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Abstract

This thesis studies the use of magnetic nanoparticles (NPs) as key-components of a

new class of surface-enhanced Raman spectroscopy (SERS) sensors, with the overall

goal being the development of sensors for environmental polyaromatic hydrocarbon

(PAH) monitoring. As SERS relies on electromagnetic field enhancement, magnetic

NPs are a core class of materials which are currently under-utilized in this field,

with the vast majority of reports only using them as a moveable handle. As their

contribution to SERS enhancement has been thus-far negated, this work aims to

study them as the main plasmonic contributor of the surface.

A patterned magnetic surface was developed using an external field to create a

heirarchical multilayer, where one version uses classic iron oxide NPs (IONPs), and

another uses cobalt ferrite NPs (CFNPs). The patterned IONP surface has signal-to-

noise ratios of 3 dB, exhibiting excellent signal and also longevity, as IONPs are capped

with an inert layer. Analogous CFNPs are synthesized to understand how differing

magnetic properties and geometries could change sensor performance. CFNPs are

synthesized at different reaction scales, resulting in variation of magnetic parameters

and particle geometries, which is correlated with differing performance of the surface

once integrated into a sensor. The highest-performing CFNP sensor has signal-to-

noise ratios (SNRs) of 4.5 dB, and additionally, the substrates are reusable.

As these first versions of magnetic NP surfaces prove very useful in plasmonic
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applications, this work paves the way to further explore use of magnetic materials for

sensing.
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Chapter 1

Introduction

1.1 Sensing: Motivation

From initial drilling to functional burning, all oil & gas activities result in significant

quantities of hydrocarbons being released into our oceans and the atmosphere. The

impacts of such oil-based pollution are of great concern to both marine and terres-

trial environments, resulting in negative outcomes for a variety of organisms. Acute

impacts of large spills and other polluting events are often quite evident, leading to im-

mediate mortality and visible spillage.1 On the contrary, the persistently slow-acting

nature of dilute, but highly stable, compounds are less obvious.

One large class of such compounds are polyaromatic hydrocarbons (PAHs), which

comprise of multi-ringed, conjugated carbon-based structures. These hydrophobic hy-

drocarbons are readily found in our environment,2 where the most significant amounts

can be directly attributed to human activity (pyrogenic and petrogenic sources).1,3–5

Lower molecular weight (MW) PAHs (2-3 rings; Figure 1.1 (a-c)) are more associated

with processing of petroleum materials, while higher MW PAHs (4+ rings; Figure 1.1

(d & e)) are mostly derived from combustion.6
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Figure 1.1: Some PAH parent structures: (a) napthalene, (b) phenanthrene, (c) an-
thracene, (d) pyrene, (e) chrysene.

Like many persistent organic pollutants (POPs), PAHs are highly stable in many

environments. While solid phases have the greatest longevity,7 liquid and gas phase

PAHs are also persistent and can additionally undergo long-range transport.4 The

surface chemistries of PAHs allow for a number of derivative structures to be formed,

changing their phase availability or stability, where the resulting product depends

on availability of other molecules in the area. For example, presence of O3 or OH-

radicals result in derivative PAHs that are more polar than the parent molecule, and

are therefore more water soluble.7

POPs in general are important to monitor, as they pose significant risks to hu-

mans and wildlife, especially marine organisms. PAHs, particularly those of high

molecular weight,1 are of great concern to health as they are known mutagens, lead-

ing to various cancers and birth defects, along with organ damage and neurological

complications.4,5,7,8

One major source of PAHs in marine waters is produced water (PW), the largest
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waste stream from the oil & gas industry.9–11 PW is any water in contact with oil

during extraction processes, and as a result, has a complex composition made up

of various hydrocarbons, heavy metals, and other toxic compounds.12,13 Estimated

volumes of PW outputs are upwards of 41 billion L/day globally, with a ratio of 3

units of PW for every 1 unit of usable oil.10 Treatments for dealing with PW look to

separate suspended solids, dissolved solids, inorganic ions, and dissolved organics.14

They achieve this by use of centrifuging, coagulation, and filtration, often each with

multi-step procedures. While PW should be sufficiently treated by such methods

before being streamed back into open waters, as to reduce ecological impacts, current

regulatory standards are not rigorous enough. While regulations do exist regarding

disposal or reuse (eg. as a source of drinking water) of PW in many countries, the

definitions of "treatment" are not uniform, and often minimally only include non-

polar organics as something requiring treatment.13,15 Additionally, there is currently

no governing body in Canada for monitoring of the treatments which are required,

where instead oil & gas companies themselves are responsible for this process and

"meeting" whichever regulations exist per country.11,13,16

The concern of such large volumes of PW (and therefore PAHs) being dumped into

highly mobile waters is not only the immediate effects on the local environment, but

also the long-term effects on marine wildlife, eventually impacting humans directly.

Fish and other organisms may accumulate small amounts of PAHs into their system

over a given period of time,5 but this is still of serious concern as these hydrophobic

molecules are bioaccumulative, and consequently bio-magnify up the food chain.4,17

When humans consume aquatic organisms that have spent significant time in POP-

laden waters, the accumulated molecules are subsequently absorbed, where only some

amount will be metabolized out of our systems.5

Prior to dealing with the sequestration or treatment of PAHs in the environment,
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the initial challenge is detection within complex matrices. PAHs are often reported in

total amounts along with individual molecule concentrations, due to the fact that the

whole of this class is of concern.11 While methods like mass spectrometry are effective

in elucidating PAHs within complex matrices,15,18 it involves detailed extractions,

complex workup, pre-determined solvent systems, and comes with high operating

costs.19 Alternate analytical methods, particularly those based in spectroscopy instead

of chromatography, offer more simplistic, faster, and cheaper sampling/analysis.

1.2 SERS in sensing

A powerful spectroscopic analytical method is surface-enhanced Raman spectroscopy,

commonly known as SERS, which is a specialized type of Raman spectroscopy.

Raman is a method similar to infrared spectroscopy (IR; FT-IR), where light is

used to investigate materials and their bond vibrations. While IR involves absorption

of incident light, Raman studies light which is scattered. The scattered light collected

is that which is inelastically scattered, and the subsequent difference in energy between

incident and collected light gives us information on bonds present (ie. the Raman

active modes). As we are only interested in inelastically scattered light for Raman,

the scattered light which has not changed in energy from the source (elastic) is not

collected.

This light with changed energy only makes up a small fraction of that which is

scattered, at around one in a million photons being inelastically scattered.20 Due to

the Raman effect being inherently weak, therefore presenting challenges in practical

use, specialized subtypes of Raman spectroscopy subsequently have been developed.

The goal of these new methodical approaches is typically to amplify the signal, such

that more photons with shifted energy are created and/or collected. These methods
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include: resonance Raman,21 stimulated Raman spectroscopy (SRS),22 coherent anti-

Stokes Raman scattering (CARS),23 surface-enhanced Raman spectroscopy (SERS),24

and tip-enhanced Raman spectroscopy (TERS).25 Of all the Raman-based methods

in practice, SERS is the most widely explored with the largest body of research.26,27

1.2.1 Plasmonic materials

Traditional SERS utilizes a nanoscale-roughened metal surface where free electrons on

the surface of these metals help to amplify the local electromagnetic (EM) field. The

electrons oscillate when stimulated by the laser of the Raman system, which directly

leads to the required electromagnetic enhancement.28–30 These groups of electrons

in oscillation are called a "plasmon", used to quantify this surface EM field activity,

where the research field studying the phenomenon is plasmonics.29

This oscillation, and resultant increase in EM field strength locally, helps create

a larger Raman cross-section for the analytes than they would have in traditional

Raman alone.31,32 Though a variety of materials are now used to stimulate this effect,

traditionally textured Au and Ag surfaces have been used.33,34

Other pure metals beyond Au and Ag have been studied within a SERS/plasmon-

ics context, such as Cu,35 Pt,36 or Al,37 along with combinations of pure metals.25,34

As well, metal oxides (such as TiO2,34 Fe3O4,38 SnO,39,40 In2O3
39,41,42), graphene,43

and non-oxide metallic semiconductors (InGaAs,37 GaN,42 SiC42) have been of great

interest in recent years as plasmonic materials, where their optoelectonic proper-

ties are advantageous in plasmonic applications.29,42 Combinations of these materials,

along with modifications like doping,37,41 may allow for EM field enhancement as an

optoelectonic component.

SERS holds many advantages over other sensing methods, both in the preparation

of samples and in the collection of data. SERS surfaces can be designed for a target
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analyte, offering not only selectivity within complex systems, but sensitive and fast

sensing.44 Additionally, aqueous samples can be readily and effectively analyzed via

SERS/Raman,45,46 while in IR, the overwhelmingly dominant OH-stretch of water

will prevent any analyte spectrum from being obtained.

1.2.2 SERS Challenges

As environmental or biological systems are indeed complex with many molecules in

any given sample, it is important to be able to detect any analytes of interest with pre-

cision and accuracy. A complex matrix is a challenge with any analytical method,8,47

and this is no different for practical use of SERS. Though surfaces and plasmonic

materials can certainly be tailored for specific uses to great effect, as previously cited,

the challenge lies in determining what methods and materials will best achieve this.

SERS finds a variety of uses in biological and biochemical sensing, where the

challenge is to detect specific toxins,48–50 proteins,49,51 biomarkers,27,52,53 or bacteri-

a/viruses,54–56 among other analytes. Matrices in SERS biosensing can include things

like blood serum,27,46,53,57 saliva,27,58 spinal fluid,52,59 or even foodstuffs.48,50,60 These

matrices, especially those involved in biological metabolism, often contain hundreds

to thousands of compounds in a sample.61 Likewise, environmental matrices can con-

tain thousands of compounds within one sample,62 such as the previously discussed

example of produced water, along with soil63–65 and air66 samples.

Even when emulating a sensing scenario in-lab with a simplified analogue for any

system, SERS sensing can be challenging. While SERS allows for an enhanced signal,

the use of a new surface typically creates a spectral fingerprint that differs to some

degree from the traditional Raman spectrum.67,68 As the molecule of interest adheres

to the specialized SERS surface, this adsorption effectively alters the symmetry of the

molecule.68 This specific orientation may allow some modes to present more domi-
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nantly than they would in a standard Raman spectrum of the same material, and at

the same time, some modes present in standard Raman may be minor or not visible

in the SERS spectrum.

1.3 Nanostructures: Bottom-up and Top-down Fab-

rication Methods

Both in SERS and beyond, structuring on the nanoscale can allow for powerful perfor-

mance in optoelectronic useage. There are a number of methods by which nanostruc-

tures can be fabricated, fitting into two main approaches: bottom-up and top-down

methods.45,69 Bottom-up fabrication focuses on assembling nanoscale materials to

form some bigger structure, while top-down methods begin with bulk amounts of ma-

terial which are reduced to nanoscale details (Figure 1.2). Examples of bottom-up

assembly methods include atomic layer deposition (ALD),70 chemical vapour deposi-

tion (CVD),71 and molecular self-assembly.72–74 Top-down methods can include use of

thermal oxidation,71 photo-sensitive etching,45 or plasma etching75 to lithographically

pattern on a surface.

For sensing, top-down structured metamaterials are very popular but their fabri-

cation is often complex and not scalable, limiting their practicality.76 Working with

free NPs can allow for a bottom-up approach to be used, as the nanoscale particles

can be synthesized for specific needs (size, shapes, etc.) and then arranged, allowing

for faster, cheaper, and more versatile fabrication.

1.3.1 Nanoparticles

In addition to the tailored plasmonic properties of nanostructures,77 nanoparticles also

provide a number of advantages in sensing, including high surface area,78–80 along with
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Figure 1.2: An illustration showing top-down and bottom-up approaches to nanofab-
rication. Image used without modification with permission from Atlantic Press (li-
censed under CC-BY-NC 4.0). H. Lv et al., Nanofabrication of Janus Fibers through
Side-by-Side Electrospinning - A Mini Review, Mater. Highlights, 2 (1-2), 2021.

more practical control within nanoscale device design.

For the specific case of SERS sensing, nanostructures are highly effective for cre-

ating surfaces with plasmonic "hot spots", areas of highly increased local EM activ-

ity.26,27,49,81 A high incidence of hot spots increases likelihood of enhancement at any

given location on the surface. Plasmonic materials such as nanostars,27,82 octahe-

dra,83–85 or pyramids86–88 have been used to take advantage of geometries that have

greater field enhancement on angular or pointed areas of their surface.

There is substantial literature on nanoparticle preparation, with a number of dif-

ferent methods that one can use for synthesis. Methods for creation of NPs may

include, but are not limited to, hydrothermal sythesis,89,90 sol-gel,91,92 spray pyroly-

sis,93,94 pH-mediated coprecipitation,95–98 or solvothermal decomposition.99 Of these

syntheses, coprecipitation is the method with the largest body of research, due to

its simplicity and effectiveness in product yields. It is important to note that this

method is both referred to as “precipitation” and “coprecipitation”, and though the

latter may seem to imply multiple products being formed, in actuality it results in

one type of solid NP product.
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Each method has strengths depending on what product one is aiming to create,

where the most common desire is a particular size (or size distribution) of particles.100

However, regardless of synthesis targets, control of all variables is both highly impor-

tant and highly challenging when working with NP formation. Even simple scaling up

of procedures can result in changes in product morphology, composition, or shapes,

as there is a complex balance of kinetics versus thermodynamics at play.101,102

NPs themselves can be comprised of many different materials, including pure met-

als,103 metal oxides,104,105 polymers,106 or mixtures.107–109 Depending on the sensitiv-

ity or stability of the products, the NPs may additionally be capped with some inert

layer like organosilanes,110,111 citrate,33,52 or organic polymers.112–114

One particularly interesting composite sub-type is that of core-shell particles, typ-

ically comprised of one nanoparticle "core" with another material as the outer coating

or "shell". One of the most popular types of core-shell NP combinations is that of

gold with iron oxide NPs (IONPs), specifically magnetic forms. These typically have

a Fe3O4 or γ−Fe2O3 core with a gold shell,115,116 but there are some examples of

the inverse arrangement.117,118 These core shell materials have many practical uses in

biomedicine, imaging, as well as sensing and optics.

1.4 Magnetic nanoparticles and their applications

IONP/gold core-shell NPs have found important usage in the medical field, primarily

as a crucial material in medical imaging80 and drug-delivery.91 The so-called "mag-

netic handle" inner core-shell makes physical manipulation and control of the NPs

in space perfect for targeted drug delivery, and similarly, the magnetism of the core

makes it useful for magnetic resonance imaging (MRI). As the magnetic character of

IONPs is one of their most useful attributes, this also goes for other types of magnetic
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NPs.

Figure 1.3: Simplified schematic of an inverse spinel crystal structure, showing the
tetrahedral and octahedral metal sites, along with the oxygen occupancy. Reprinted
by permission from Springer Nature GmbH: Springer Nature, Applied Physics A, Esti-
mating the ionicity of an inverse spinel ferrite and the cation distribution of La-doped
NiFe2O4 nanocrystals for gas sensing properties, S. Deepapriya, S. Lakshmi Devi, P.
Annie Vinosha, John D. Rodney, C. Justin Raj, J. Ermine Jose, S. Jerome Das,
Copyright 2019.

Magnetic iron oxides like Fe3O4 have an inverse spinel crystal structure (Fig-

ure 1.3),113 and there are two different geometries for the metal ions: a tetrahedral

site (Td) and an octahedral site (Oh). These sites contain 3+ and 2+ valence states of

iron, and as such, Fe3O4 can also be written as Fe2+Fe3+2 O3. The Oh sites contain both

Fe2+ and Fe3+, while the Td sites only contain Fe3+; regardless of geometry, not all

octahedral and tetrahedral holes are occupied. The magnetic spins of the 3+ Oh and

3+ Td sites align parallel with equal and opposite magnitudes (therefore cancelling

each other), but the 2+ sites remain with their own alignment, making the overall

structure ferrimagnetic in nature.113

There exist other magnetic ferrites with the same crystal type, where the 2+ iron

ion is swapped for another metal ion with a 2+ valence state, such as Co2+ 119,120 or

Ni2+.121,122 While the crystal structure itself remains the same with these ion swaps,

new lattice parameters result in small length changes in the structure. New electron

configurations result in slight changes in magnitude of the magnetic characteristics as
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well.123

While iron oxides have been well-studied in the literature, both in a characteri-

zation context and for practical applications, these metal-swapped ferrite analogues

have not been as well investigated.124 Cobalt and nickel ferrite (CFNPs and NFNPs,

respectively) boast altered magnetic and optoelectronic properties that make them

potentially more advantageous choices than IONPs for certain applications, which

have led to them becoming of interest in recent years.

Particularly in the context of the plasmonic sensing materials previously discussed,

IONPs, CFNPs, and NFNPs have not been explored as inherently SERS-active ma-

terials. There are no SERS studies including CFNPs and NFNPs, and those which

apply IONPs in a SERS context19,125,126 are almost exclusively using them as a handle

for the “main” plasmonic contributor of gold (or silver), as discussed regarding core-

shell particle designs. Scaramuzza et al.26 saw increased SERS signal with an applied

magnetic field, but they attribute this to aggregation of mixed iron-silver NPs and not

to direct influence of the magnetic field on the plasmonic response. Therefore, this is

another example of using magnetic fields to move spheres, not to directly impact the

plasmonic field.

Taking magnetism in this context one step further, very few studies look at the im-

pacts of applying a magnetic field onto the sensing surface during spectral acquisition,

with aims to increase the overall EM field strength as a result. One of the few studies

which addresses a direct link between plasmonic behaviour, magnetic materials, and

applied fields is work from Podolak et al.,127 where they noted a shift in the surface

plasmon resonance (SPR) peak with both increasing thickness of an iron oxide layer

and application of a magnetic field. More recent work also shows a response of the

plasmonic field to applied magnetic fields.128
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1.5 Summary of the thesis

My work is the first to acknowledge and explore the role of magnetic materials in SERS

activity. This thesis looks into the practical synthesis of IONPs and CFNPs, changes

in CFNP crystals with synthesis scaling, and then designing and implementing these

NPs into practical plasmonic devices for future environmental sensing.

In Chapter 2, the properties of IONPs synthesized by precipitation are character-

ized, and initial designs of a new type of SERS sensor are investigated. This sensor

uses magnetic NPs at the forefront of the sensing platform, which has not been re-

ported previously, and makes use of a complex patterned multilayer of NPs made via

an external magnetic field. LOD and complex matrix tests show very high perfor-

mance of this surface as a SERS sensor.

Chapter 3 provides the details of the novel SERS sensor design are reported in a

legal context, as prepared for the corresponding provisional patent application.

In Chapter 4, CFNPs are synthesized by precipitation and characterized, where

a mixed crystal geometry is reported. These new products are then integrated into

a new iteration of the sensor design found in Chapter 2, where its performance as a

SERS surface is found to be exceptional in both enhancement and reproducibility.

Chapter 5 further explores the use of CFNPs as a strong SERS material, as well

as studying changes in the resultant crystal product when the scale of the synthesis

is altered. As the scale changes, different geometries form on the nanoscale. These

products correlate with altered performance as plasmonic surfaces, due to changes in

morphology and magnetic response.
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Chapter 2

Hierarchical magnetic films for

high-performing plasmonic sensors∗

Hierarchically structured films comprise a growing section of the field of surface-

enhanced Raman spectroscopy (SERS). Here we report a novel, powerfully-enhancing

hierarchical plasmonic substrate featuring patterned multi-layers of magnetic iron ox-

ide nanospheres, using an external magnetic field to create sets of radial ridges. This

new substrate allows for effective analyte adsorption and significant Raman signal

enhancement, thanks to the contribution of both the magnetic and plasmonic com-

ponents to the electromagnetic hotspots. We demonstrate significant and reliable

Raman enhancement for polycyclic aromatic hydrocarbons (PAHs), dilute but per-

sistent environmental pollutants, in a complex and real-world matrix of produced

water (PW). The substrate’s activity for PAHs is validated by gas chromatography-

mass spectrometry analysis. An impressive signal-to-noise ratio (SNR) of several dB

enables detection of analyte below 1 ppm. This multi-layer magnetic film sensor sub-
∗This chapter is a reformatted version of “Hierarchical magnetic films for high-performing plas-

monic sensors”, Stephanie M. V. Gallant, Liam D. Whelan, Lucas D. Stewart, and Erika F. Mer-
schrod S, Langmuir 2021, 37, 48, 14043–14049.
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Figure 2.1: A novel plasmonic surface utilizing patterned multi-layers of magnetic
nanoparticles as the forefront enhancement material for SERS

strate shows remarkable stability and robustness suitable for real-world applications,

while boasting simple methods and strong potential to scale up fabrication.

2.1 Introduction

Sensing devices relying on solid-state films or layers are of great interest to many

industries, as they are versatile and robust for detecting in many phases.1 Though

a large body of solid state sensor research investigates gas-phase sensing, aqueous-

phase sensing is of great interest as well.2,3 Metal oxides have been studied in many

contexts including such sensors,4 as they are an accessible class of materials with

many interesting optical and physical properties, particularly at the nanoscale.1,5

In this work, we report a facile and effective optoelectronic sensor design featur-

ing magnetically-patterned nanoparticle multi-layered film as the predominant sens-

ing material, boasting strong enhancement and analyte adhesion. This fabrication

method offers an accessible way to create structure on the nano-to-micro scale for

surfaces.

