

A. J. Kropf, B. Chaudret, J. T. Miller, E. A. Mader and K. Soulantica, J. Am.

Chem. Soc., 2016, 138, 8422–8431.

[99] F. Wetz, K. Soulantica, M. Respaud, A. Falqui and B. Chaudret, Mater. Sci. Eng.,

C, 2007, 27, 1162–1166.

[100] R. Aveyard, B. P. Binks and J. H. Clint, Adv. Colloid Interface Sci., 2003, 100-

102, 503 – 546.

[101] V. V. Agrawal, P. Mahalakshmi, G. U. Kulkarni and C. N. R. Rao, Langmuir,

2006, 22, 1846–1851.

[102] V. Garbin, J. C. Crocker and K. J. Stebe, J. Colloid Interface Sci., 2012, 387,

1–11.

[103] L. L. Dai, R. Sharma and C.-y. Wu, Langmuir, 2005, 21, 2641–2643.
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