As magnetic materials can be influenced by external magnetic fields, the location

of particles can be controlled and predicted by understanding the field of any external

magnet used. By using a permanent magnet to generate the externally-applied field,
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we therefore have the ability to control where the particles deposit across our sensing

surface, lending to an overall hierarchical patterning with serial layering.

This methodology allows for simpler and quicker formation of reliable films, as

compared to traditional fabrication methods such as layer-by-layer assembly or pho-

tolithography.6,7 Without the difficulties of these methods, including issues with

scaling-up or uniformity, our design allows for substrate fabrication with strong po-

tential for scaling while using simple instrumentation. Additionally, by varying the

geometry of the external magnetic field, one could achieve new patterns which may

provide advantages in molecule adhesion or plasmonic enhancement.

One major hurdle in functional sensor design is successful detection in the presence

of a complex matrix.8,9 Samples beyond the lab are often part of complex environmen-

tal systems, containing hundreds to thousands of different molecules in a small amount

of sample. The device must have the capability to selectively sense the molecule(s)

of interest over other structures present, along with additional sensing challenges like

low-level detection (sensitivity) or robustness of use.8,10

We demonstrate the practical detection of phenanthrene, a common polyaromatic

hydrocarbon (PAH) and persistent environmental pollutant,11 both in lab tests and

with samples obtained from offshore platform waters. Multi-ringed and conjugated

organic structures, PAHs are major byproducts of various oil & gas processes, ad-

ditionally forming a host of derivative structures from their parent molecules.12,13

Due to their stability and bio-accumulative nature, this class of molecules and their

derivatives are of major concern to health, as they are known carcinogens, endocrine

disruptors, and neurotoxins.12–14

These molecules are of high importance for sensing and monitoring, but pose

challenges for detection in the aforementioned complex matrices of the environment.15

Optical sensing offers lower costs and simpler methods than those associated with mass
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spectrometry, thus development of specialized surfaces for these organic analytes is

imperative for practical usage. Futhermore, our ability to measure analytes in a

complex matrix removes the need for the sample purification or separation required

for other detection methods, further reducing costs.

2.2 Experimental

2.2.1 Materials

Iron(II) chloride tetrahydrate (≥99%), iron(III) chloride hexahydrate (≥99%), and

(3-aminopropyl)triethoxysilane (APTES, ≥99%) were purchased from Sigma Aldrich

(Oakville, Ontario, Canada). Concentrated hydrochloric acid and sulfuric acid were

purchased from Fisher Scientific (Ottawa, Ontario, Canada). Concentrated ammo-

nium hydroxide solution was purchased from ACP Chemicals (Montreal, Quebec,

Canada). N2 and Ar (ultra-high purity) was purchased from Praxair Canada. Dis-

tilled and filtered nanopure water was obtained from a Barnstead 18.2 MΩ · cm system.

All chemicals were used without further purification.

2.2.2 Iron Oxide Nanoparticle Synthesis

The magnetic iron oxide nanoparticles (NPs) were prepared by the Massart16 method

of pH-mediated coprecipitation, under N2,17–19 with a total iron molar concentration

of 50 mmol. A 3:2 molar ratio of Fe3+/Fe2+ accounts for some expected oxidation of

the 2+ ion due to any latent oxygen present.20,21

To create the NPs, 8.11 g of FeCl3 · 6H2O and 3.99 g of FeCl2 · 4H2O were dissolved

in 50 mL of a prepared 2 M HCl solution under constant stirring, at around 80 ◦C,

inside a glovebox under N2. Once salts had dissolved to give a clear brown solution,

concentrated NH4OH was slowly (around 0.5 mL/sec) added to the reaction vessel
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to approach a solution pH of 11. Black-brown particles began to precipitate out of

solution around a pH of 9, with amounts increasing as the pH was raised. These

products were stirred in solution for up to 1 hr, at which point they were taken from

heat and neutralized with HCl until a pH of 7 was obtained.

Figure 2.2: Photos of (a) bulk NPs showing their dark brown-black colour, easily
distinguishable from red hematite, (b) Suspension of NPs, (c) NPs being collected
with a magnet. (d) Near-finished substrate, with the solvent evaporating from the
last NP layer addition, resting on the magnet used for patterning.

Once neutralized, the NPs were triple washed with nanopure water, followed by

three washes with 95% ethanol, to ensure all counter-ions were removed. A magnet

was used to collect the product for each solvent decanting step, as seen in panel c of

Figure 2.2. The NPs were then stored in ethanol.

In order to prevent oxidation19,22 outside of the N2 environment, the magnetic

iron oxide NPs were capped by adding 1 mL of prepared NP suspension to 50 mL

of ethanol while stirring and heating gently. Once mixed, 100 µL of organosilane

(APTES) were added to the reaction vessel quickly. This mixture was allowed to stir

and heat for 2 hours, at which point the product was removed and washed again as

described above.

2.2.3 Substrate Fabrication Method

To prepare the substrate base layer, plain glass microscope slides (Technologist

ChoiceTM, 75 mm x 26 mm x 1 mm) were cut into thirds with a diamond scribe

(SPI Supplies). These cut slides were then put through an acid-washing procedure,
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first sitting in an approximately 40 ◦C concentrated HCl bath for 5-10 mins and then

in a concentrated H2SO4 bath at the same temperature for another 5-10 mins, with

nanopure water rinses in between. The washed slides were then rinsed with ethanol

and submerged in ethanol until ready for use.

To create the plasmonic metal layer of the substrate, the washed slides were re-

moved from ethanol, rinsed again with ethanol, and dried using compressed air. They

were then placed in a single layer on the stage of a Quorum Technologies K550X

Sputter Coater with a gold target (Soquelec model number K550X Au target: 60 mm

diameter Au disk, 0.1 mm thickness), and argon was pumped through. The slides

were then coated for 1 minute at a current of 20 mA, corresponding to a deposited

gold thickness of around 5 nm.

Figure 2.3: Schematic showing components of the working substrate. Starting with
(a) roughly sputtered gold on glass in, this layer is then annealed (b) to allow for
a more uniform layer. Once the gold is prepared, (c) magnetic NPs in solution are
added with a magnet below the glass to control the particles, resulting in patterning
of the dried layers which follow the magnetic field lines of the external magnet. (d)
Successive layers are built up, and additions are repeated until a sufficient number of
layers have been added.

Once coated, the gold slides were placed in a Thermo Scientific Lindberg Blue M

tube furnace and annealed for 2 hours at 300 ◦C. Before annealing, the slides appeared

blue-grey (Figure 2.3a) and afterwards appeared pink-purple (Figure 2.3b).

While a number of layer addition methods were attempted to create the metal

oxide layers, they proved to be unsuccessful for these NPs. Classic methods of film
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creation were attempted, including spin-coating, dip-coating, passive layer-by-layer

assembly in solution, and drop-casting. Due to a combination of van der Waals

(vdW) interactions and the magnetic characteristics of the NPs,22,23 these methods

created uneven, patchy films with little reproducibility. Attempts at functionalizing

the NPs with terminal thiols to allow for favourable interactions with the base gold

layer created additional problems with surface activity, and as such, this method was

subsequently discontinued.

The substrate with gold was ultimately placed on top of a stack of neodymium

alloy disk magnets (stack of three disks, each with dimensions 18 mm × 3 mm),

where layers of NP suspension were added successively (Figure 2.3c-d). The NP

suspension was sonicated (Fisher Scientific FS20) for 30 minutes to prepare for these

layer additions, in order to disperse the particles and prevent avoidable aggregation.

Layers of a 3 mg/mL NP suspension were added 20µL at a time until the fluorescence

of the glass present in the Raman spectrum was quenched, where iron oxide peaks

instead became dominant.

As the NPs in solution moved under the influence of an external magnetic field

(Figure 2.2c), the patterning of the dried multi-layers followed the direction of field

lines. A substrate in fabrication, towards the end of these layer additions, can be seen

in Figure 2.2d. The layered NPs form a distinct pattern, featuring a micron-scale

radial distribution of particles, like spokes on a wheel, seen under optical magnification

in Figure 2.4.

Figure 2.4: Stitched optical microscope images taken at 20x across the patterned sur-
face, showing the NP pattern that formed under the influence of an external magnetic
field and remains once the field is removed. (Multiple scale bars digitally removed
and replaced with single set.)
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2.2.4 Characterization

For characterization of the solid products themselves, thin layers of the NP suspensions

(as-synthesized or capped) were deposited on glass under N2 atmosphere and allowed

to dry. These layers were then scraped off and collected into sealed containers, until

they were removed for various analysis methods (Figure 2.2a).

Powder X-ray diffraction (pXRD) data were collected from 20◦ to 80◦ 2θ us-

ing a Rigaku Ultima IV X-Ray diffractometer with a Cu-Kα source. Raman spec-

troscopy of the NPs, analyte, and substrates was performed using a Renishaw InVia

confocal Raman system with an 830 nm diode laser source, coupled with a Leica

DM2700 microscope, whose camera also provided the optical micrographs. All Ra-

man spectra were collected at 3.0±0.3 mW (1% power) due to sample sensitivity.18,24

Scanning electron microscopy (SEM) was utilized to analyze sizes and shapes

of the particles with a JEOL JSM-7100F Scanning Electron Microscope, which was

also equipped to perform particle elemental analysis by energy-dispersive X-ray

spectroscopy (EDX). Samples were prepared for electron beam analysis by carbon

coating a 2 nm layer, and probe voltages were kept at 15 kV during imaging with

a working distance of 12 mm. Vibrating sample magnetometry (VSM) was

performed to study the magnetic properties of the particles, using a MicroSense EZ

vibrating sample magnetometer (VSM), where data was collected across a field of

± 20 kOe at 25 ◦C.

2.2.5 Substrate Testing Method

Once sufficient iron oxide NP layers were added, the substrate was exposed to an

analyte solution. (See section S3 in the SI† for details about the PW sample.) Around

0.5 mL of solution was dropped onto the substrate surface using a pipette and then
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allowed to air dry at room temperature. Once dry, the substrate was immediately

analyzed via Raman spectroscopy as described in section 2.2.4.

2.3 Results and Discussion

Figure 2.5: SEM images of (a-c) as-synthesized iron oxide NPs and (d-f) APTES-
capped NPs. As seen in (a), (b), (d) and (e), the particle sizes and shapes are
consistent across each sample. The higher magnification in (c) and (f) show a size
range of 30-60 nm for both capped and uncapped NPs.

2.3.1 Determining Properties of Synthesized Nanoparticles

Figure 2.5 shows the expected spherical particles, which range from 30-60 nm in

size. The NPs had a tendency to cluster, even after physical grinding, which could

partly be attributed to their magnetic properties.22 The NPs remained suspended for

some time after sonication or shaking (Figure 2.2(b)), but they eventually did settle
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out, as they were not a true ferrofluid containing any surfactant to promote colloidal

behaviour.21,25

This aggregation within suspension was not an issue during substrate preparation:

The particles were agitated through sonication immediately before layer additions to

break up large clusters. Alternate NP sizing was also attempted via dynamic light

scattering (DLS; see SI for details), but agglomeration meant that the DLS data was

inconclusive.

The pXRD analysis (Figure 2.6) confirmed the formation of cubic inverse spinels

matching the diffraction patterns of both magnetite and maghemite, as identified

through comparison with JCPDS 19-629 and JCPDS 39-1346 respectively,26 along

with literature references.27–29 Hematite can readily form and remain a stable byprod-

uct with high crystallinity from the synthesis, but pXRD data showed no evidence of

hematite in the samples, indicating the successful preparation of the desired magnetic

NPs.

Figure 2.6: X-ray diffraction patterns for (a) as-synthesized iron oxide NPs and (b)
APTES-capped NPs confirm the expected cubic inverse spinel crystal structure. A
comparison of (a) and (b) shows that the silane coating does not alter the structure
of the NPs.
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As pXRD cannot readily distinguish magnetite from maghemite, Raman spec-

troscopy was also used to characterize the NPs. Raman not only provides infor-

mation about bonds and their vibrations, but also gives insight into local crystal

environments, being sensitive enough to distinguish atom substitutions or vacancies

in lattice sites.24,29,30

Raman spectra of the solid products seen in Figure 2.7c show three broad peaks

at 348 cm−1, 500 cm−1, and 670 cm−1 which are characteristic of cubic inverse spinel

ferrites.24,31 The 348 cm−1 band corresponds to an Eg mode of symmetric O-Fe-O

bending, while the band at 500 cm−1 is a T2g mode from asymmetric Fe-O bending.32

The final and most intense peak at 670 cm−1 is an A1g mode resulting from symmetric

O-Fe-O stretches.

Shifting of specific bands gives insight into the proportion of magnetite/maghemite

character, as well as lattice defects or substitutions.32,33 The 670 cm−1 A1g mode of

the experimental product matches with the most commonly reported values for mag-

netite, as it would instead shift closer to 700 cm−1 in maghemite.24,27,32 However, the

peak intensity of the product’s A1g mode is not as pronounced as in pure magnetite

references, suggesting only partial magnetite composition of this experimental sam-

ple.27,33 The other two visible Raman active modes, Eg and T2g at 348 cm−1 and

500 cm−1, correspond with peak locations of those modes in maghemite.29,34 This

Raman evidence in full, along with pXRD confirmation, shows a mixture with both

magnetite and maghemite present.

Once the structure was confirmed as mixed magnetic iron oxides, VSM analysis

was performed to understand the magnetic character of the NPs. As the proposed

use of these NPs in a device would be under ambient conditions, measurements were

carried out at 25 ◦C. Figure 2.8 shows the response of the NPs as the magnetic field

is swept from –20 kOe to +20 kOe, displaying the expected hysteresis for magnetic
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Figure 2.7: Raman spectra highlighting the importance of the composite substrate
including hierarchically patterned NPs, through a series of control experiments. The
5 nm annealed gold layer in (a), as well as that same layer exposed to 1 ppm of
analyte (b), show significant fluorescence in their spectra. Spectra (c-e) all show
nanoparticle peaks dominating for each case: unpatterned nanoparticles on a blank
glass surface (c), patterned nanoparticles on glass (no gold) exposed to analyte (d),
and non-patterned NPs on top of annealed gold exposed to analyte (e). Spectrum (f)
shows a successful and strong enhancement of analyte on the working substrate, with
magnetically patterned NP multi-layers on top of annealed gold.

iron oxides. The saturation magnetisation (MS) values for the NPs, noted by the

plateauing tails starting around ± 10 kOe, were 60 emu/g for the uncapped NPs and

49 emu/g for the APTES-capped.

2.3.2 Sensor Design Focused on Magnetic Films

This SERS design differs from others which utilize magnetic NPs, in that our NPs

are at the forefront of this sensing platform with the classic plasmonic material as a

background contributor. The NPs are an essential component for the function of this
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Figure 2.8: Magnetic character shown via VSM hysteresis loops for (a) as-synthesized
plain NPs and (b) APTES-capped NPs. Capped NPs show a slight drop in saturation
magnetization from the plain NPs, but both exhibit comparable magnetic coercivity
and remanence (inset).

sensor, and are not simply used for mobility in solution as reported previously.10,35,36

As described in section 2.2.3, layers of the magnetic NPs proved challenging to

reproducibly create using traditional methods. The prevailing success of using mag-

netic fields in layer creation allowed for multi-layers to be built up in a controlled

and reliable fashion. By adding micro-additions in solution and allowing the solvent

to evaporate with each layer, the magnetic NPs deposit on the field lines and re-

main secure once dried. A substrate towards the end of fabrication can be seen in

Figure 2.2d.

The profile of the final substrate results in a “wheel-and-spoke” radial patterning,

as seen in Figure 2.4. The gaps between the hills of NPs are around 10-20 µm while

the heights vary, with maximum heights around 40 µm and the majority being 5-

20 µm. The gaps allow for the annealed gold thin film underneath to show through,

while the complex hierarchical topography of the NPs also allow many locations for

the analytes to settle on the surface.
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Gold is the plasmonically active base of the sensor, which has been well studied

in such a role.37–39 The gold in this design proves essential in providing additional

plasmonic activity, working together with the NPs in combined surface enhancement.

However, it is important to note that gold does not account for the entire enhancement

effect seen in the final composite substrate. In addition to its plasmonic activity, the

layer of gold also serves as a barrier between the glass slide and the analyte solution.

To demonstrate that the NPs contribute to surface enhancement on the substrate,

and that the patterning of these magnetic NPs is essential, we performed a number of

control experiments, isolating each feature. All components were tested on their own

and in various combinations to determine their importance. Figure 2.7 shows that

as individual components, the gold (a, b) and the NPs (c-e) do not provide sufficient

enhancement to overcome fluorescence or their own Raman signal, respectively. More-

over, the presence of non-patterned NPs on gold is not sufficient for enhancement, as

seen in the lack of analyte peaks in the spectrum displayed in Figure 2.7e. When

the gold is combined with the patterned multi-layers of NPs as seen in Figure 2.7f,

analyte peaks dominate the spectrum.

Furthermore, the material comprising the patterned surface impacts performance.

A substrate was stored for 4 years under ambient conditions, without any tempera-

ture or environment control, allowing it to naturally oxidize with time. The resulting

new oxide which formed was predominantly γ−FeO(OH), as confirmed by Raman

spectroscopy (SI, Figure A.6)), while the patterning of the surface remained as be-

fore. Since this oxy-hydroxide is not a magnetic iron oxide, this new version of the

patterned surface is a magnetically-inert analogue to the reported working surface.

After analyte exposure at 1 ppm, the converted surface does not display enhancement

of the expected phenanthrene peaks. This implicates the ferrimagnetic forms of iron

oxides as crucial to the performance of the SERS substrate.
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Additionally it is important to note that in order to obtain enhancement, the

laser focus must be within the NP multi-layers, and not on the reflective gold surface

below (SI, Figure A.4)). This further proves that the gold is not the sole plasmonic

contributor, as plasmonic enhancement is a short range and local effect, and the

collection of our Raman data occurs multiple microns off of the base surface.

Through rigorous Raman testing, we have determined that there is no preferential

enhancing location on the NP surface (SI, Figure A.5)). Though the centre and

edges of the substrate show differences in macroscale patterning (Figure 2.4) due to

the field line path coming from the cylindrical magnet stack, the local environment

of alternating stacks of NPs and Au showing through remains consistent across the

substrate. The enhancement locations are not dependent on a certain large-scale

orientation of the NP stacks themselves: The signal is comparable across the substrate,

and it is not affected by macroscale patterning differences.

To quantify enhancement on this surface, signal-to-noise ratio (SNR) calculations

were performed (see SI for details). As opposed to enhancement factor (EF) calcula-

tions, which compare separate Raman and SERS spectra, our SNR calculations allow

for direct comparison of enhancement peaks to continuous baseline noise. This allows

us to clearly assess signal strength of the enhanced Raman spectra, without any sol-

vent or surface-comparison issues innate to EF methods.40 Our complex structured

film has SNRs of 2.9 dB and above at the ppm level, and these SNRs are consistently

high across replicates of our substrates (SI, Figure A.5)).

A 2.9 dB of SNR represents nearly three orders of magnitude of signal over baseline

noise. The peak itself is many orders of magnitude larger than it would be without

enhancement, since we cannot detect the peak at all on the equivalent non-magnetic

(non-SERS-active) substrate. Herein lies the challenge with EF calculations: they rely

on comparison of different systems, extrapolating an enhancement over a hypothetical
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non-SERS system. The SNR is a practical indicator of detection ability: even a signal

100 times lower would still be clearly detectable above the baseline.

One potential source of signal enhancement in nanostructured surfaces is simply

the increased surface area relative to a flat substrate, allowing for more analytes to

bind. This increased surface area does not explain the enhancement of our surfaces.

The patterned surface is about 25% larger than the corresponding unpatterned sur-

face. The unpatterned surface does not show any enhancement (Figure 2.7e), while

the patterned surface does. Furthermore, the surface mentioned above that is pat-

terned but no longer magnetic has the same surface area as the original patterned

surface, and it does not show any enhancement either.

As this substrate is proposed for detecting PAHs in aqueous systems, we performed

tests using a sample of produced water obtained from an offshore oil platform. The

sample was first analyzed using gas chromatography coupled with a mass-specrometer

(CG-MS), performed for two separate extraction techniques (see SI for details). While

GC-MS analysis showed that there were hundreds of compounds present (SI, Ta-

ble A.1)), our surface was selective for the desired multi-ringed hydrocarbons over

various long-chained molecules. There is a preference for these PAHs due to a num-

ber of factors, including the van der Waals forces between surface and adsorbates, the

high hydrophobicity of the PAHs, and their high symmetry.15

Along with its successful performance as a cost-effective sensor, our platform also

boasts a practical longevity. Once the magnetic NPs are successfully capped with

an inert layer, they are stable upwards of one year in solution, or longer as a dried

layer on a substrate. The sensor has potential to function in an archival manner once

exposed, particular if stored with consideration to ambient temperature and oxygen

of the environment.
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2.4 Conclusions

In summary, we introduce a novel sensor design using magnetic nanoparticles to cre-

ate hierarchical films for use as optoelectronic sensors. Direction of particles using an

external magnetic field creates complex layers reliably, via successive micro-additions

of the particles in fluid. This resulting patterned multi-layer film provides an abun-

dance of sites for analyte binding, and the patterned gaps in the multi-layer allow

access to the gold base layer as an additional plasmonic contributor. Rigorous testing

shows each component of the sensor are necessary for optimal function.

By working with a solid-state sensing platform design, sample loading is straight-

forward and fast, while the sensor itself is stable and physically robust. This composite

substrate offers longevity on the scale of > 1 year, with this shelf-life applying to both

pre- and post-exposure to analytes.

Our magnetic film sensor results in impressive signal, with SNR of 2.9 dB and

above. The signal we obtain is particularly significant when noting that our testing

analyte is phenanthrene, an environmental PAH of concern, not a high-signal molecule

like crystal violet or rhodamine 6G. Coupled with our successful testing in complex

matrices showing selectivity for PAHs over other organics, the whole of our reported

results are promising for future uses of such patterned magnetic multi-layer films in

sensing devices.

2.5 Acknowledgement

This research was conducted on the island of Newfoundland, the ancestral homeland of

the Beothuk and the unceded ancestral and current land of the Mi’kmaq. The authors

thank the Natural Science and Engineering Council of Canada (NSERC, DG program)

for operating funds, the Canada Foundation for Innovation (CFI) for instrumentation

49



funding, the Research and Development Corporation of Newfoundland and Labrador

(RDC-NL, Arctic Tech program) for salaries for LDW and LDS, and the School of

Graduate Studies of Memorial University of Newfoundland for a stipend for SMVG.

We also thank Prof. K. Poduska (Physics) for access to the VSM, Garrett McDougall

for AFM data collection, and Dr. W. Aylward (CREAIT) for access to the SEM and

EDX, sample preparation for SEM, EDX and pXRD, and for operation of the XRD

facility.

Bibliography

[1] Korotcenkov, G. Metal oxides for solid-state gas sensors: What determines our

choice? Mater. Sci. Eng. B Solid-State Mater. Adv. Technol. 2007, 139, 1–23.

[2] O’Hare, D.; Parker, K. H.; Winlove, C. P. Metal-metal oxide pH sensors for

physiological application. Med. Eng. Phys. 2006, 28, 982–988.

[3] Uria, N.; Abramova, N.; Bratov, A.; Muñoz-Pascual, F. X.; Baldrich, E. Minia-

turized metal oxide pH sensors for bacteria detection. Talanta 2016, 147, 364–

369.

[4] Kaur, N.; Singh, M.; Comini, E. One-Dimensional Nanostructured Oxide

Chemoresistive Sensors. Langmuir 2020, 36, 6326–6344.

[5] Shiohara, A.; Wang, Y.; Liz-Marzán, L. M. Recent approaches toward creation

of hot spots for SERS detection. J. Photochem. Photobiol. C Photochem. Rev.

2014, 21, 2–25.

[6] Ai, B.; Yu, Y.; Möhwald, H.; Zhang, G.; Yang, B. Plasmonic films based on

colloidal lithography. Adv. Colloid Interface Sci. 2014, 206, 5–16.

50



[7] Yu, Y.; Zhang, G. In Updat. Adv. Lithogr.; Hosaka, S., Ed.; InTech, 2013; Chapter

Colloidal, pp 3–34.

[8] Szlag, V. M.; Rodriguez, R. S.; He, J.; Hudson-Smith, N.; Kang, H.; Le, N.;

Reineke, T. M.; Haynes, C. L. Molecular Affinity Agents for Intrinsic Surface-

Enhanced Raman Scattering (SERS) Sensors. ACS Appl. Mater. Interfaces 2018,

10, 31825–31844.

[9] Mei, H.; Zhao, X.; Bai, S.; Li, Q.; Xia, J.; Bai, H.; Cheng, L. Tuning SERS prop-

erties of pattern-based MWNTs-AuNPs substrates by adjustment of the pattern

spacings. Carbon N. Y. 2018, 136, 38–45.

[10] Gloag, L.; Mehdipour, M.; Chen, D.; Tilley, R. D.; Gooding, J. J. Advances in

the Application of Magnetic Nanoparticles for Sensing. Adv. Mater. 2019, 31,

1–26.

[11] Wang, C.; Zou, X.; Li, Y.; Zhao, Y.; Song, Q.; Yu, W. Pollution levels and risks of

polycyclic aromatic hydrocarbons in surface sediments from two typical estuaries

in China. Mpb 2016, 114, 917–925.

[12] Murawski, A.; Roth, A.; Schwedler, G.; Schmied-Tobies, M. I.; Rucic, E.;

Pluym, N.; Scherer, M.; Scherer, G.; Conrad, A.; Kolossa-Gehring, M. Polycyclic

aromatic hydrocarbons (PAH) in urine of children and adolescents in Germany

– human biomonitoring results of the German Environmental Survey 2014–2017

(GerES V). Int. J. Hyg. Environ. Health 2020, 226, 113491.

[13] Nováková, Z.; Novák, J.; Kitanovski, Z.; Kukučka, P.; Smutná, M.; Wiet-

zoreck, M.; Lammel, G.; Hilscherová, K. Toxic potentials of particulate and

gaseous air pollutant mixtures and the role of PAHs and their derivatives. Envi-

ron. Int. 2020, 139, 105634.

51



[14] Roslund, M. I. et al. Endocrine disruption and commensal bacteria alteration

associated with gaseous and soil PAH contamination among daycare children.

Environ. Int. 2019, 130, 104894.

[15] Du, J.; Jing, C. Preparation of Thiol Modified Fe3O4@Ag Magnetic SERS Probe

for PAHs Detection and Identification. J. Phys. Chem. C 2011, 115, 17829–

17835.

[16] Massart, R. Preparation of Aqueous Magnetic Liquids in Alkaline and Acidic

Media. IEEE Trans. Magn. 1981, 17, 1247–1248.

[17] Lee, J.; Mulmi, S.; Thangadurai, V.; Park, S. S. Magnetically Aligned Iron Ox-

ide/Gold Nanoparticle-Decorated Carbon Nanotube Hybrid Structure as a Hu-

midity Sensor. ACS Appl. Mater. Interfaces 2015, 7, 15506–15513.

[18] Giuntini, D.; Torresani, E.; Chan, K. T.; Blankenburg, M.; Saviot, L.; Bor, B.;

Domènech, B.; Shachar, M.; Mueller, M.; Olevsky, E.; Garay, J.; Schneider, G. A.

Iron oxide-based nanostructured ceramics with tailored magnetic and mechanical

properties: development of mechanically robust, bulk superparamagnetic mate-

rials. Nanoscale Adv. 2019, 1, 3139–3150.

[19] Schwaminger, S. P.; Bauer, D.; Fraga-García, P.; Wagner, F. E.; Berensmeier, S.

Oxidation of magnetite nanoparticles: impact on surface and crystal properties.

CrystEngComm 2017, 19, 246–255.

[20] Karaagac, O.; Kockar, H. A simple way to obtain high saturation magnetization

for superparamagnetic iron oxide nanoparticles synthesized in air atmosphere :

Optimization by experimental design. J. Magn. Magn. Mater. 2016, 409, 116–

123.

52



[21] Maity, D.; Agrawal, D. C. Synthesis of iron oxide nanoparticles under oxidizing

environment and their stabilization in aqueous and non-aqueous media. J. Magn.

Magn. Mater. 2007, 308, 46–55.

[22] Wu, W.; Wu, Z.; Yu, T.; Jiang, C.; Kim, W.-S. Recent progress on magnetic

iron oxide nanoparticles: synthesis, surface functional strategies and biomedical

applications. Sci. Technol. Adv. Mater. 2015, 16, 023501.

[23] Torre, B.; Bertoni, G.; Fragouli, D.; Falqui, A.; Salerno, M.; Diaspro, A.; Cin-

golani, R.; Athanassiou, A. Magnetic force microscopy and energy loss imaging

of superparamagnetic iron oxide nanoparticles. Sci. Rep. 2011, 1, 1–8.

[24] Dar, M. I.; Shivashankar, S. A. Single crystalline magnetite, maghemite, and

hematite nanoparticles with rich coercivity. RSC Adv. 2014, 4, 4105–4113.

[25] Durdureanu-Angheluta, A.; Pricop, L.; Stoica, I.; Peptu, C. A.; Dascalu, A.;

Marangoci, N.; Doroftei, F.; Chiriac, H.; Pinteala, M.; Simionescu, B. C. Syn-

thesis and characterization of magnetite particles covered with α-trietoxysilil-

polydimethylsiloxane. J. Magn. Magn. Mater. 2010, 322, 2956–2968.

[26] PDF-4+ 2019 ; ICDD: Newtown Square, PA, 2019.

[27] Rebodos, R. L.; Vikesland, P. J. Effects of oxidation on the magnetization of

nanoparticulate magnetite. Langmuir 2010, 26, 16745–16753.

[28] Pang, Y. L.; Lim, S.; Ong, H. C.; Chong, W. T. Research progress on iron oxide-

based magnetic materials: Synthesis techniques and photocatalytic applications.

Ceram. Int. 2016, 42, 9–34.

[29] Ma, J.; Chen, K. Modulated self-reversed magnetic hysteresis in iron oxides. Sci.

Rep. 2017, 7, 1–7.

53



[30] Liang, K.; Hui, L. S.; Turak, A. Probing the multi-step crystallization dynamics

of micelle templated nanoparticles: Structural evolution of single crystalline γ-Fe

2 O 3. Nanoscale 2019, 11, 9076–9084.

[31] Chourpa, I.; Douziech-Eyrolles, L.; Ngaboni-Okassa, L.; Fouquenet, J. F.; Cohen-

Jonathan, S.; Soucé, M.; Marchais, H.; Dubois, P. Molecular composition of iron

oxide nanoparticles, precursors for magnetic drug targeting, as characterized by

confocal Raman microspectroscopy. Analyst 2005, 130, 1395–1403.

[32] Shebanova, O. N.; Lazor, P. Raman spectroscopic study of magnetite (FeFe2O4):

A new assignment for the vibrational spectrum. J. Solid State Chem. 2003, 174,

424–430.

[33] Lee, N.; Schuck, P. J.; Nico, P. S.; Gilbert, B. Surface Enhanced Raman Spec-

troscopy of Organic Molecules on Magnetite (Fe 3 O 4 ) Nanoparticles. J. Phys.

Chem. Lett. 2015, 970–974.

[34] Chaudhari, N. S.; Warule, S. S.; Muduli, S.; Kale, B. B.; Jouen, S.; Lefez, B.;

Hannoyer, B.; Ogale, S. B. Maghemite (hematite) core (shell) nanorods via ther-

molysis of a molecular solid of Fe-complex. Dalton Trans. 2011, 40, 8003–8011.

[35] Leung, K. C.-F.; Xuan, S.; Zhu, X.; Wang, D.; Chak, C.-P.; Lee, S.-F.; Ho, W.

K.-W. K.-W.; Chung, B. C.-T. C.-T. Gold and iron oxide hybrid nanocomposite

materials. Chem. Soc. Rev. 2012, 41, 1911.

[36] Song, D.; Yang, R.; Long, F.; Zhu, A. Applications of magnetic nanoparticles

in surface-enhanced Raman scattering (SERS) detection of environmental pollu-

tants. J. Environ. Sci. 2018, 1–20.

[37] Plascencia-Villa, G.; Torrente, D.; Marucho, M.; José-Yacamán, M. Biodirected

54



synthesis and nanostructural characterization of anisotropic gold nanoparticles.

Langmuir 2015, 31, 3527–3536.

[38] Quaresma, P.; Osório, I.; Dória, G.; Carvalho, P. A.; Pereira, A.; Langer, J.;

Araújo, J. P.; Pastoriza-Santos, I.; Liz-Marzán, L. M.; Franco, R.; Baptista, P. V.;

Pereira, E. Star-shaped magnetite@gold nanoparticles for protein magnetic sep-

aration and SERS detection. RSC Adv. 2014, 4, 3690–3698.

[39] Brennan, G.; Thorat, N. D.; Pescio, M.; Bergamino, S.; Bauer, J.; Liu, N.; To-

fail, S. A.; Silien, C. Spectral drifts in surface textured Fe3O4-Au, core-shell

nanoparticles enhance spectra-selective photothermal heating and scatter imag-

ing. Nanoscale 2020, 12, 12632–12638.

[40] Rodrigues, D. C.; De Souza, M. L.; Souza, K. S.; Dos Santos, D. P.; An-

drade, G. F.; Temperini, M. L. Critical assessment of enhancement factor mea-

surements in surface-enhanced Raman scattering on different substrates. Phys.

Chem. Chem. Phys. 2015, 17, 21294–21301.

55



Chapter 3

Substrate with Magnetic Layer for

SERS, Methods for their

Preparation and Uses Thereof ∗

Note: Much of this text is phrased in a legalese, verbose way, as per professional

legal documentation. Some common phrasing and their meanings include:

Example phrasing Meanings

"Schematic of an exemplary embodiment" Illustration of

"A person skilled in the art" Scientist in this field

"In an embodiment" For example; In some cases

This work covers methods outlined in Chapters 2 and 4.
∗This chapter contains the text of Canadian patent application CA03118007, which is based

on US Patent 62/751,776 (filed 2018, publication date 2022-01-13, no. US-2022-0011234-A1), which
was the subject of Patent Cooperation Treaty (PCT) number PCT/CA2019/051518 (filing date
2019-10-28), with International Publication Number WO2020/087157.

56



Abstract

The present application relates, for example, to substrates for surface enhanced Ra-

man spectroscopy (SERS), to methods for their preparation and to uses of such SERS

substrates in methods for the detection of an analyte in a sample. The SERS sub-

strates of the present application comprise a support material, a layer of a SERS-active

metal on the support material, and a layer of magnetically active nanoparticles on

the layer of the SERS-active metal. The methods of preparing such SERS substrates

comprise depositing a layer of a SERS-active metal on a support material, and de-

positing a layer of magnetically active nanoparticles on the layer of the SERS-active

metal.

3.1 Description

3.1.1 Cross-reference to related applications

[0001] The present application claims the benefit of priority from co- pending U.S.

provisional application no. 62/751,776 filed on October 29, 2018, the contents of which

are incorporated herein by reference in their entirety.

[0002] The present application relates to substrates for surface enhanced Raman spec-

troscopy (SERS), to methods for their preparation and to uses of such SERS substrates

in methods for the detection of an analyte in a sample.

3.1.2 Background

[0003] Traditionally, the most sensitive and robust methods for organic contamina-

tion in water have been chromatographic methods such as gas chromatography-mass
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spectrometry (GC-MS). This technique excels, for example, at complete speciation

and quantification. However, it is a technically demanding analytical method which

also requires significant sample preparation time. In some industries such as the oil

production industry, complete speciation of the water has been sacrificed in lieu of

speed and ease of detection.

[0004] In the offshore oil industry in Newfoundland and Labrador, real time monitor-

ing is employed as a first line detection method using fluorescence- based spectroscopic

methods. However, a significant drawback to fluorescence measurements is that there

is no chemical speciation occurring, i.e. the individual components present in the ob-

served waste stream are not able to be identified prior to discharge. A second method

that is employed is an ultraviolet-visible (UV- Vis) photospectroscopic method that

also suffers from a lack of specificity.

[0005] Surface enhanced Raman scattering (SERS) can provide structural informa-

tion about an analyte and can permit trace analyses due to enhancement of Raman

scattering of compounds which are adsorbed to certain surfaces. Such SERS sub-

strates have included magnetic core-shell sensors (i.e. nanoparticles with a core made

up of magnetic/iron oxide) having a plasmonic material shell and layered structures

comprising a plasmonic material deposited as the frontier layer over a base layer of

nanoparticles. Other SERS substrates are known which comprise, for example, rough

metal surfaces or nanostructures.

[0006] For example, US 9,134,247 discloses a method and apparatus comprising a

first SER-active material, of which a support structure is comprised and a second

SER-active material comprising a liquid reagent. An analyte- specific binding agent

is attached to at least one of the first or second SER- active material. The method

comprises adding the analyte sample to one (or both) of the functionalized SER-active
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materials then adding the liquid reagent (second SER-active material) to the support

structure (first SER-active material) such that the SER-active materials are attached

to the target analyte. US 8,149,397 discloses nanostructured SERS probes that are in

the form of a spherical, asymmetrical tapered metallic shell having a round opening

surrounded by an edge that can optionally comprise layers of different metals e.g. of

gold and iron. US 7,242,470 discloses SERS substrates which can comprise a metal

film over a nanostructured layer. US 8,003,408 discloses SERS active particles which

include a gold nanoparticle coated with very fine iron oxide nanoparticles.

3.1.3 Summary

[0007] In contrast to prior SERS substrates, the SERS substrates of the present ap-

plication employ a magnetic top layer which enhances signal through a magnetic field

and promotes adhesion of certain classes of compounds that may, for example, be ad-

vantageous for using such SERS based materials for organic contamination analysis.

Lab trials have indicated that the SERS substrates prepared in the present examples

had a high affinity towards the types of organic contamination which are of signifi-

cant industrial concern due to regulatory and compliance requirements. The SERS

substrates may, for example, be competitive in cost, speed and ease of analysis, while

also offering rich speciation which may afford an end user more overall information

regarding their production system and/or their waste water discharge.

[0008] Accordingly, the present application includes a substrate for surface enhanced

Raman spectroscopy (SERS), comprising:

a support material;

a layer of a SERS-active metal on the support material; and

a layer of magnetically active nanoparticles on the layer of the SERS-active metal.
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[0009] The present application also includes a method of preparing a substrate for

surface enhanced Raman spectroscopy (SERS), comprising:

depositing a layer of a SERS-active metal on a support material; and

depositing a layer of magnetically active nanoparticles on the layer of the SERS-

active metal.

[0010] The present application also includes a use of a SERS substrate of the present

application for detecting and/or quantifying an analyte as well as a method for de-

tecting an analyte in a sample, the method comprising:

contacting a SERS substrate of the present application with the sample to adhere

the analyte to the SERS substrate;

obtaining a SERS spectrum of the analyte adhered to the SERS substrate; and

analyzing the spectrum to detect the analyte.

[0011] Other features and advantages of the present application will become apparent

from the following detailed description. It should be understood, however, that the

detailed description and the specific examples while indicating embodiments of the

application are given by way of illustration only, since various changes and modifi-

cations within the spirit and scope of the application will become apparent to those

skilled in the art from this detailed description.

3.2 Brief Description of the Drawings

[0012] The present application will now be described in greater detail with reference

to the drawings in which:

[0013] Figure 3.1 is a schematic of an exemplary embodiment of a SERS substrate of
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the present application in use with a Raman spectrometer.

[0014] Figure 3.2 is a schematic of an exemplary embodiment of a method for detecting

an analyte in a sample of the present application comprising submerging at least a

portion of a SERS substrate of the present application in the sample.

[0015] Figure 3.3 is a schematic of an exemplary embodiment of a method for detecting

an analyte in a sample of the present application comprising depositing at least a

portion of the sample onto a SERS substrate of the present application.

[0016] Figure 3.3 shows the Raman spectra of a substrate with increasing layers of

iron oxide nanoparticles deposited thereon (from top to bottom: 60, 80, 100, 120, 140,

160, 180, 200, 220 and 240 µL of iron oxide nanoparticle suspension added) according

to embodiments of the present application.

[0017] Figure 3.5 shows SERS spectra obtained of a 1 ppm phenanthrene solution

from five different spots of a SERS substrate that it was deposited on according to

an embodiment of the present application.

[0018] Figure 3.6 shows SERS spectra obtained using a SERS substrate according

to an embodiment of the present application pre-exposure (***) and post-exposure

(****) to offshore oil produced water in comparison to a blank (*) and exposure to a

1 ppm phenanthrene solution (**).

[0019] Figure 3.7 shows SERS spectra of two SERS substrates prepared according

to embodiments of the present application using 160 µL (*) and 140 µL iron oxide

nanoparticles (**) exposed to 1 ppm phenanthrene, compared to a Raman spectrum

of bulk (solid) phenanthrene (***).

[0020] Figure 3.8 shows SERS spectra obtained using a SERS substrate according to
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an embodiment of the present application pre-exposure and post- exposure (*) to a 1

ppm phenanthrene solution.

[0021] Figure 3.9 shows SERS spectra obtained of a 1 ppm phenanthrene solution

from four different spots of a SERS substrate that it was deposited on according to

an embodiment of the present application.

3.3 Detailed Description

3.3.1 Definitions

[0022] Unless otherwise indicated, the definitions and embodiments described in this

and other sections are intended to be applicable to all embodiments and aspects

of the present application herein described for which they are suitable as would be

understood by a person skilled in the art.

[0023] In understanding the scope of the present application, the term “comprising”

and its derivatives, as used herein, are intended to be open ended terms that specify

the presence of the stated features, elements, components, groups, integers, and/or

steps, but do not exclude the presence of other unstated features, elements, com-

ponents, groups, integers and/or steps. The foregoing also applies to words having

similar meanings such as the terms, “including”, “having” and their derivatives. The

term “consisting” and its derivatives, as used herein, are intended to be closed terms

that specify the presence of the stated features, elements, components, groups, in-

tegers, and/or steps, but exclude the presence of other unstated features, elements,

components, groups, integers and/or steps. The term “consisting essentially of”, as

used herein, is intended to specify the presence of the stated features, elements, com-

ponents, groups, integers, and/or steps as well as those that do not materially affect
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the basic and novel characteristic(s) of features, elements, components, groups, inte-

gers, and/or steps.

[0024] Terms of degree such as “substantially”, “about” and “approximately” as used

herein mean a reasonable amount of deviation of the modified term such that the

end result is not significantly changed. These terms of degree should be construed as

including a deviation of at least 5% of the modified term if this deviation would not

negate the meaning of the word it modifies.

[0025] The term “and/or” as used herein means that the listed items are present, or

used, individually or in combination. In effect, this term means that “at least one of”

or “one or more” of the listed items is used or present.

[0026] As used in this application, the singular forms “a”, “an” and “the” include

plural references unless the content clearly dictates otherwise.

[0027] The term “suitable” as used herein means that the selection of specific reagents

or conditions will depend on the reaction being performed and the desired results, but

none-the-less, can generally be made by a person skilled in the art once all relevant

information is known.

[0028] The term “produced water” as used herein refers to waste water generated dur-

ing the production of oil and/or natural gas. Produced water may include water from

the reservoir, water that has been injected into the formation and/or chemicals added

during production/treatment. Produced water may include organic compounds such

as various polycyclic aromatic hydrocarbons (PAHs), BTEX (benzene, toluene, ethyl-

benzene and xAene), triterpanes, ketones, saturated hydrocarbons, phenols and/or

organic acids which may be detectable by SERS.

[0029] The term “magnetically active” as used herein in reference to nanoparticles
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refers to nanoparticles that are ferrimagnetic or ferromagnetic and does not include

nanoparticles that are diamagnetic, paramagnetic or antiferromagnetic.

[0030] The term “alkyl” as used herein, whether it is used alone or as part of another

group, means straight or branched chain, saturated alkyl groups. The term C1−6alkyl

means an alkyl group having 1, 2, 3, 4, 5 or 6 carbon atoms.

3.3.2 SERS Substrates and Methods for the Preparation

Thereof

[0031] Highly sensitive magnetically active SERS substrates have been prepared that

may, for example, be capable of detecting a wide variety of Raman-active compounds

such as common organic pollutants in water used during industrial processes. The

SERS substrates have been used to detect organic contamination present in labo-

ratory simulated solutions (1 ppm phenanthrene) and raw produced water samples

(sourced from a local oil production plafform). The SERS substrates prepared and

tested were made up of a 5 nm gold (Au0) film which was deposited onto a well-

cleaned glass slide via a metal sputtering system. The Au film was then thermally

annealed for 2 hours at 300 ◦C to serve as the sensor enhancement layer of the SERS

substrate. The adhesion layer of the SERS substrate was formed by sequential deposi-

tion of portions of organosilane capacitated ferrimagnetic iron nanoparticles (FeNPs)

of approximately 30-60 nm diameter, or uncapped ferrimagnetic cobalt iron oxide

nanoparticles (CoFeNPs), where the majority was approximately 30-60 nm diameter,

with some particles being 100-300 nm. Deposition thickness was monitored via Raman

spectroscopy until underlying glass slide fluorescence was quenched via nanoparticle

(NP) addition. This resulted in the sensing device composed of a glass slide with a

Au0 film enhancement layer covered via a magnetic nanoparticle adhesion layer. This
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represents an inversion of a typical SERS substrate which has the metal enhancement

layer as the top layer of the device.

[0032] Accordingly, the present application includes a substrate for surface enhanced

Raman spectroscopy (SERS), comprising: a support material; a layer of a SERS-

active metal on the support material; and a layer of magnetically active nanoparticles

on the layer of the SERS-active metal.

[0033] The support material is any suitable support material. For example, the person

skilled in the art would appreciate that a suitable support material is a solid material

that would not significantly affect the overall plasmonic behaviour of the layer of

the SERS-active metal and is advantageously robust enough to be handled by means

such as tweezers, by hand or with a robotic instrument. In an embodiment, the

support material comprises, consists essentially of or consists of glass, plastic, silicon or

highly oriented pyrolytic graphite (HOPG). In an embodiment, the support material

comprises, consists essentially of or consists of glass or plastic. In another embodiment

of the present application, the support material comprises, consists essentially of or

consists of glass.

[0034] The support material (probe) can be of any shape or dimension as long as

it has a flat area of at least 1 mm2 coated with the layers of SERS- active metal

and magnetically active nanoparticles. The thickness of the support material can be

any suitable thickness may result. In an embodiment of the present application, the

support material has a thickness of from about 1.0 mm to about 1.2 mm.

[0035] The SERS substrate tested in the examples of the present application used gold

as the SERS active metal. However, other metals such as platinum, silver and copper

may also be suitable alternatives in that they have demonstrated SERS properties.
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Accordingly, in some embodiments, the SERS-active metal is gold, platinum, silver

or copper. In another embodiment of the present application, the SERS-active metal

is gold.

[0036] The thickness of the layer of the SERS-active metal may, for example, depend

on the detector. For example, based on an 830 nm detector, a layer in the range of

about 2.5 nm to about 30 nm would be suitable. Accordingly, in an embodiment, the

layer of the SERS-active metal has a thickness of from about 2.5 nm to about 30 nm.

In another embodiment of the present application, the layer of the SERS-active metal

has a thickness of about 2.5 nm to about 20 nm or about 2.5 nm to about 7.5 nm. In

a further embodiment, the layer of the SERS-active metal has a thickness of about 5

nm.

[0037] The SERS substrates tested in the examples of the present application used

ferrimagnetic iron oxide or cobalt iron oxide nanoparticles. However, other suitable

ferrimagnetic or ferromagnetic nanoparticles may also be used. In an embodiment,

the magnetically active nanoparticles comprise iron oxide. In another embodiment of

the present application, the magnetically active nanoparticles are ferrimagnetic iron

(II,III) oxide nanoparticles, ferrimagnetic iron (III) oxide (γ form) nanoparticles or

ferrimagnetic cobalt iron oxide nanoparticles. In another embodiment, the magnet-

ically active nanoparticles are ferrimagnetic iron oxide nanoparticles or cobalt iron

oxide nanoparticles. In a further embodiment, the magnetically active nanoparticles

are ferrimagnetic iron oxide nanoparticles. In another embodiment, the magnetically

active nanoparticles are ferrimagnetic cobalt iron oxide nanoparticles.

[0038] The person skilled in the art would readily appreciate that as the diameter of the

magnetically active nanoparticles is varied, this will have an effect on the plasmonic

behaviour of the material. For example, if the material has poor light absorption, a
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significant decrease in enhancement or potentially loss of detectable SERS activity.

Additionally, at sizes of greater than 100 nm, additional properties of the particles

themselves will be altered. Accordingly, in an embodiment, the magnetically active

nanoparticles have an average diameter of about 100 nm or less. In another embodi-

ment, the magnetically active nanoparticles have an average diameter of from about

30 nm to about 60 nm.

[0039] In some embodiments, the magnetically active nanoparticles are capped. For

example, in embodiments wherein the magnetically active nanoparticles are comprised

of a material which may undergo oxidation under the conditions in which the SERS

substrate would be stored or used, capping of the nanoparticles may reduce or prevent

such oxidation such that magnetism is substantially maintained. The magnetically

active nanoparticles can be capped by any suitable capping reagent. For example, a

person skilled in the art would readily understand that the capping agent doesn’t in-

terfere with the magnetic properties or reactivity of the magnetically active nanopar-

ticles. In the examples described herein below, (3-aminopropyl)triethoxysilane was

demonstrated to be a suitable capping agent for the iron oxide nanoparticles. In con-

trast, in similar experiments, (3-mercaptopropyl)trimethoxysilane was found not to

be a suitable capping agent. Accordingly, in some embodiments, the capping agent is

amine-terminated. In some embodiments, the capping agent is devoid of a mercapto

group. In some embodiments, for example, in the case of iron oxide nanoparticles or

similar nanoparticles, the capping reagent can have a siloxy functional group which

can undergo hydrolysis such that the silane moiety binds to the surface of the nanopar-

ticles via an −OSi bond, and optionally self-hydrolyze on the surface of the nanopar-

ticles to provide a multilayer coating on the nanoparticles. In an embodiment, the

siloxy functional group has the formula −Si(ORA)3 wherein each RA is independently

C1−6a1kyl. In another embodiment, each RA is ethyl. In another embodiment, the
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capping reagent further comprises a primary amine functional group. In another em-

bodiment, the capping agent has the formula H2N−(CH2)n−Si(ORA)3 wherein n is an

integer of from between 2 and 10 and RA is as defined herein. In another embodiment,

n is 3. In a further embodiment, the magnetically active nanoparticles are capped by

(3-aminopropyl)triethoxysilane. In alternative embodiments, the magnetically active

nanoparticles are uncapped.

[0040] In an embodiment, the layer of the magnetically active nanoparticles has a

thickness such that a Raman spectrum of the SERS substrate does not show any

detectable bands corresponding to the support material.

[0041] In an embodiment, the SERS substrate is configured for use in a handheld

Raman spectrometer, a portable Raman spectrometer or a benchtop Raman spec-

trometer. In another embodiment, the substrate is configured for use in a handheld

Raman spectrometer or a portable Raman spectrometer. A person skilled in the art

could readily configure the SERS substrate for use in various Raman spectrometers,

for example, based on the focal length of the probe (i.e. the distance between the

substrate and the device for a particular spectrometer.

[0042] The present application also includes a method of preparing a substrate for

surface enhanced Raman spectroscopy (SERS), comprising: depositing a layer of a

SERS-active metal on a support material; and depositing a layer of magnetically

active nanoparticles on the layer of the SERS-active metal.

[0043] The SERS- active metal can be deposited on the support material by any suit-

able means. In an embodiment, the SERS-active metal is deposited on the support

material by a method comprising thermal evaporation or sputtering. In another em-

bodiment, the SERS-active metal is deposited on the support material by a method
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comprising sputtering. In another embodiment of the present application, the method

further comprises annealing the SERS-active metal prior to depositing the layer of the

magnetically active nanoparticles thereon.

[0044] In an embodiment, the layer of magnetically active nanoparticles is deposited

on the layer of the SERS-active metal by a method comprising: depositing a portion

of a suspension comprising magnetically active nanoparticles and a solvent on the

layer of SERS-active metal; evaporating the solvent; and repeating the depositing and

evaporating until a layer of magnetically active nanoparticles of a desired thickness

has been deposited on the layer of SERS-active metal.

[0045] The deposition of the suspension can be carried out by any suitable means,

the selection of which can be made by a person skilled in the art. In an embodiment,

the portion is an aliquot of from about 10 µL to about 30 µL or about 20 µL of

the suspension. In another embodiment, the method further comprises using a suit-

able strong permanent magnet (for example, a suitable rare-earth magnet such as a

neodymium permanent magnet) beneath the support material during the deposition

of the suspension and evaporation. In an embodiment, the strong permanent magnet

is a neodymium permanent magnet.

[0046] In an embodiment, the desired thickness is such that a Raman spectrum of the

SERS substrate does not show any detectable bands corresponding to the support

material.

[0047] In some embodiments, the method further comprises capping the magneti-

cally active nanoparticles to obtain capped magnetically active nanoparticles prior

to deposition on the layer of the SERS-active metal. For example, in embodiments

wherein the magnetically active nanoparticles are comprised of a material which may
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undergo oxidation under the conditions in which the SERS substrate would be stored

or used, capping of the nanoparticles may reduce or prevent such oxidation such that

magnetism is substantially maintained. In an embodiment, the magnetically active

nanoparticles are capped by a method comprising mixing a suspension comprising

the magnetically active nanoparticles in a suitable solvent (e.g. ethanol) with a suit-

able amount of a capping agent (e.g. APTES) under suitable conditions to obtain the

capped magnetically active nanoparticles. In an embodiment, the conditions comprise

agitating (e.g. stirring) the mixture of the magnetically active nanoparticle suspen-

sion and the capping agent for a time and at a temperature for the capping to be

complete, for example, in the case of APTES or a similar capping agent, a time of

from about 1 hour to about 6 hours or about 2 hours at a temperature of about 60 ◦C

to about 100 ◦C or about 80 ◦C. In alternative embodiments, the method is devoid

of a capping step.

[0048] It will be appreciated by a person skilled in the art that embodiments relating

to the SERS substrates in the methods for preparing the SERS substrates of the

present application can be varied as described herein for the embodiments of the

SERS substrates of the present application.

[0049] For example, in an embodiment of the methods for preparing the SERS sub-

strates, the magnetically active nanoparticles are ferrimagnetic iron oxide nanopar-

ticles having an average diameter of about 100 nm or less. In an embodiment, the

magnetically active nanoparticles are ferrimagnetic iron oxide nanoparticles having

an average diameter of from about 30 nm to about 60 nm. In another embodiment,

the magnetically active nanoparticles are ferrimagnetic cobalt iron oxide nanoparti-

cles, wherein the majority of the magnetically active nanoparticles have a diameter of

about 100 nm or less. In an embodiment, the magnetically active nanoparticles are
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ferrimagnetic cobalt iron oxide nanoparticles, wherein the majority of the magneti-

cally active nanoparticles have a diameter of from about 30 nm to about 60 nm. In

an embodiment, the magnetically active nanoparticles are ferrimagnetic cobalt iron

oxide nanoparticles, wherein at least about 70% of the magnetically active nanopar-

ticles have a diameter of about 100 nm or less. In an embodiment, the magnetically

active nanoparticles are ferrimagnetic cobalt iron oxide nanoparticles, wherein at least

about 75% of the magnetically active nanoparticles have a diameter of about 100 nm

or less. In an embodiment, the magnetically active nanoparticles are ferrimagnetic

cobalt iron oxide nanoparticles, wherein the at least about 70% of the magnetically

active nanoparticles have a diameter of from about 30 nm to about 60 nm. . In an

embodiment, the magnetically active nanoparticles are ferrimagnetic cobalt iron oxide

nanoparticles, wherein the at least about 75% of the magnetically active nanoparticles

have a diameter of from about 30 nm to about 60 nm.

[0050] It will be appreciated by a person skilled in the art that the diameter of the mag-

netically active nanoparticles may be affected by the reaction conditions, for example,

the temperature of the reaction and/or scaling the reaction up or down wherein, for

example, reaction vessel size could be a factor.

[0051] In another embodiment, the SERS active metal is gold.

[0052] The present application also includes a substrate for surface enhanced Raman

spectroscopy (SERS) prepared by a method for preparing a substrate for surface

enhanced Raman spectroscopy (SERS) of the present application.

3.3.3 Uses and Methods for Detecting an Analyte

[0053] SERS substrates were prepared that were made up of a glass slide with a
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gold film enhancement layer that was subsequently covered with a magnetic iron

nanoparticle adhesion layer. This represented an inversion of a typical SERS substrate

which has the enhancement layer as the top layer of the device. The SERS substrates

of the present application can be used in conjunction with an optical based Raman

spectroscope to measure various compounds of interest adhered to the sensing surface.

The SERS substrates are low cost, disposable and may, for example be used for rapid

and accurate detection of organic contamination present, for example in waste water

streams.

[0054] Accordingly, the present application also includes a use of a SERS substrate of

the present application for detecting and/or quantifying an analyte.

[0055] The present application also includes a method for detecting an analyte in a

sample, the method comprising: contacting a SERS substrate of the present applica-

tion with the sample to adhere the analyte to the SERS substrate; obtaining a SERS

spectrum of the analyte adhered to the SERS substrate; and analyzing the spectrum

to detect the analyte.

[0056] It will be appreciated by the skilled person that embodiments relating to the

SERS substrates in the uses and methods for detecting and/or quantifying an ana-

lyte in a sample of the present application can be varied as described herein for the

embodiments of the SERS substrates of the present application.

[0057] It will be appreciated by a person skilled in the art that the SERS spectrum

is obtained via a suitable Raman spectrometer, for example a handheld or portable

instrument or a more traditional benchtop Raman instrument. Figure 3.1 shows a

schematic of an exemplary embodiment of a SERS substrate of the present application

10 comprising a support material 12, a layer of a SERS-active metal 14 on the support
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Figure 3.1: Schematic of an exemplary embodiment of a SERS substrate of the present
application in use with a Raman spectrometer.

material 12 and a layer of magnetically active nanoparticles 16 on the layer of the

SERS-active metal 14 with a sample deposited thereon (not shown) in use with a

Raman spectrometer 18. Referring to Figure 3.1, a laser beam 20 travels to the

SERS substrate, light interacts with the sample and the light with a new energy 22

is collected in the detector of the Raman spectrometer 18. A handheld or portable

Raman system may be advantageous, for example, due to its mobility and/or smaller

laboratory footprint (i.e. a handheld instrument will take up less valuable space in a

lab setting). There would be, however, no significant difference in the data collected

from either type of instrument. Accordingly, in an embodiment, the SERS spectrum

is obtained using a handheld Raman spectrometer, a portable Raman spectrometer or

a benchtop Raman spectrometer. In another embodiment of the present application,

the SERS spectrum is obtained using a handheld Raman spectrometer or a portable

Raman spectrometer.
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Figure 3.2: Schematic of an exemplary embodiment of a method for detecting an
analyte in a sample of the present application comprising submerging at least a portion
of a SERS substrate of the present application in the sample.

[0058] The SERS substrates of the present application can be advantageously used to

detect analytes without the need for complex and/or time-consuming sample prepa-

ration. In an embodiment, the contacting comprises submerging at least a portion,

optionally all of the SERS substrate in the sample followed by drying to adhere the

analyte to the SERS substrate. Figure 3.2 shows a schematic of an exemplary embod-

iment wherein the contacting comprises submerging at least a portion of the SERS

substrate in the sample. Referring to Figure 3.2, in the embodiment shown therein,

a SERS substrate of the present application (10A, 10B) comprising a support mate-

rial (12A, 12B), a layer of a SERS-active metal (14A, 14B) on the support material

(12A, 12B) and a layer of magnetically active nanoparticles (16A, 16B) on the layer

of the SERS-active metal (14A, 14B) is fully submerged 24 in the sample 26 which

is housed in a suitable vessel 28. In an embodiment, the at least a portion of the

SERS substrate is submerged in the sample for a time of up to about ten minutes.
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Figure 3.3: Schematic of an exemplary embodiment of a method for detecting an
analyte in a sample of the present application comprising depositing at least a portion
of the sample onto a SERS substrate of the present application.

In an alternative embodiment, the contacting comprises depositing the sample on at

least a portion of the SERS substrate followed by drying to adhere the analyte to the

SERS substrate. Figure 3.3 shows a schematic of an exemplary embodiment wherein

the contacting comprises depositing the sample on at least a portion of the SERS

substrate. Referring to Figure 3.3, in the embodiment shown therein, a portion of the

sample 26 is deposited by a suitable means 30 onto a SERS substrate of the present

application 10 comprising a support material 12, a layer of a SERS-active metal 14

on the support material 12 and a layer of magnetically active nanoparticles 16 on the

layer of the SERS-active metal 14. The drying is not shown in Figures 2 or 3. The

drying is carried out by any suitable means, the selection of which can be made by a

person skilled in the art. In an embodiment, the drying is carried out under ambient

conditions. In another embodiment, the conditions for drying further comprise the

use of a fan to accelerate evaporation.

[0059] In an embodiment, the spectrum is obtained by placing the SERS active sub-
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strate with the analyte adhered thereto in the path of a Raman laser and acquiring

the spectrum in a wavenumber range of from about 200 cm−1 to about 2000 cm−1.

Such a spectral acquisition typically takes about three minutes to complete. Acquiring

spectra from multiple spots on the surface of the SERS substrate may, for example,

provide a more accurate sense of the analyte(s) in the sample. Accordingly, in an-

other embodiment, the spectrum is acquired from a plurality (e.g. three) locations on

the surface of the SERS substrate. In another embodiment, the analyzing comprises

comparing the Raman shifts of the spectrum to a library of known Raman shifts to

identify the analyte in the sample.

[0060] In an embodiment, the spectra is sent electronically to a separate location for

analysis. In an embodiment, the analysis is qualitative. In another embodiment of

the present application, the analysis is quantitative.

[0061] In an embodiment, the method further comprises obtaining a SERS spectrum of

a SERS substrate without analyte adhered thereto to obtain a blank spectrum then

subtracting the blank spectrum from the SERS spectrum obtained of the analyte

adhered to the SERS substrate.

[0062] In an embodiment, the analyte is a known analyte or has been identified and the

analyzing comprises: calculating the peak area of a diagnostic peak in the spectrum;

and comparing the calculated peak area to a calibration curve of peak areas for that

diagnostic peak as a function of concentration of analyte to quantify the amount of

the analyte in the sample.

[0063] In another embodiment, the sample comprises an unknown analyte and the

analyzing comprises: adding a desired amount of a stock solution comprising a known

concentration of a known analyte to the sample; calculating the peak area of a di-
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agnostic peak in the spectrum for the known analyte, calculating the peak area of a

diagnostic peak for the unknown analyte, and comparing the calculated peak area of

the unknown analyte to the peak area of the known analyte to quantify the amount

of the unknown analyte in the sample.

[0064] The SERS substrates of the present application may be used for detection of

organic contamination in water by a variety of end users. For example, the SERS

substrates may be used by an assortment of industries including but not limited to

oil production, mining and/or pharmaceuticals. Such large industrial sectors all have

a demonstrated need for water monitoring programs and desire reliable and cost-

effective methods to accomplish this. Accordingly, in an embodiment, the sample is

wastewater. In another embodiment, the wastewater is from oil production, mining

or pharmaceutical industry. In a further embodiment of the present application, the

wastewater is produced water. The SERS substrates may, for example also be of

interest to quickly diagnose water potability and suitability for consumption. For

example, such SERS substrates may, for example be advantageously used in rural

areas where regular laboratory facilities are not present to quickly determine whether

water was suitable for consumption. This simple method of analysis may allow an

untrained person to collect the data and determine rapidly whether organic contami-

nation is present within their source. Accordingly, in another embodiment, the sample

is drinking water.

[0065] The following non-limiting examples are illustrative of the present application:
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3.4 Examples

3.4.1 Example 1: General preparation of SERS substrates

with organosilane capacitated ferrimagnetic iron

nanoparticles (FeNPs)

I. Materials

[0066] Substrate preparation: Glass microscope slides, diamond- tipped scribe, nano-

pure water, 12 M hydrochloric acid (HCl), 18 M sulfuric acid (H2SO4), 95% Ethanol

(EtOH), hot plates, PyrexTM containers (for oil baths), Eppendorf pipette (20 µL

delivery) and tips, and small neodymium (Nd) magnets (3 p.c., 18 x 3 mm).

[0067] Reactants for iron oxide nanoparticle preparation: Ferric chloride hexahy-

drate (Sigma Aldrich), Ferrous chloride tetrahydrate (Sigma Aldrich), concentrated

ammonium hydroxide (Fisher Scientific), hydrochloric acid (Fisher Scientific), (3-

aminopropyl)triethoxysilane (APTES) (Sigma Aldrich), 95% ethanol (Sigma Aldrich)

and nano-pure water.

II. Methods

[0068] Washing slides: Separate baths of concentrated H2SO4 and HCl were prepared

in dishes and each warmed on hot plates in a fume hood to approximately 50 degrees

Celsius. Glass microscope slides were cut into thirds using a diamond scribe. In a

single layer, the cut slides were placed in the warm HCl bath for about 5-10 minutes.

The slides were then individually removed and dipped in a beaker of nano-pure water.

The slides were then placed in the warm H2SO4 bath in a single layer for another 5-10

minutes before being individually removed and dipped in a beaker of nano-pure water.
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The cleaned slides were stored in the EtOH prior to being used in the gold coating

step.

[0069] Gold coating slides: A slide was removed from the EtOH and dried with a

KimwipeTM. The slide was then rinsed well with EtOH and then dried under a flow

of clean, dry air. The dried slide was placed on a stage inside a metal sputterer

(Quorum Technologies K550X Sputter Coater), numbered side down. The sputterer

was turned on and the argon tank valve opened. The sputterer current to was set to

20 mA for 1 minute. This corresponds to a gold deposition thickness of 5 nm. The

vacuum chamber was then closed and the procedure started. Once the gold coating

was complete, the gold-coated slide was carefully removed, touching the surface at

little as possible and was stored in slide box or flat Pyrex dish with ParafilmTM prior

to being used in the annealing step.

[0070] Annealing gold-coated slides: A tube furnace was set to 300 ◦C and the gold-

coated slides arranged in a single file in the glass tube, gold side up. The gold-coated

slides were left in the oven to anneal for 2 hrs. The oven was then turned off to let

the glass cool. The annealed slides were stored in a slide box, or a Pyrex dish with

Parafilm prior to being used in further steps.

[0071] Iron oxide nanoparticle (NP) preparation: The NP reactions were carried out

under N2 or another inert gas atmosphere; both the synthesis reaction and coat-

ing reaction. The molar ratio of Fe3+ Fe2+ used was 3:2, with 50 mmol iron total.

Nanoparticle formation can, for example, be affected by reaction vessel size, which

could, for example, be a factor in scaling the reaction up or down. See, for example:

Milosevic et al., “Magnetic metrology for iron oxide nanoparticle scaled-up synthesis”

RSC Adv., 2014, 4, 49086-49089 (doi:10.1039/04RA08944H) and Cui et al., “Structure

switch between α−Fe2O3, γ−Fe2O3 and Fe3O4 during the large scale and low temper-
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ature sol-gel synthesis of nearly monodispersed iron oxide nanoparticles” Advanced

Powder Technology 2013, 24:1, 93-97 (doi:10.1016/j.apt.2012.03.001) for exemplary

large scale syntheses of iron oxide nanoparticles.

[0072] Synthesis of iron NPs: In a 150 mL or 250 mL beaker under constant stirring

with an about 2 cm long magnetic stir bar under an inert environment, about 8.11 g

of FeCl3 · 6H2O and about 3.99 g FeCl2 · 4H2O were added to 50 mL of 2M HCl (made

with nano-pure H2O). The solution was heated gently (i.e. temperature kept under

100 ◦C) throughout. Once the salts had dissolved while still stirring, concentrated

NH4OH (about 25-50 mL) was added slowly, until the reaction reached a pH of 11.

Dark brown/black nanoparticles immediately formed upon reaction. Shiny islands

may form on the surface of the solution but this will be removed with washing steps.

This mixture was allowed to stir and heat for about 30-60 minutes. When complete,

the stir bar was removed so as to avoid losing too much product (which was also

magnetic), by using a wash bottle to rinse as the bar was brought out of the mixture.

The reaction mixture containing NPs was separated into 20 mL scintillation vials

for the washing step. The NPs were washed at least 3x with 95% EtOH, using the

small magnets to collect solids at the bottom of vials while decanting the supernatant

solution off. To retain as much product as possible, decanting was not carried out

until the solution was clear. After each addition of EtOH, the vial was shaken to

suspend NPs and then the vials were sonicated for about 10 minutes, then these steps

repeated.

After washings were complete, about 10 mL of EtOH was added to each vial, the

NPs suspended by shaking, and the contents of all vials recombined into one beaker

to ensure the same concentration was in each. The contents were then redistributed

back into the individual vials.
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[0073] Organosilane coating reaction: In a beaker under inert atmosphere, 1 mL of

the iron NP solution prepared in the previous step was added to 50 mL of EtOH,

while constantly stirring and heating (at a temperature of about 80 ◦C). 100 µL of

APTES was then rapidly added to the reaction vessel and the reaction allowed to

heat and stir for about 2 hours. The washing steps outlined above for the synthesis

of the iron NPs were then repeated. After washing, the NPs were stored in about 10

mL of EtOH prior to being used in the deposition step.

[0074] Depositing FeNP layers: The annealed gold-coated substrate was placed face-

up on an Nd magnet stack. A vial of APTES-coated iron oxide nanoparticles was

shaken well before use to ensure the nanoparticles were well suspended. 20 µL of

NPs were then delivered onto the substrate, depositing manually around the entire

area of magnet (not only in the middle of the substrate) and this layer allowed to dry

completely. The deposition and drying was repeated until about 160 µL of NPs had

been added. At this point, the substrate was checked via Raman scans to see if the

large glass fluorescence band around about 800 cm−1 was still present. The 20 µL

additions and drying were continued, checking with Raman throughout, until the

fluorescence band disappeared, and instead the iron profile became apparent (three

broad peaks at roughly 700 cm−1, 500 cm−1, and 350 cm−1). Typically, between

a total of 200- 300 µL of iron oxide NP solution was added. This approximately

corresponds to 3-5 mg of iron oxide NP. Figure 3.4 shows exemplary Raman spectra

of iron oxide NP. At approximately 180 µL of nanoparticles added, Raman peaks for

the iron oxide start to appear at around 500 and 350 cm−1. This provides a spectral

cue that the appropriate amount of nanoparticle has been added to the substrate.
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Figure 3.4: Raman spectra of a substrate with increasing layers of iron oxide nanopar-
ticles deposited thereon (from top to bottom: 60, 80, 100, 120, 140, 160, 180, 200, 220
and 240 µL of iron oxide nanoparticle suspension added) according to embodiments
of the present application.

3.4.2 Example 2: General preparation of SERS substrates

with uncapped ferrimagnetic cobalt iron oxide

nanoparticles (CoFeNPs)

I. Materials

[0075] The materials for substrate preparation were in line with those described above

in Example 1.

[0076] Reactants for cobalt iron oxide nanoparticle preparation: Ferric chloride hex-

ahydrate (Sigma Aldrich), Cobalt chloride hexahydrate (Sigma Aldrich), concentrated

ammonium hydroxide (Fisher Scientific), 95% ethanol (Sigma Aldrich) and nano-pure

water.
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II. Methods

[0077] The methods for washing slides, gold coating slides and annealing the gold-

coated slides were in line with those described above in Example 1.

[0078] Cobalt iron oxide nanoparticle (NP) preparation: The NP reactions were car-

ried out in open air. The molar ratio of Fe3+ Co2+ used was 2:1.

[0079] Synthesis of cobalt iron oxide NPs: In a 150 m L or 250 mL beaker under con-

stant stirring with an about 5 cm long magnetic stir bar, about 37.8 g of FeCl3 · 6H2O

and about 16.6 g FeCl2 · 4H2O were added to 100 mL of nano-pure water. The so-

lution was heated gently (i.e. temperature kept around 80 ◦C) throughout. Once

the salts had dissolved while still stirring, concentrated NH4OH (about 25-50 mL)

was added slowly, until the reaction reached a pH of 11. Dark brown/black solids

immediately formed upon reaction. This mixture was allowed to stir and heat for

about 90 minutes. When complete, the stir bar was removed by using a wash bottle

to rinse as the bar was brought out of the mixture. The reaction mixture contain-

ing NPs was separated into 50mL centrifuge tubes for the washing step. The NPs

were centrifuged 3x with nano-pure water, decanting the supernatant each time and

sonicating in fresh solution to re-suspend the solids. At the end of sufficient washing

steps, the supernatant will be a clear colourless solution. The product was collected

and dried in an oven overnight to remove the solvent. Once dried, the solid black

product was annealed in a tube furnace at 600 ◦C for 9-10 hours. The final solid

after this annealing was ferrimagnetic and responded to external magnetic force. The

CoFeNPs were not capped.

[0080] Depositing CoFeNP nanoparticle layers: The annealed gold- coated substrate

was placed face-up on an Nd magnet stack. A vial of cobalt iron oxide nanoparticles
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(NP) was shaken well before use to ensure the nanoparticles were well suspended.

20 µL of NPs were then delivered onto the substrate, depositing manually around the

entire area of magnet (not only in the middle of the substrate) and this layer allowed

to dry completely. The deposition and drying was repeated until about 160 µL of

NPs had been added. At this point, the substrate was checked via Raman scans

to see if the large glass fluorescence band around about 800 cm−1 was still present.

The 20 µL additions and drying were continued, checking with Raman throughout,

until the fluorescence band disappeared, and instead the cobalt iron profile (seven

broad peaks at 222 cm−1, 290 cm−1, 409 cm 1, 470 cm−1, 558 cm−1, 612 cm−1, and

676 cm−1) became apparent. Typically, between a total of 400-500 µL of cobalt iron

oxide was added. This approximately corresponds to 1-2 mg of cobalt iron oxide NPs.

Accordingly, a spectral check with the cobalt iron profile for preparing the SERS

substrate with the CoFeNP can be used similar to the spectral check described above

in Example 1 using the iron profile for preparing the SERS substrate with the FeNPs.

3.4.3 Example 3: Detection of organic compounds using

SERS substrates

I. General Experimental Procedure

[0081] Using a Renishaw in Via confocal Raman system, coupled with an 830 nm

diode laser, all Raman scans were performed using a 45 second exposure time at 1%

laser power on the 20-times objective lens of the microscope stand. A SERS spectrum

of a blank (unexposed) magnetically active SERS substrate prepared as described in

Example 1 was taken. A small volume of analyte solution was then dropped onto the

substrate and allowed to air dry. Alternatively, the substrate was submerged in the

analyte solution for a short period of time and then removed and allowed to dry. Once
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Figure 3.5: SERS spectra obtained of a 1 ppm phenanthrene solution from five differ-
ent spots of a SERS substrate that it was deposited on according to an embodiment
of the present application.

dried, a series of SERS spectra were taken using the same Raman settings as above.

The substrate blank spectrum can then be subtracted from the analyte spectra.

II. Results and Discussion

[0082] Once the iron peaks were dominant in the Raman spectra of the SERS sub-

strates prepared as described in Example 1, an analyte solution can be drop cast onto

the iron area and allowed to completely dry. Raman analysis can then immediately

follow. This method was used to obtain SERS spectra of a 1 ppm phenanthrene

solution (Figure 3.5). Spectra were taken across a total of twelve different spots on

the substrate, with five spots (1-5) visualized in Figure 5. The results indicated good

reproducibility across varying locations on the substrate. The peaks situated at ap-

proximately 500 cm−1 in spot 2, 1280 cm−1in spot 4, and 1960 cm−1 in spot 1 are the
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Figure 3.6: SERS spectra obtained using a SERS substrate according to an em-
bodiment of the present application pre-exposure (***) and post-exposure (****) to
offshore oil produced water in comparison to a blank (*) and exposure to a 1 ppm
phenanthrene solution (**).

result of cosmic radiation interference, and not from the sample or the SERS substrate

itself.

[0083] The use of the SERS substrate of Example 1 to detect the components of a

produced water sample (from a local oil production platform) was also examined.

SERS spectra are shown in Figure 3.6. A substrate blank (spectrum labelled *) was

first taken, followed by exposure to a 1 ppm phenanthrene solution (spectrum labelled

**). The substrate was then stored for 239 days without washing. Upon receiving a

fresh sample of offshore oil produced water, the substrate’s ability to detect the com-

ponents of the water, which are often in the ppb-ppm concentration range was tested

by using the same substrate. It was first scanned again (spectrum labelled ***) and

was then submerged in the produced water for 10 minutes, removed, and allowed to

air dry before re-scanning. Numerous peaks appeared corresponding to various com-
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Figure 3.7: SERS spectra of two SERS substrates prepared according to embodiments
of the present application using 160 µL (*) and 140 pL iron oxide nanoparticles (**)
exposed to 1 ppm phenanthrene, compared to a Raman spectrum of bulk (solid)
phenanthrene (***).

ponents of the produced water sample (spectrum labelled ****). The produced water

peaks are easily identified in Figure 3.6 which can facilitate determining individual

contaminants. This spectral output can be deconvoluted and individual components

are identified to fully characterize and quantify the components present within the

produced water using the magnetic SERS substrate and Raman method of detection.

[0084] Validation from other analytical methods may be used, for example, to deter-

mine what each Raman peak corresponds to in the spectra obtained using the SERS

substrates. For example, the spectra can be compared to a Raman spectrum of known

materials. Figure 3.7 shows the SERS spectra of two SERS substrates prepared ac-

cording to the general procedure described in Example 1 using different amounts of

iron oxide NPs (top spectrum: 160 µL, middle spectrum: 140 µL) exposed to 1 ppm

phenanthrene, compared to a Raman spectrum (bottom spectrum) of bulk (solid)
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phenanthrene.

[0085] For qualitative analysis, the spectra can be analyzed to produce a list of

wavenumber shifts that correspond to a SERS peak. The peaks can then be used

to determine the analyte of question. If the matrix is more complicated, (i.e., more

than one analyte), analysis can be more challenging, especially if it is unknown what

the sample is composed of. Accordingly, coupling SERS with a more traditional

technique can be beneficial in these instances. For example, initially identifying com-

pounds using either gas or liquid chromatography methods can help make Raman

band assignment easier in subsequent analyses.

[0086] For quantitative analysis of analytes using the magnetically active SERS sub-

strates, SERS spectra of analytes of known concentrations can be collected. A diag-

nostic peak for the analyte can be identified, and Raman peak area calculated using

suitable means such as IGOR Pro software. Peak area vs. concentration curves can

be produced, giving a calibration curve for that analyte. Concentrations of unknown

analytes in a sample with known analytes can then be determined from only the peak

area of its diagnostic peak.

[0087] Spectra were also obtained using SERS substrates of Example 2 in which a

volume of analyte solution was dropped on the substrate and allowed to air dry using

the same general method described above in respect to the spectra obtained using the

SERS substrates of Example 1. This method was used obtain SERS spectra of a 1

ppm phenanthrene solution (Figures 8 and 9). Figure 3.8

shows a cobalt iron oxide SERS substrate before and after analyte addition. Spec-

tra were also taken across different spots on the substrate, with four spots (1-4)

visualized in Figure 3.9, which shows consistent analyte signal across the substrate.
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Figure 3.8: SERS spectra obtained using a SERS substrate according to an embod-
iment of the present application pre-exposure and post- exposure (*) to a 1 ppm
phenanthrene solution.

Figure 3.9: SERS spectra obtained of a 1 ppm phenanthrene solution from four differ-
ent spots of a SERS substrate that it was deposited on according to an embodiment
of the present application.
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[0088] While the present application has been described with reference to what are

presently considered to be the preferred examples, it is to be understood that the

application is not limited to the disclosed examples. To the contrary, the present

application is intended to cover various modifications and equivalent arrangements

included within the spirit and scope of the appended claims.

[0089] All publications, patents and patent applications are herein incorporated by

reference in their entirety to the same extent as if each individual publication, patent

or patent application was specifically and individually indicated to be incorporated

by reference in its entirety. Where a term in the present application is found to

be defined differently in a document incorporated herein by reference, the definition

provided herein is to serve as the definition for the term.

3.5 Claims

1. A substrate for surface enhanced Raman spectroscopy (SERS), comprising: a

support material; a layer of a SERS-active metal on the support material; and a layer

of magnetically active nanoparticles on the layer of the SERS-active metal.

2. The SERS substrate of claim 1, wherein the support material comprises glass or

plastic.

3. The SERS substrate of claim 2, wherein the support material is glass.

4. The SERS substrate of any one of claims 1 to 3, wherein the support material has

a thickness of from about 1.0 mm to about 1.2 mm.

5. The SERS substrate of any one of claims 1 to 4, wherein the SERS- active metal

is gold, platinum, silver. or copper.

6. The SERS substrate of claim 5, wherein the SERS-active metal is gold.

7. The SERS substrate of any one of claims 1 to 6, wherein the layer of the SERS-
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active metal has a thickness of from about 2.5 nm to about 7.5 nm.

8. The SERS substrate of claim 7, wherein the layer of the SERS-active metal has a

thickness of about 5 nm.

9. The SERS substrate of any one of claims 1 to 8, wherein the magnetically active

nanoparticles comprise iron oxide.

10. The SERS substrate of any one of claims 1 to 9, wherein the magnetically active

nanoparticles are capped.

11. The SERS substrate of claim 10, wherein the magnetically active nanoparticles

are capped by (3-aminopropyl)triethoxysilane.

12. The SERS substrate of claim 10 or 11, wherein the magnetically active nanopar-

ticles are ferrimagnetic iron oxide nanoparticles.

13. The SERS substrate of any one of claims 1 to 12, wherein the magnetically active

nanoparticles have an average diameter of from about 30 nm to about 60 nm.

14. The SERS substrate of any one of claims 1 to 9, wherein the magnetically active

nanoparticles are uncapped.

15. The SERS substrate of claim 14, wherein the magnetically active nanoparticles

are ferrimagnetic cobalt iron oxide nanoparticles.

16. The SERS substrate of any one of claims 1 to 15, wherein the layer of the

magnetically active nanoparticles has a thickness such that a Raman spectrum of the

SERS substrate does not show any detectable bands corresponding to the support

material.

17. The SERS substrate of any one of claims 1 to 16, wherein the SERS substrate is

configured for use in a handheld Raman spectrometer, a portable Raman spectrometer

or a benchtop Raman spectrometer.

18. The SERS substrate of claim 17, wherein the substrate is configured for use in a

handheld Raman spectrometer or a portable Raman spectrometer.
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19. A method of preparing a substrate for surface enhanced Raman spectroscopy

(SERS), the method comprising: depositing a layer of a SERS-active metal on a

support material; and depositing a layer of magnetically active nanoparticles on the

layer of the SERS-active metal.

20. The method of claim 19, wherein the SERS-active metal is deposited on the

support material by a method comprising sputtering.

21. The method of claim 19 or 20, wherein the method further comprises anneal-

ing the SERS-active metal prior to depositing the layer of the magnetically active

nanoparticles thereon.

22. The method of any one of claims 19 to 21, wherein the layer of magnetically active

nanoparticles is deposited on the layer of the SERS- active metal by a method compris-

ing: depositing a portion of a suspension comprising magnetically active nanoparticles

and a solvent on the layer of SERS-active metal; evaporating the solvent; and repeat-

ing the depositing and evaporating until a layer of magnetically active nanoparticles

of a desired thickness has been deposited on the layer of SERS-active metal.

23. The method of claim 22, wherein the desired thickness is such that a Raman

spectrum of the SERS substrate does not show any detectable bands corresponding

to the support material.

24. The method of any one of claims 19 to 23, wherein the method further comprises

capping the magnetically active nanoparticles prior to deposition on the layer of the

SERS-active metal.

25. The method of any one of claims 19 to 24, wherein the magnetically active

nanoparticles are ferrimagnetic iron oxide nanoparticles having an average diameter

of from about 30 nm to about 60 nm.

26. The method of any one of claims 19 to 23, wherein the nanoparticles are uncapped

and the method is devoid of a capping step.
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27. The method of claim 26, wherein the magnetically active nanoparticles are fer-

rimagnetic cobalt iron oxide nanoparticles, wherein the majority of the magnetically

active nanoparticles have a diameter of from about 30 nm to about 60 nm.

28. The method of any one of claims 19 to 27, wherein the SERS active metal is gold.

29. A substrate for surface enhanced Raman spectroscopy (SERS) prepared by a

method as defined in any one of claims 19 to 28.

30. A use of a SERS substrate as defined in any one of claims 1 to 18 and 29 for

detecting and/or quantifying an analyte.

31. A method for detecting an analyte in a sample, the method comprising: contacting

a SERS substrate as defined in any one of claims 1 to 18 and 29 with the sample to

adhere the analyte to the SERS substrate; obtaining a SERS spectrum of the analyte

adhered to the SERS substrate; and analyzing the spectrum to detect the analyte.

32. The method of claim 31, wherein the contacting comprises submerging at least a

portion of the SERS substrate in the sample followed by drying to adhere the analyte

to the SERS substrate.

33. The method of claim 31, wherein the contacting comprises depositing the sample

on at least a portion of the SERS substrate followed by drying to adhere the analyte

to the SERS substrate.

34. The method of any one of claims 31 to 33, wherein the spectrum is obtained

by placing the SERS active substrate with the analyte adhered thereto in the path

of a Raman laser and acquiring the spectrum in a wavenumber range of from about

200 cm−1 to about 2000 cm−1.

35. The method of claim 34, wherein the spectrum is acquired from three locations

on the surface of the SERS substrate.

36. The method of any one of claims 31 to 35, wherein the analyzing comprises

comparing the Raman shifts of the spectrum to a library of known Raman shifts to
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identify the analyte in the sample.

37. The method of any one of claims 31 to 36, further comprising obtaining a SERS

spectrum of a SERS substrate without analyte adhered thereto to obtain a blank

spectrum then subtracting the blank spectrum from the SERS spectrum obtained of

the analyte adhered to the SERS substrate.

38. The method of any one of claims 31 to 37, wherein the analyte is a known

analyte or has been identified and the analyzing comprises: calculating the peak area

of a diagnostic peak in the spectrum; and comparing the calculated peak area to a

calibration curve of peak areas for that diagnostic peak as a function of concentration

of analyte to quantify the amount of the analyte in the sample.

39. The method of any one of claims 31 to 38, wherein the sample comprises an

unknown analyte and the analyzing comprises: adding a desired amount of a stock

solution comprising a known concentration of a known analyte to the sample; cal-

culating the peak area of a diagnostic peak in the spectrum for the known analyte,

calculating the peak area of a diagnostic peak for the unknown analyte, and compar-

ing the calculated peak area of the unknown analyte to the peak area of the known

analyte to quantify the amount of the unknown analyte in the sample.

40. The method of any one of claims 31 to 39, wherein the sample is wastewater.

41. The method of claim 40, wherein the wastewater is produced water.

42. The method of any one of claims 31 to 39, wherein the sample is drinking water.
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Chapter 4

Powerful electromagnetic field

enhancement via complex cobalt

ferrite surfaces for plasmonic

sensing ∗

4.1 Abstract

Though magnetic nanomaterials have been employed in a number of surface-enhanced

Raman spectroscopy (SERS) applications, they often fill a background role in being

an anchoring site or vehicle for other materials. Cobalt ferrites are robust analogues

to the well-studied ferrimagnetic iron oxides, but despite this link, their implemen-

tation into SERS devices have not been well explored. Here we report a powerful,

novel plasmonic surface which features hierarchically-patterned magnetic nanoscale
∗This chapter has been submitted to Chemical Communications as “Powerful electromagnetic

field enhancement via complex cobalt ferrite surfaces for plasmonic sensing”, Stephanie M. V. Gal-
lant, Erika F. Merschrod S, CC-COM-08-2021-004641 (2021).
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cobalt ferrites, with limits of detection below 1 ppb, signal-to-noise ratios upwards of

3 dB, and strong enhancement across the substrate. Beyond its outstanding perfor-

mance, our surface opens a new direction in SERS sensing, using magnetic materials

to enhance signal.

4.2 Communication

Traditional coinage metals used in surface-enhanced Raman spectroscopy (SERS),

like silver and gold, have been well-studied in their roles as plasmonic surfaces. On

the Raman platforms where sensing occurs, the free surface electrons of a plasmonic

material allows for enhancement of the overall electromagnetic field, increasing the

resultant Raman signal. This is particularly advantageous for the sensing of dilute

analytes, or molecules without particularly strong Raman modes. Though substrates

made of these aforementioned coinage metals have been heavily relied on, researchers

are looking towards more novel surface designs and materials, which allow for better

performance and stability as optical sensors.

Figure 4.1: Nanoscale cobalt ferrite crystals, as synthesized via coprecipitation.
The one-pot method at this reaction scale results in a mixture of particle shapes:
nanospheres with a diameter around 45 nm, octahedra ranging from 100-500 nm, and
a small number of disks around 100-300 nm.
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We report a new sensing platform which incorporates nanoscale magnetic cobalt

ferrites of mixed geometry in a hierarchical arrangement on our surface. The nanopar-

ticle (NP) layers are directed via a magnetic field, creating a radial pattern like spokes

of a wheel, where the gaps between the spokes allow the base layer of a gold thin-

film to show through. This combination of materials, along with surface topography,

provides both facile adhesion sites and a strongly-enhancing environment for highly

sensitive Raman analysis.

In the fields of nanomaterials and inorganic chemistry, iron oxides have been well-

studied, allowing for implementation into sensing devices.1,2 Ferrimagnetic forms like

magnetite (Fe3O4) and maghemite (Fe2O3) have been utilised, often acting as core-

shell attachment sites and/or vehicles for other molecules, particularly for biological

sensing.3,4 Given these common uses, very few studies even consider the role which

magnetic nanoparticles may play in the sensing itself, particularly in SERS.5

Iron oxide analogues, such as cobalt or nickel iron oxides, are of more recent in-

terest, where these crystal types of these new ferrites are the same as traditional

magnetite.6,7 Co2+ or Ni2+ fill the sites which would typically be occupied by Fe2+ in

the inverse spinel structure, constituting a portion of the octahedral sites in the crys-

tal.8 By changing the metal at this site, the resultant material has notably increased

stability, magnetic remanence, and magnetic hardness when compared to iron oxides,

along with a comparable saturation magnetization.7,9

We report an extremely sensitive, reliable, and strongly enhancing optoelectronic

sensor designed using magnetic cobalt ferrite nanoparticles (NPs), synthesized via

coprecipitation.6,10 The cobalt ferrite NPs have two major sizes and shapes, which

can be seen in (a) and (b) of Figure 4.1: spheres around 45 nm in diameter, and

octahedra ranging from 100-500 nm in size. Each shape has the same composition, as

confirmed by energy-dispersive X-ray spectroscopy (EDS), where the ratio of cobalt,
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iron, and oxygen remain effectively the same between the spheres and octahedra.

Figure 4.2: Diffraction patterns of cobalt ferrite nanoparticles synthesised by coprecip-
itation, showing the expected inverse spinel profile. Asterisks denote minor hematite
(α−Fe2O3) impurity.

As seen in Figure 4.2, the major X-ray diffraction (XRD) peaks of the cobalt ferrite

NPs show the diffraction pattern for an inverse spinel structure.11 The cobalt ferrite

NPs contain a small portion of hematite impurity12 (marked with asterisks) due to the

oxygenic environment of the synthesis, making up a minority of the solid. Numerous

attempts to separate this hematite from the magnetic ferrite proved unsuccessful,

both via centrifuging and magnetic separation, which implies the hematite is within

the magnetic particles themselves. Along with Raman spectroscopy confirming the

presence of cobalt ferrite13 in Figure 4.5 (b), the lack of hematite12 present in the

Raman spectra of the NPs implies it is highly crystalline, but a minority product.

Figure 4.3 shows a Vibrating Sample Magnetometry (VSM) curve for the cobalt

ferrite NPs. The magnetic saturation value (plateaus ±8 kOe) is 58 emu/g for these

mixed cobalt ferrites, comparable to values for equivalent iron oxides,1 while the

magnetic coercivities (HC) are large at around 1.2 kOe. The magnetic remanence is

also large at 25 emu/g, meaning these NPs behave as permanent magnets, as they

retain a field without being under the influence of an external field.
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Figure 4.3: VSM curve for cobalt ferrite nanoparticles. The cobalt ferrites have a HC
value of 2 kOe, meaning the NPs behave as permanent magnets.

Figure 4.4: Stitched optical images at x5 of the fabricated substrate surface, showing
the magnetic patterning of the cobalt ferrite layers.

When added to the substrate as this top surface component, the cobalt ferrite NPs

pattern following the magnetic field lines of the applied magnet, seen in Figure 4.4.

Spectral collection is easy, with no difficulties locating hot-spots, giving consistent

spectra across the 2 cm2 surface. The spot size of the laser is around 50 µm in

diameter. (The spot is not a perfect circle; see Figure C.2 in SI.)

Figure 4.5 displays an enhancement spectrum for 1 ppm phenanthrene (a highly-

stable poly-aromatic hyrocarbon (PAH) of environmental concern15,16) on the pat-

terned cobalt ferrite surface, after loading via substrate submersion in solution. The

blank substrate signal in (b) only displays characteristic NP peaks, while (c) shows a

significant signal in the exposed spectrum with phenanthrene present. The spectrum
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Figure 4.5: Raman enhancement of 1 ppm phenanthrene on substrate surface with
patterned NP layers. Spectrum (a) shows the modes of solid phenanthrene crystals.
In the exposed spectrum (c), the broad peak at 460 cm−1 can be attributed to the
strong T1g mode of cobalt ferrite also present in (b), showing Raman modes of the
substrate itself before exposure to analyte, while the remainder of peaks in (c) are the
result of analyte enhancement on the surface.14 The spectra are offset for clarity but
are all on the same scale.
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of the PAH itself is displayed in Figure 4.5 (a), showing peaks which are correspond-

ingly enhanced in the SERS spectrum. The Raman modes are from various C-C bends

and stretches of the analyte in proximity to the surface.17 Due to the surface, the spec-

trum changes from the bulk analyte spectrum. The signal-to-noise ratios (SNRs) for

these spectra are upwards of 3 dB for major peaks, with the smaller enhancement

peaks having SNRs of 2 dB.

The greatly enhanced performance of the cobalt ferrite surface can likely be at-

tributed to a combination of geometry and magnetic properties of the solids. For the

geometry, octahedral particles as pictured in Figure 4.1 provide hot spots through

their sharp edges and points, allowing for surface electron localization.18,19 Spherical

NPs fill in the gaps between the much larger octahedra, which are 2-10 times larger

than the nanospheres; this filling between large particles allows for greater hot spot

location probability across the entire surface.19

When signal strength is weak due to extremely low analyte concentrations, the ad-

dition of an external magnet during collection boosts the electromagnetic field across

the entirety of the surface. Figure 4.6 shows Raman spectra for the same surface ex-

posed to 1 ppb of phenanthrene, with and without an applied external magnetic field

during acquisition. Applying this field greatly increases the intensity of the Raman

signal.

Exposed substrates were allowed to sit in ambient conditions for one year, and

Raman spectra were collected from the surface after this time period. The substrate

showed enhancement of the original analyte comparable to the freshly exposed data,

indicating the surface can be used in an archival nature. Additionally, the substrates

are reusable with simple rinsing. With a small volume of toluene (around 150 mL

total) the exposed substrate surface was sprayed with solvent while held vertically

with tweezers. This rinse was repeated three times, and the substrate was allowed
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Figure 4.6: Raman enhancement of 1 ppb of phenanthrene on patterned CF surface.
For areas of surface where sensing is a challenge (a), an external magnetic field applied
during acquisition greatly boosts the signal of the analyte (b).
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to dry before a Raman spectrum was collected. The Raman spectra before and after

rinsing can be seen in Figure C.1.

The geometry and magnetic remanence of the NPs on this surface are important

factors that influence how our sensors are able to enhance signal. In this work, we

have shown that cobalt ferrite nanoparticles can be patterned in multi-layers using a

magnetic field, with this novel surface acting as an extremely sensitive SERS platform.

Boasting limits of detection below 1 ppb for polyaromatic hydrocarbons and SNRs

of 3 dB, our surface has strong potential to be integrated into sensing devices for

complex matrices with dilute analytes of interest.
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Chapter 5

Scaling the synthesis of cobalt

ferrite nanoparticles resulting in

differing properties: a SERS study

Magnetic nanoparticles (NPs) are a powerful and versatile class of materials, boasting

both the properties found only at the nanoscale, along with magnetic behaviour.

Cobalt ferrite nanoparticles (CFNPs) are a newer class of magnetic nanomaterial,

some of which act as individual nanomagnets with various geometries. Here we report

the tuning of CFNPs in a surface-enhanced Raman spectroscopy (SERS) platform,

where these materials are arranged in a complex multi-layer mediated by magnetic

fields. Mixtures of CFNP crystals with different geometries are created by varying

the synthesis scale, and these products are each tested in their abilities as SERS

components for enhancement of dilute environmental hydrocarbons. All sensors made

with CFNPs resulted in significant and reliable detection beyond 1 ppb. Sensors made

using CFNP crystals with large octahedra & disks among a majority of nanospheres,

with magnetic remanence of 25 emu/g and a magnetic coercivity of 1200 Oe, resulted
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in the best performance with signal-to-noise ratios (SNRs) of over 4 dB. Additionally,

an applied magnetic field on the sensing surface during spectral acquisition resulted in

a three-fold increase in signal intensity, providing evidence that the magnetic influence

of the surface materials are integral to the enhancement mechanism.

5.1 Introduction

Magnetic nanoparticles (NPs) are of great interest to many fields of applied ma-

terials research, finding use in applications such as drug delivery,1 biological sens-

ing,2 magnetic separation,3 magnetic resonance imaging,4 among others. Iron oxides

nanoparticles (IONPs) are the most well-studied and utilized type magnetic NPs,5,6

as they are highly accessible materials which are bio-compatible7 and easily surface-

functionalized.8

Cobalt ferrite nanoparticles (CFNPs) are an analogue of traditional IONPs, where

Co2+ replaces Fe2+ in the inverse spinel crystal structure.9 These CFNPs are find-

ing new applications beyond that of IONPs, particularly for use in electronics,10

batteries,11 and sensors.12,13 While replacing the Fe2+ with Co2+ in CFNPs aids in

preventing their prevalent oxidation issues, swapping the metal ions also results in

changes in material properties. CFNPs have significantly higher magnetic coercivities

compared to IONPs, meaning they behave as permanent magnets, though at critical

sizes they can also have paramagnetic behaviour.9

While magnetic NPs have been used in optoelectronic/plasmonic sensing appli-

cations like surface-enhanced Raman spectroscopy (SERS), they have been limited

to use as "handles" for moving (via magnetic fields) other materials, often plasmonic

components like gold or silver.14 The contribution of the IONPs (or other magnetic

metal oxides) have been negated and not studied or quantified in their plasmonic
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contributions thus far.

There have been some studies in recent years looking into effects of magnetic fields

on electric fields (and vice versa) in plasmonic systems,? ? ? where presence of one

field will influence the other when occupying the same space.15? ,16 However, most of

these studies utilize fibre-optics and magnetic fluids, and they don’t include the impact

of magnetic fields on potential SERS activity of these plasmonic materials. With this

is mind, along with the awareness that SERS aims to similarly enhance local fields

through electron-light interactions, it follows that the addition of a magnetic field on

a solid sensing surface could lead to enhancement of the overall electromagnetic field.

In this report, we present a continuation of the work in 2 using a new magnetic

material (CFNPs), studying changes in the crystal properties as we scale the reaction

mechanism. We then integrate these products into a sensing surface, and test the

SERS performances of the different crystals, in efforts to quantify the sensing param-

eters required for enhancement. As magnetism plays such a significant role in the

materials and design, we additionally aim to explore the question: does magnetism

on the sensing surface boost plasmonic enhancement?

5.2 Experimental

5.2.1 Materials

Cobalt(II) chloride hexahydrate (≥99%) and iron(III) chloride hexahydrate (≥99%)

were purchased from Sigma Aldrich (Oakville, Ontario, Canada). Concentrated acids

(sulfuric and hydrochloric) were obtained from Fisher Scientific (Ottawa, Ontario,

Canada). Concentrated ammonium hydroxide was purchased from ACP Chemicals

(Montreal, Quebec, Canada). Nanopure water (distilled and filtered) was obtained

from a Barnstead 18.2 MΩ · cm system. All chemicals were used without further
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purification.

5.2.2 Nanoparticle Synthesis

A method of pH-mediated coprecipitation was perform as per the well-reported Mas-

sart17 method.

Nanoparticles were initially synthesized based on the masses of reagents reported

by Karaagac (2019).9 Into 100 mL of nanopure water, 37.8 g of FeCl3 · 6H2O and 16.6

g of CoCl2 · 6H2O were added under constant stirring at 90 ◦C . After dissolution of

the salts, yeilding a brown solution, concentrated NH4OH was gently added, around

0.5 mL/sec. A total volume of around 50 mL was added, approaching the target pH

of 11 for the reaction mixture. When base was added, a light brown solid formed,

creating an overall thick mixture. The products continued to stir under heat for 90

minutes, after which they were allowed to cool and were then neutralized using dilute

HCl.

To wash the solids and remove all counter-ions, the products were put into 50 mL

centrifuge tubes and then washed in triplicate with nanopure water, with centrifuging

down solids between each wash. Once washing was complete, the products were dried

at 80 ◦C overnight.

Once dried, the solids were finely ground using a mortar and pestle, and annealed

in a tube furnace at 600 ◦C for 9 hours. Post-annealing, the solid is magnetic, which

can be quickly checked by applying an external magnet to a vessel containing the

particles. The solids were then store under amibent conditions in closed containers,

and were then used as-is.

For the scaled-down syntheses (25%, 12%), the above synthesis procedure was

repeated with reactant masses scaled down equivalently. Size of the reaction beaker

was also scaled down appropriately, while all other variables and parameters remained
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unchanged.

5.2.3 Characterization

Scanning electron microscopy (SEM) analysis was completed with a JEOL JSM-

7100F Scanning Electron Microscope, with a working probe of 10-15 kV and a working

distance of 12 mm. All samples were lightly carbon coated to prepare solids for the

beam. Additionally, elemental analysis was completed at the same time as SEM anal-

ysis, via energy-dispersive X-ray spectroscopy (EDX). Magnetic Vibrating

sample magnetometry (VSM) measurements were completed with a MicroSense

EZ vibrating sample magnetometer, where data was collected between ± 20 kOe at

(25œ).

Raman spectroscopy of all solids and substrates was performed with a Renishaw

InVia confocal Raman system, fit with an 830 nm diode laser source, along with a

Leica DM2700 microscope. Optical micrographs were obtained with the camera on

this microscope. All Raman spectra were collected at reduced power, 3.0 ± 0.3 mW

(1% power). Raman shift values were determined via maximum intensities of each

peak, while peak areas were calculated using Gaussian fits centred on these maximum

intensities. Powder X-ray diffraction (pXRD) data were collected from 20◦ to

80◦ 2θ using a Rigaku Ultima IV X-Ray diffractometer (Cu-Kα source).

5.2.4 Substrate Fabrication Method

Microscope slides (Technologist ChoiceTM, 75 mm x 26 mm x 1 mm in size) were used

as the base of substrates, each one being cut into three pieces with a diamond scribe

(SPI Supplies). Slides were washed in warmed acid baths (HCl, followed by H2SO4),

using nanopure water to rinse between each stage. Washed slides were rinsed with

nanopure water, followed by ethanol, and then stored in ethanol until ready for use.
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The clean slides were then rinsed and dried using compressed air, after having been

etched with sample codes on the back side. Then the slides were layed out on the stage

of a Quorum Technologies K550X Sputter Coater, fit with a gold target (Soquelec

model number K550X Au target: 60 mm diameter Au disk, 0.1 mm thickness). Argon

gas (Praxair Canada Inc., ultra-high purity) was then pumped into the chamber, and

the slides immediately coated via sputtering of gold. A time of 60 seconds in the

chamber, with a working current of 20 mA, led to a deposited thickness of gold

around 5 nm. The coated slides were then annealed for 2 hours at 300 ◦C in a tube

furnace (Thermo Scientific Lindberg Blue M).

After the tube furnace annealing, the slides were layed on a stack of neodymium

alloy magnets (stack of three disks, with sizes of 18 mm × 3 mm). Layers of the

CFNP solution were then successively added in layers on the surface. These NPs were

suspended in solution via sonication (Fisher Scientific FS20) beforehand, to ensure

they were adequately dispersed. The layers were added in 2 µL volume intervals, until

any fluorescence peaks in the Raman spectrum were adequately quenched.

5.2.5 Substrate Testing Method

The completed substrates were individually exposed to an analyte solution, through

a simple beaker loading. The substrate was placed in a beaker containing 50 mL of

analyte solution at a given concentration, and then allowed to sit for half an hour.

After this time, the substrate was removed and the solvent allowed to evaporate. Once

dry, the substrate could be analyzed immediately via Raman spectroscopy.

5.2.6 Substrate Washing Method

Washing procedures were implemented on the substrate surface to test potential

reusability of the substrates. Previously exposed samples were checked for enhance-
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ment after sitting in storage for 6 months (under ambient conditions), where analyte

peaks were still present.

Exposed substrates were held perpendicular to the bench-top above a beaker, and

toluene was sprayed onto the substrate surface in quick, ∼0.5 mL intervals. Raman

data collected after this rinse showed removal of all analyte peaks.

5.3 Results

5.3.1 Characterization of Particles

While many aspects of the products synthesized are similar, many crucial properties

differ in ways which provide insight to their potential use in optoelectronics.
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Scale Geometries % distribution Smaller particle
(<100nm) details

Larger particle details min & max
(nm)

100% (90 ◦C ) S, D, O 60% small,
40% large

Many NS, avg size 60 nm,
majority of sample

Equal amounts D & O.
Avg sizes around 400 nm.

40 1000

100% (45 ◦C ) S, D, O 10% small,
75% medium,
15% large

NS avg size 60nm, very
small amount of the sam-
ple

Majority "medium" S ~
150 nm. Some O and D
with size 200-300 nm.

45 500

25% S, D, O 50% small,
50% large

Many NS, avg size 60 nm 3:2 ratio D:O. Avg O size
~400 nm; avg disk size
~700 nm

45 850

12% S, D 50% small,
50% large

Many NS, avg size 60 nm Large D make up remain-
der of sample. Avg size
~500 nm

45 600

Table 5.1: Comparison of CFNP products produced in different reaction scales, as studied via SEM. Shapes include spheres
(S), octahedra (O), and disks (D). The smallest particles are nanospheres (NS), which are present in all samples.
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Scale Eg (cm-1) T2g (2) (cm-1) A1g (2) (cm-1) A1g (1) (cm-1)
100% (90 ◦C ) 292.0 470.4 630.9 678.9
100% (45 ◦C ) 290.81 471.8 617.6 672.4
25% 292.2 473.3 595.4 657.9
12% 294.2 475.5 612.1 660.2

Table 5.2: Raman modes of CFNPs synthesized at different reaction scales, showing
shifting of peak position which trend with scale.

Figure 5.1: Scanning electron microscope images of as-synthesized (post-annealing)
cobalt ferrite crystals. (a-b) show crystals from a 100%-scale reaction performed at
the standard 90 ◦C , while (c-d) show crystals for the same scale where the reaction
was performed at 45 ◦C . (e-f) show crystals from a 25%-scale reaction, and (g-h)
show crystals from a 12%-scale reaction, both synthesized at 90 ◦C .

CFNP sizes and shapes were analyzed by SEM, as seen in Figure 5.1. While sizes

of the nanospheres present remain consistent through each reaction scale at around

60 nm, the size and shapes of larger particles differ in proportion through the samples.

A summary of the SEM results is included in Table 5.1.

The 100%-scale reaction at 90 ◦C in Figure 5.1 (a) and (b) produces some disks

100-300 nm in size, along with many octahedra around 300-600 nm, with a few “super-

sized” particles (disks and octahedra) around 1 µm in size. The smallest spheres make

up a significant portion of the total particles, at around an estimated 60%. (c) and

(d) show particles for the same reaction scale (100%) at 45 ◦C , where disks and
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octahedra distributions are in equal proportion and have sizes around 100-300 nm.

Interestingly, the 45 ◦C iteration of the 100%-scale reaction does not have any super-

sized particles seen in the 90 ◦C synthesis products, nor a significant amount of the

small nanospheres (estimated <10% total product), and instead the majority of the

sample comprises of many spheres around 150 nm.

Figure 5.1 (e) and (f) show CFNP crystals from a 25%-scale synthesis where there

are more fully-formed octahedra than disks (estimated 3:2), both geometries ranging

in size from 300-600 nm, with super-sized particles upwards of 800 nm. The 12%-scale

reaction products in (g) and (h) show no octahedral particles, instead having many

disks with an average size of around 500 nm, and around 50% of the sample being

comprised of nanospheres.

Figure 5.2: Proposed growth mechanism for the observed CFNP morphologies. Octa-
hedra form as the stable (111) face grows from a disk, which result from the agglom-
eration and combining of nanospheres.

Based on the resulting morphologies observed via scaling of the synthesis, Figure

5.2 shows a proposed growth mechanism for these products. A number of reports on

synthesis of cobalt ferrites note that agglomeration of small NPs into bigger groups

— and eventually larger particles — is a direct result of Ostwald ripening.18,19 Small

particles are dissolved and/or combined at the expense of larger particle growth to
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minimize surface area. This results in a lower surface energy and therefore a lower

overall free energy of the system. Just as solid precipitates may re-dissolve and add

onto solid surfaces in solution, Ostwald ripening can also occur in the solid state,

which is partially responsible for our observations with these scaling experiments.20

As our final morphologies are only observed after annealing, it is clear that part of this

process does occur out of solution. Thermal annealing at high temperatures provides

sufficient energy for atoms to diffuse from small particles in favour of growth of larger

particles.

Figure 5.3: X-ray diffraction peaks for CF products. (a) 100%-scale synthesized at
90 ◦C (b) 100%-scale synthesized at 45 ◦C (c) 25%-scale (d) 12%-scale. α markers
denote peaks corresponding to hematite impurities.
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XRD for each scaled-product provided confirmation of an inverse spinel crystal

structure present after annealing, confirmed by comparison to literature sources.21–23

Figure 5.3 (a-d) shows XRD data for synthesized CFNPs at 100%-scale for 90 ◦C

and 45 ◦C , 25%-scale, and 12%-scale, respectively. The α markers denote hematite

(α−Fe2O3) impurities. Jade (MDI JADE Pro (MDI, 2019)),24 a software package for

analysis of XRD data in conjunction with a database of powder patters, calculated

that 57% of the signal in the 100%-scale 45 ◦C sample was hematite, with the lowest

hematite impurites found in the 100%-scale 90 ◦C (19%). As explained further below,

these are not true compositional percentages of the samples but rather an estimate

of composition of the most crystalline portions of the sample.

Peak (hkl) Sample 2θ (◦) d (Å) a (Å)
(4 0 0) 100% 90◦C 43.16 2.094 8.377

100% 45◦C 43.08 2.098 8.392
25% 43.14 2.095 8.381
12% 43.10 2.097 8.388

(4 4 0) 100% 90◦C 62.66 1.481 8.380
100% 45◦C 62.56 1.484 8.392
25% 62.64 1.482 8.383
12% 62.64 1.482 8.383

Table 5.3: The (400) and (440) peaks for this cubic structure were used to calculate
distance, d, and lattice parameter, a, for the various scaled CF products. As the
NP synthesis is scaled down, d and a both increase, which may be due to metal ion
occupancy changes in the crystal, as Fe +

3 has a larger radius than that of Co2+.

Table 5.3 shows calculated values for the distance between planes (d) and the

resultant lattice parameter (a), both reported in Å, for peaks of indices (400) and

(440). The peak locations of the indices differ for each scaled NP product, resulting

in differences in the calculated lattice values. There is no clear trend that is consistent

for both peaks, but the smallest lattice sizes are associated with 100%-scale CFNPs,

which may be due to changes in metal occupation. Any one metal in an inverse

spinel structure may either migrate to a new geometry (tetrahedral to octahedral, or
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Figure 5.4: Part (A): Raman spectra of bulk CF crystals (a) 100%-scale synthesized
at 90 ◦C (b) 100%-scale synthesized at 45 ◦C (c) 25%-scale (d) 12%-scale. Part
(B): Ratios of Raman peak areas for ν4 and ν6 compared with ν7 (roughly 470 cm−1,
620 cm−1, and 670 cm−1, respectively) as synthesis reaction scale changes. Peak area
values are averaged over triplicate data-sets, with peaks fit to a Gaussian.

vice versa), or occupy more/fewer sites in their original coordination. With this in

mind, the varied lattice size may be the result of changes in Co2+ occupation within

the crystal as the reaction is scaled. Co2+ is a smaller metal ion of the two in the

structure and is typically found octahderally coordinated in the CoFe2O4 structure,

so changes in either the coordination site or amount of vacancy of Co2+ could explain

the changes in lattice distances and parameters through the syntheses, though further

experimentation and analysis is required to draw a complete conclusion.? ? ?

Despite notable amounts of hematite in the XRD data, analysis via Raman spec-

troscopy (Figure 5.4A) showed that the bulk crystal has an inverse spinel structure.

This indicates that the strong signal of hematite in the XRD data is due to its highly
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Figure 5.5: Raman peak analysis for CFNPs showing shifting of peaks with decreasing
reaction scale. The Eg mode (A) remains largely the same throughout the scales,
with a net difference of 3 cm−1. The T2g mode (B) shifts to a higher wavenumber as
reaction scale is decreased, while the two A1g modes (C) shift to lower wavenumbers
as scale is decreased.

crystalline nature; it is not in fact a significant product, which would be notable in

the Raman spectrum if present.25 Additionally, the Raman data for the synthesized

products helped elucidate the type of inverse spinel crystal present, as XRD typically

cannot distinguish specifically between Fe3O4, γ−Fe2O3, and CoFe2O4, which have

differences in cation distributions/vacancies.26–28

The Raman also gives us insight into what is changing in the crystal structure as

the reaction is scaled down. Figure 5.4B shows the trends in peak areas for major

Raman modes (T2g, A1g(1), and A1g(2)) of CFNPs from each reaction. The A1g(1)

mode arises from vibrations of the Td sublattice (symmetric stretching of oxygen with

respect to the Td centre28), while the T2g mode is due to vibrations in Oh sublattice

(symmetric and antisymmetric oxygen bending28).29,30 As the reaction is scaled down,

the T2g peak diminishes significantly, while the A1g(2) slightly decreases. The change

at ν4 signifies major changes at Oh sites, corresponding to decreased Co2+ occupation

as the reaction is scaled down.31

As well as trends in peak area, reaction scale also results in the shift of the four
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Figure 5.6: (A): Raman spectra of CF crystals before (precursor product) and after
annealing for 100%-scale at 45 ◦C and 25%-scale. (B): Corresponding XRD data for
products before and after annealing.

most significant Raman peaks. Table 5.2 shows Raman peak locations for the Eg,

T2g, and two A1g modes; the peak shifting trends are visualized in Figure 5.5. The Eg

peak in Figure 5.5(A) associated with octahedral sites25,28 doesn’t considerably shift,

remaining ±2 cm−1 from the median value of 292 cm−1 though generally trending

to a higher wavenumber as the reaction scale decreases. The T2g mode (B) is also

associated with octahedral sites, and similarly shifts to a higher wavenumber as the

reaction scale decreases. The shifts of both the Eg and T2g modes to higher wavenum-

ber (and therefore higher energies) indicate changes at octahedral sites, potentially

due to an increased proportion of Fe3+ occupancy. The two A1g modes (C) shift to

lower wavenumbers (higher energies) with decreasing reaction scale. The biggest dif-

ference for these modes is seen between the 100% (90◦C) and 25% A1g peaks, with a

shift from 630.9 cm−1 to 595.4 cm−1 (∆ 35.5 cm−1) for A1g (2), and from 678.9 cm−1

to 657.9 cm−1 (∆ 21.0 cm−1) for A1g (1) .
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Scale MS (emu/g) Hc (Oe) Mr (emu/g) Squareness
100% (90 ◦C ) 57.2 1200 25.296 0.4420
100% (45 ◦C ) 29.3 1400 11.9780 0.4080
25% 53.9 0 0.617 0.0114
12% 48.5 0 1.6537 0.0362

Table 5.4: Magnetic parameters for each CFNP synthesis, showing changes in satu-
ration, coercivity, remanence, and squareness as the reaction is scaled.

Further insight into the crystal structure and growth can be seen when comparing

precursor and post-annealing products. Figure 5.6A shows a snapshot of Raman

spectra before and after annealing for two of the scales, 100% at 45 ◦C and 25%,

while part B shows equivalent XRD data. Raman of both precursors shows strong

presence of the A1g peak around 668cm−1 associated with Td geometry, while the

100% (45 ◦C ) additionally has a significant T2g peak at around 668cm−1Ṫhe XRD

data (Figure 5.6B indicates that the 25% precursor product is amorphous, while that

for the 100% (45 ◦C ) is crystalline in nature. This is likely to be attributed to the

lower reaction temperature, allowing for slower growth of crystals. After annealing,

both products exhibit high crystallinity.

Along with geometry changes, the NPs from each scaled reaction exhibit differences

in their magnetic properties. Figure 5.7 shows magnetic hysteresis curves for each

scaled product, and how they each respond to the applied field. Magnetic saturation

values (MS) indicate the maximum magnetic strength of a material when all domains

are aligned via an external field, noted as the maximum y-value plateau in a VSM

curve.32 While MS values for 100% (90 ◦C ), 25%, and 12% scales were found to be

relatively similar (Table 5.4), the 100% (45 ◦C ) deviates from the rest with a MS value

of 29 emu/g, likely due to slower crystal growth at the lower temperature affecting

domain size.33,34

While it may seem a hematite impurity is potentially responsible for the drop in

saturation magnetization, being an anti-ferromagnetic material, again the confirma-
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Figure 5.7: Magnetic hysteresis curves for CF crystals synthesized at 100%-scale at
both 90 ◦C and 45 ◦C , 25%-scale, and 12%-scale. The saturation values for each
sample are listed in the inset.

tion from Raman spectral analysis shows us that any hematite present is a negligible

minority. A minority phase can show significant signal in XRD if that phase is highly

crystalline.

Remanence (MR) refers to the magnetic field a material retains when no external

field is applied, while coercivity (HC) represents the field required (in the opposing

direction) to de-magnetize the material.35 The MR and HC values differs greatly be-

tween the scaled products (Table 5.4, visualized in the inset of Figure 5.7. The MR

value is largest for the 100%-scale products, with a MR of 25 emu/g for the 90 ◦C
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product and 12 emu/g for the 45 ◦C product, while the scaled-down 25% and 12%

products have MR values of 0.62 emu/g and 1.6 emu/g respectively. The 25% and

12% crystals additionally exhibit no coercivity (closed hysteresis loop), which others

have attributed to superparamagnetic behaviour.33 Both 100%-scale products differ

from this, exhibiting open hysteresis loops with HC values of 1400 Oe (45 ◦C ) and

1200 Oe (90 ◦C ), behaving as so-called “permanent” magnets.

Figure 5.8: Simulated VSM curves for an inverse spinel (NiFe2O4) with nanoscale
particle size, showing resultant curves for single-domain particles (top) versus multi-
domain (bottom). Reprinted from Journal of Magnetism and Magnetic Materials, R.
H. Kodama, “Magnetic Nanopartifcles”, 200, 359-372, (1999), with permission from
Elsevier.

By definition, a single-domain material cannot have a coercivity. Single-domain

materials (such as superparamagnetic particles) undergo a rapid and efficient flip of di-

rectional spins, and remain aligned until an opposing field influences them. Figure 5.8
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from Kodama (1999)36 illustrates this for calculated hysteresis loops of a nickel fer-

rite, analogous to CF in structure. This illustrates how some magnetic boundaries

(ie. domains) are required for net electron spins in >1 direction, creating permanent

magnetism and therefore coercivity.

To further elaborate, the clearest trend for the scaled products and their associated

magnetic characteristics is seen in the squareness, which is the ratio of magnetic

remanence (MR) to saturation (MS). Specifically, MR indicates the net magnetic

moment per unit of material when the applied field is removed. As seen in Table

5.4, the squareness of the 90 ◦C and 45 ◦C 100%-scale products are similar, with

the higher reaction temperature having a slightly larger squareness value than the

lower temperature (0.4424 vs 0.4084, respectively). The value for squareness of the

25%-scale reaction is 0.1387, almost 3x smaller than that of the largest value, while

for 12%-scale the squareness is 0.0362, an order of magnitude less than the largest

value.

In summarizing the characterization of the particles throughout all scales of syn-

theses, it is important to note that the initial nucleation and subsequent growth

of particles in the reaction mixture determines the final product. Annealing of the

precursor product is necessary to obtain the highly-crystalline inverse spinel, but the

annealing conditions remain the same across all trials. The differences in NP products

are therefore determined earlier than the annealing step, indicating the nucleation in

solution is the key factor.
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5.3.2 Altering synthesis parameters beyond scale

5.3.3 Sensor design

The design process for the sensing platform utilizing magnetic NPs is outlined in

Chapter 2. This final procedure was used to fabricate the CF version of the sensor as

well.

As a proof-of-concept measure, all components of the working sensor were isolated

and tested to assess individual-performance versus composite-performance. Figure 5.9

shows isolated spectra for the Au base-layer and CFNPs (100%-scale at 90 ◦C , pat-

terned on glass alone and non-patterned on Au), both as blanks and exposed to 1

ppm phenanthrene, which primarily show fluorescence and/or CFNP signal, and no

enhancement is visible. When all components are combined as described in 5.2.4,

strong enhancement is observed. It is clear that each layer plays a role in successful

enhancement, and is particularly notable that the patterning of the NPs (and not

simply their presence) is crucial for the powerful enhancement of the whole platform.

This method of magnetic patterning results in a complex multi-layer, and within

these layers are where sensing occurs. The Raman laser collects strong SERS spectra

only when set within the layers; collecting while focused on the base Au surface results

in either very poor peak intensity from the analyte, or only seeing glass fluorescence.

The complex topography also allows for a multitude of adhesion sites for the organic

analyte.

5.3.4 Sensor performance

Pattern directionality of the magnetic NPs (Figure 5.11, (a) middle versus (b) outer

edge), as mediated by the eternal field during the fabrication process, does not in-

fluence the quality of SERS data collected. Data collected from any location of the
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Figure 5.9: Separation of Au film and CFNPs, showing how each behave under testing
conditions of the working sensor. Annealed Au is shown as a blank and exposed layer,
while the same is done for CFNPs (both patterned and a non-patterned equivalent),
all of which display glass fluorescence or NP signal and no visible enhancement of
the loaded 1 ppm phenanthrene. When all components are combined (top spectrum),
enhancement of the analyte is successful (spectrum scaled down 0.5x)

surface gives reproducible results, noted in Figure 5.10. Instead, the type of NPs is

the determining factor for SERS performance on any given substrate.

Figure 5.12 shows SERS spectra for substrates made with CFNPs from the major

scaled-syntheses (100%, 25%, & 12%), exposed to 1 ppm (left) and 1 ppb (right)

phenanthrene. The 100%-scale CFNPs consistently exhibit the strongest enhancement

at the ppm level, with an average SNR of 4.33 dB for 1 ppm of phenanthrene, and the

max SERS peak of 4.49 dB. The 25%- and 12%-scale CFNPs then follow, respectively,

with SNRs of 4.12 dB and 4.11 dB. For ppb trials, 100%-scale substrates exhibit an

average enhancement of 3.38 dB, while 25% had an average SNR of 3.87 dB, and 12%
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Figure 5.10: SERS spectra collected from various locations across a substrate, exposed
to 1 ppm of phenanthrene. Signal is consistent and strong at all points on the surface,
with no preferential location.

Figure 5.11: Optical images stitched together, showing the patterning across the
surface of a finished substrate. Sensing differences at locations (a) or (b) are negligible,
indicating there is no preferential spot for spectral acquisition.
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Figure 5.12: SERS performance of substrates made with the various scales of CFNPs,
exposed to phenanthrene. Both the 1 ppm (left) and 1 ppb (right) tests show dif-
ferences in SERS enhancement between the various synthesis products, where the
100%-scale crystals provide the best enhancing environment for each concentration of
PAH tested.
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with an SNR of 3.56 dB. These averages for 1 ppb were the same magnitude across all

substrates, with a maximum SERS peak from the 100%-scale substrate at 4.33 dB.

There are a few variables that contribute to these differences in SERS performance.

Referring back to Table 5.1, the 100%-scale and 25%-scale CFs exhibit the same

geometries with some similar distributions - many small nanospheres making up 50%-

60% of the sample, with the remainder being large octahedra and disks. The 25%-

scale, however, has a higher proportion of large disks than octahedra, and the average

disk size is also larger than that of the 100%-sample at 700 nm. These samples also

differ in maximum particle size, where the 100%-scale product has octahedra upwards

of 1 µm in size, while the max size in the 25% product are disks around 850 nm.

It is well-known that geometry plays a very important role in plasmonic enhance-

ment, as shapes with angular components (cubes, stars, octahedron, etc.) allow for

greater electron density at edges or points.37–39 With this in mind, it follows that the

edges of the octahedra provide hot-spots, as compared to the rounded surfaces of the

disks or spheres.

5.3.5 Magnetic field application during spectral acquisition

Along with geometry differences, the difference in permanent magnetism (MR between

the 100%-scale products and the 25%- and 12%-scale products) is a significant factor

in the observed SERS performance. Figure 5.14 shows the calculated SNR values

plotted against the magnetic characteristics of the CFNPs used in the sensor, to de-

termine if any clear correlation can be noted. No clear trends are seen through all

samples, though there may be some correlation between high remanence, high coer-

civity, and high SNRs when a magnetic field is applied. The error bars associated

with the calculated SNR statistics clearly show that more data needs to be acquired

for conclusions to be drawn. While further replicate and mechanistic studies are war-
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Figure 5.13: Raman spectra showing the effects of applying a magnetic field during
spectral acquisition. The bottom spectrum shows un-assisted SERS enhancement of 1
ppb phenanthrene on a sensor made with 100%-scale CFNPs, while the top spectrum
shows enhancement from the same substrate with a magnet applied to the underside
of the sensing substrate during collection.
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Figure 5.14: When comparing resulting SNRs against magnetic characteristics MR,
MS, and HC of the CFNP particles, no trends in the data are apparent. Given the
associated error bars for each calculated SNR value, it is clear that more data is
required before anything conclusive could be said.

ranted to explore this overall interaction more for uses in plasmonic sensing, principle

proof-of-concept tests in applying this external field were performed to assess such a

magnetic contribution.

Figure 5.13 shows a spectrum from a 1 ppb exposed CFNP substrate displaying

SERS enhancement (bottom), and the same substrate with a magnet applied during

spectral acquisition (top). These are necessarily in different locations on the sur-

face, as adding the magnet requires moving the sample. When an external field is

applied, the intensity triples in number of counts, indicating increased enhancement

over that of the plasmonic surface alone. There is a notable increase in SNRs for most

substrates under these conditions, with the average from the 100%-scale substrate in-
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Figure 5.15: Comparison of freshly-exposed CFNP substrate (1 ppm phenanthrene;
top) to the same surface checked one year later (2nd from top), showing surface
activity which compares to a fresh exposure. The second last spectrum shows the
one-year-later exposed substrate after washing with toluene (x3), showing removal of
all detectable analyte.

creasing from 3.38 to 4.36 dB. Not all of those increases are statistically significant,

as determined from pair-wise t-tests comparing performance with and without the

applied magnetic field. The only statistically significant difference with and without

the magnet was for the 100%-scale substrate, the one with the largest remanence and

coercivity. An external magnetic field alone enhanced the SERS response by a full

order of magnitude, as no other changes occurred between acquisitions.

Reusability and archival use

With practical sensing in mind, assessing metrics like archival nature and reusability

of a substrate are important for future usage. Reliable surfaces are important for

record-keeping, with assurance materials will not degrade in a period of time and lose
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function, while reusability is important regarding costs and environmental impact.

Figure 5.15 shows spectra of a new substrate exposed to analyte compared to the

same surface one year later (top two spectra, respectively), in order to assess longevity

of the surface as an enhancing environment, stored under ambient conditions with no

specialized environment. After a year, enhancement is comparable to that of the

freshly-exposed substrate, indicating that the surface is very stable and reliable.

To assess reusability (for at least one cycle), the exposed substrate was actively

washed in triplicate with pure toluene. After washing, a spectrum of the surface

collected was compared to that of a newly fabricated substrate, showing that analyte

peaks were no longer present on the surface.

5.4 Conclusions

We synthesized four different scaled products of cobalt ferrite nanoparticles, through

pH-mediated precipitation. In characterizing the materials, it was determined that

changing the reaction scale alters particle geometries and magnetic characteristics,

due to changes in crystal growth conditions and metal ion occupancies in the crystal

structure.

The products were then integrated into a plasmonic sensing surface design for

SERS, using magnetic patterning to create a heirarchical multi-layer of the NPs.

Performance of the sensors were assessed and compared, using the PAH phenanthrene

as an analyte of interest. The scale with the biggest maximum particle size and largest

magnetic remanence provided the largest amount of enhancement, with a max SNR

of 4.49 dB. A proof-of-concept test was also performed to test impact of an applied

magnetic field on the sensing surface during Raman collection, where intensity was

found to increase threefold with with the additional field, and SNRs increased by a
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full order of magnitude with statistically-significant difference when compared to the

same sensor without the field applied.

Additional tests were performed to assess viability of archival use of these sensors,

along with reusability. The surfaces are stable for at least one year, performing

comparably with newly fabricated sensors without having to be stored under special

environmental conditions. The substrates are also reusable, following simple rinsing

using a non-polar solvent.

The implications of magnetic influence towards significant plasmonic enhancement,

particularly when involving magnetic materials within the design, are highly impor-

tant and require further study. As well, the overall variety of geometries, along with

presence of angular disk shapes and elongated octahedra into prisms, gives insight

into the crystal growth mechanism which can be explored in future experimentation.
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Chapter 6

Conclusions and Future Directions

6.1 Conclusions of reported works

The whole of this thesis has aimed to approach SERS-sensing with a new and un-

conventional design, exploring magnetic materials as primary sensor components for

the first time in the field. The IONPs and CFNPs reported here have been thus-far

ignored in their contribution to optoelectronic sensing platforms when they have been

used, demoted to use as a moveable handle for other main materials of interest.

Both the IONPs and CFNPs synthesized proved to be valuable contributors to

surface enhancement when patterned onto Au thin films, where the surface perfor-

mance was lost if patterned NPs were not present on the surface. This patterned

multi-layer is complex in topography, especially for that of the CFNPs with mixed-

geometry products, providing both enhancement and adhesion sites for the analytes.

The CFNPs with large angular geometries (octahedra of 400+ nm) and a significant

proportion of nanospheres (60 nm), along with the largest magnetic coercivity of

1200 Oe, provided the most significant enhancement with SNRs of almost 5 dB.

Scaling the synthesis of these CFNPs began as a practical measure, but resulted
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in significant changes of the properties and geometries of the crystals obtained. Scal-

ing the reaction mixture down resulted in a loss of the octahedral shapes, leaving

only rounded disks and spheres, and also resulted in superparamagnetic behaviour

instead of permanent magnetism with coercivity. The changes in reaction kinetics

by scaling altered the nucleation (and subsequent growth) of NPs, resulting in the

geometry changes and differences in size distributions/maximum particle sizes. These

differences also provide insight into the enhancement mechanism occurring, with im-

plications that the permanent magnetism found in certain scaled products significantly

contributes to the overall signal enhancement observed.

To further begin to address this, proof-of-concept tests were performed where a

magnet was applied to the patterned surface during spectral acquisition, and this

was compared to the same substrate without a magnet applied. The signal intensity

increased over 3x in counts with the application of the magnetic field, implying a

significant contribution of the magnetic properties of the NPs to the enhancement

observed.

6.2 Future directions

There are numerous directions in which this project could continue, with all avenues

leading to optimized sensors for various applications. Regarding the work reported

thus far in this thesis, further studies into the contributions of NP geometry and

magnetism would help in understanding the enhancement mechanism, and therefore

the contributions both of these parameters provide.

Specific CFNP geometries (octahedra, disks, spheres) synthesized through meth-

ods which allow for more size-control, such as thermal decomposition,1 would allow

for equivalent patterned sensors to be fabricated with single geometries or highly con-
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trolled mixtures. By comparing sensors made only with octahedra, disks, spheres, or

mixtures, there may be a clear quantifiable enhancement associated with a particular

shape or mixing ratio.

In answering these questions regarding the CFNP sensors, the next step is to

look at the use of similar ferrites with different 2+ metals, such as NiFe2O4. Such

variations of inverse spinel structures will result in changes of magnetic characteristics

like remanence, coercivity, and saturation, as changing the 2+ metal will result in

new lattice parameters and distances which directly impacts magnetic properties.2 In

addition to this, swapping the 2+ metal in the synthesis creates potential for other

crystal morphologies,3 which will aid in understanding all of these magnetic metal

oxides as an enhancing component. Doping ferrites with other metals will also alter

aforementioned magnetic properties, which may be more advantageous for use in these

optoelectronic sensors.4,5 Use of such materials with varied saturation, remanence, and

coercivity values in the patterned surface will help in our deeper understanding of the

enhancement mechanism, and how performance relates to the various measures of

magnetism.

As the reported versions of our sensor work well for PAHs, which are highly sym-

metric and conjugated molecules, other molecules with similar attributes would likely

behave similarly with the current design. Beyond this, the powerful sensing abilities

of this surface has potential to be used with a number of other analyte types with

some modifications.

As nanoparticles are highly customizable with a large surface area, many things

can be added or changed on the surface to create selectivity for particular analytes. By

decorating the NP surface with antibodies of various pathogenic viruses or bacteria,

this would allow for sensing of antigens in a quick confirmational test from saliva,

urine, or blood samples. Similarly, food safety testing could be targeted by sensing
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for food-borne pathogens or pesticides by addition of antibodies or polar surface

components on the NPs, respectively. This list of future target molecules or sensor

versions are non-exhaustive, as the patterned NPs offer the needed versatility and

therefore have potential for many future uses.
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Appendix A

Supplementary information for

Hierarchical magnetic films for

high-performing plasmonic sensors,

Chapter 2

A.1 Energy-dispersive X-ray (EDX) data

Figure A.1: EDX spectroscopy confirms removal of counter ions and the presence of
iron oxides.
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A.2 Sizing via Dynamic Light Scattering (DLS)

Sizing of synthesized NPs was attempted numerous times using DLS, but results were

inconclusive. The agglomeration of particles meant that diffusion constants did not

reflect the individual NP size. Furthermore, the mixed Fe3O4/γ−Fe2O3 crystal made

the permittivity value difficult to estimate. Due to these factors, DLS analysis was

discontinued in favour of sizing info via SEM imaging.

A.3 Atomic Force Microscopy data

Figure A.2: Atomic force micrographs of the surface of a freshly-deposited ∼5 nm
gold layer (left), created via magnetron sputtering, and a gold layer after annealing
(right). The surface is initially largely smooth (the large spikes are noise associated
with Au deposits 50-100 nm in height). After annealing, in preparation for use in the
sensor design, the sputtered gold layer has become roughened.
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A.4 Supplementary Raman data

Figure A.3: Spectra acquired after each successive nanoparticle layer addition of
20 µL, showing fluorescence being quenched with sufficient layers.

Figure A.4: Spectra acquired when focused within the nanoparticle multi-layer (top)
allows for excellent enhancement of the analyte, while focusing on the reflective gold
surface (bottom) largely results in fluorescence with very few enhancement peaks.

147



Figure A.5: Spectra acquired from different surface locations on patterned substrates
show reproducible Raman signals and intensities from the exposed analyte

A.5 Signal-to-Noise (SNR) Calculations

SNR calculations were performed to assess the signal of plasmonically-enhanced Ra-

man peaks compared to the baseline noise of the same spectrum.

To calculate this ratio, a section of the baseline, comprising of around 500 data

points, was compared to peaks at 808 cm−1 and 906 cm−1.

First a simple, zeroth order baseline subtraction was performed, because the spec-

tra often are offset from zero (the baseline and all peaks have counts values well above

zero). This was done by taking the mean of the baseline values and subtracting that

from each point in the spectrum. This offsets the the spectrum so that the baseline

consists of noise around zero counts. The peaks are of course likewise lowered from

the initial offset.

The average baseline value was zero, with the noise consisting of positive and

negative values. Baseline values were each squared, then averaged, to provide the

“noise” level. The intensities at the peaks (already offset as indicated above) were

also squared, and this provided the “signal”.

Each signal value was divided by the noise value (average squared baseline) to
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Figure A.6: The spectrum in (a) shows the Raman modes for ferrimagnetic
Fe3O4/γ−Fe2O3, as per a freshly patterened substrate. Spectrum (b) shows the same
surface after 4 years of slow oxidizing under ambient storage conditions, after being
freshly exposed to analyte. The iron oxide form has changed to an oxy-hydroxide,
γ−FeO(OH), and these are the only modes visible in the spectrum. No analyte peaks
are detectable.

obtain the ratio of SNR. The logarithm of this value provides the SNR in units of dB.

For example, for the peak at 808 cm−1 the SNR would be calculated as follows:

SNR = log
(

I2
808∑(I2

baseline)/N

)
(A.1)

where I808 is the intensity in counts at 808 cm−1after baseline subtraction, Ibaseline are

the intensity values of the baseline after baseline subtraction, and N is the number of

points in the baseline.

A.6 Produced Water sampling

Before sampling, a 4 L glass bottle was cleaned using soap and water and then rinsed

with ultrapure water. The bottle was then soaked in a solution of 0.81 M KOH in

80/20 isopropyl alcohol/ultrapure water, and then rinsed with ethanol and ultrapure
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water. The bottle was then soaked in 6 M HCl followed by a thorough rinse with

ultrapure water.

Produced water (PW) samples were taken from a holding tank aboard an oil

platform off the shore of Newfoundland. In short, 4 L of produced water was collected

into a cleaned glass bottle. After sampling was completed, the bottle and its contents

were allowed to cool to room temperature, and then were placed in a beverage cooler

with ice packs to keep the water cool. The cooler and its contents were transported

via helicopter to the Cougar Helicopter terminal of St. John’s International Airport

where the research team collected the water samples.

To inhibit bacterial growth and/or bacterial degradation of the water samples,

upon return to the laboratory at Memorial University, the pH of the produced water

was adjusted to approximately 2 using concentrated H2SO4. This sample was then

exposed to the substrate for SERS measurements.

A.7 Gas Chromatography-Mass Spectrometry

(GC-MS) procedure

Produced water samples were analyzed using Gas Chromatography-Mass Spectrom-

etry (GC-MS) for qualitative analysis of its components, as well as quantitatively

analyzed to determine the Total Organic Carbon of the water. These results were

then used to verify the presence of PAHs noted in the Raman Spectroscopy data.

A.7.1 Organic Extraction of Produced Water

All glassware used in the extraction and analysis of produced water samples were

cleaned in the same manner as the glass bottle used to collect the water samples, as

outlined in Section A.6.
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A.7.2 Dispersive Liquid-Liquid Microextraction (DLLME)

A 10 mL aliquot of Produced water was placed into a 50 mL centrifuge tube. A 1.5 mL

volume of 2:1 ethanol/chloroform was rapidly injected into the produced water using a

Hamilton syringe, resulting in a cloudy mixture being formed. The tube was then spun

in a centrifuge at 2500 rpm for 3 minutes. After centrifugation, 2 distinct layers had

formed in the tube. The organic layer was removed using a syringe, and concentrated

under a constant flow of filtered, dried air. Before GC-MS analysis, the concentrated

extract was re-diluted with 1.5 mL HPLC grade-chloroform, filtered through #5 filter

paper, and transferred to a GC-MS vial for analysis.

A.7.3 GC-MS Analysis

Gas Chromatography-Mass Spectrometry was performed with a quadrupole mass

spectrometer and an Agilent 6890N GC system using a 30 m DB-5 capillary column

with Helium carrier gas. Samples were taken using an autosampler with split/split-

less injections of 1.0 µL using an automatic injector temperature set to 285 ◦C. The

GC oven was programmed from 60 ◦C to 300 ◦C (20 ◦C/minute), and then held at

300 ◦C for 10 minutes. Peaks were identified using the National Institute of Standards

and Technology (NIST) mass spectral database. For quantification of components,

external standards were used to create a calibration curve.

A.8 GCMS results

Table A.1 presents a breakdown of components of produced water detected by GC-MS.
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Table A.1: GC-MS data for produced water, sampled from an offshore oil platform.

retention peak area NIST database results database probability concentration
time (min) (%) (ppm)

4.308 144744 hexachloroethane 53.3 0.2656∗

4.674 2187728 cyclohexanecarboxylic acid 71.3 0.7763

5.120 5253321 4-methylcyclohexanecarboxylic acid 65.0 1.5427

5.325 193337 10-undecenoic acid, methyl ester 66.4 0.2777

cyclohexanebutanoic acid 65.3

5.417 215660 undecylenic acid 68.9 0.2833

5.474 492258 1,5,5-trimethyl-6-methylenecyclohexene 72.1 0.3524

5.817 3678663 1,5,5-trimethyl-6-methylenecyclohexene 69.4 1.1490

5.954 958694 2-ethenyl-1,3,3-trimethylcyclohexene 73.2 0.4690

6.103 533199 2-ethylidene-6-methyl-3,5-heptadienal 71.5 0.3627

2-(2-butynyl)cyclohexanone 69.7

6.331 734787 4-(2,5-dihydro-3-methoxyphenyl)butylamide 73.4 0.4131

6.451 794754 2-ethylidene-6-methyl-3,5-heptadienal 68.0 0.4281

6.623 1222636 2,6,10-triethyltetradecane 72.9 0.5350

* From solvent † No structure ‡Based off of standards Continued on next page
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Table A.1 – continued from previous page

retention peak area NIST database results database probability concentration
time (min) (%) (ppm)

6.703 1442310 2,4,7,9-tetramethyl-5-decyn-4,7-diol 73.5 0.5899

6.794 402810 1,3-dimethylnaphthalene 59.8 0.3301

6.880 641793 1,3-dimethylnaphthalene 70.1 0.3898

1,7-dimethylnaphthalene 70.0

7.034 1257407 6-(ethylamino)-1,3,5-triazine-2,4-(1H,3H)-dione 63.8 0.5437

1,3-dimethylnaphthalene 60.6

7.269 2457807 2,6,10-trimethyltetradecane 80.6 0.8438

Pentadecane 79.2

7.434 257854 6-(1,3-dimethyl-buta-1,3-dienyl)-1,5,5-trimethyl-7-oxa-

bicyclo[4.1.0]hept-2-ene

67.1 0.2938

chlorodehydromethyltestosterone 66.4

7.556 876434 cis-3-octyloxiraneoctanoic acid 63.4 0.4485

4-(3-methyl-2-butenyl)-1H-indole 61.4

* From solvent † No structure ‡Based off of standards Continued on next page
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Table A.1 – continued from previous page

retention peak area NIST database results database probability concentration
time (min) (%) (ppm)

7.811 731875 6-(1,3-dimethyl-buta-1,3-dienyl)-1,5,5-trimethyl-7-oxa-

bicyclo[4.1.0]hept-2-ene

66.7 0.4123

chlorodehydromethyltestosterone 65.3

7.866 2764150 2,6,10-trimethyltetradecane 77.9 0.9204

Hexadecane 77.8

7.949 993298 5-Hydroxy-8,8-dimethyl-3,3a,4,5,6,7,8,8b-octahydroindeno[1,2-

b]furan-2-one

63.7 0.4777†

8.160 1520041 2-Myristynoyl pantetheine 68.3 0.6094

7-Methyl-Z-tetradecen-1-ol acetate 68.0

2-hexadecanol 67.1

8.263 607013 methyl-11,14-eicosadienoate 69.3 0.3811

8.389 303197 Retinol 69.6 0.3052

1,1,4,6-tetramethylperhydrocyclopropa[e]azulene-4,5,6-triol 69.3

* From solvent † No structure ‡Based off of standards Continued on next page
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Table A.1 – continued from previous page

retention peak area NIST database results database probability concentration
time (min) (%) (ppm)

8.469 6108405 2,6,10-trimethyltetradecane 86.0 1.7565

Heptadecane 78.7

8.863 917329 17-acetoxy-3-methoxy-4,4-dimethyl-8,14-Seco-3,19-

epoxyandrostane-8,14-dione

66.0 0.4587†

2-methyl-cis-7,8-epoxynonadecane 65.6

8.972 357997 Ursodeoxycholic acid 70.8 0.3189

9.023 13769694 N-butylbenzenesulfonamide 70.2 3.6718

9.126 1663616 Phenanthrene 0.6453‡

9.246 1207876 10-Acetoxy-2-hydroxy-1,2,6a,6b,9,9,12a-heptamethyl-

1,3,4,5,6,6a,6b,7,8,8a,9,10,11,12,12a,12b,13,14b-octadecahydro-

2H-picene-4a-carboxylic acid, methyl ester

70.3 0.5313

9.360 245962 10-Acetoxy-2-hydroxy-1,2,6a,6b,9,9,12a-heptamethyl-

1,3,4,5,6,6a,6b,7,8,8a,9,10,11,12,12a,12b,13,14b-octadecahydro-

2H-picene-4a-carboxylic acid, methyl ester

70.2 0.2909

* From solvent † No structure ‡Based off of standards Continued on next page

155



Table A.1 – continued from previous page

retention peak area NIST database results database probability concentration
time (min) (%) (ppm)

9.418 540948 17-acetoxy-3-methoxy-4,4-dimethyl-8,14-Seco-3,19-

epoxyandrostane-8,14-dione

67.8

2-bromooctadecanal 66.5 0.2294

9.492 469204 10-Acetoxy-2-hydroxy-1,2,6a,6b,9,9,12a-heptamethyl-

1,3,4,5,6,6a,6b,7,8,8a,9,10,11,12,12a,12b,13,14b-octadecahydro-

2H-picene-4a-carboxylic acid, methyl ester

70.2 0.3467

9.755 4681389 10-Acetoxy-2-hydroxy-1,2,6a,6b,9,9,12a-heptamethyl-

1,3,4,5,6,6a,6b,7,8,8a,9,10,11,12,12a,12b,13,14b-octadecahydro-

2H-picene-4a-carboxylic acid, methyl ester

69.5 1.3997

methyl-11,14-eicosadienoate 66.1

10.018 *369181 1-Heptatriacotanol 72.2 0.3217

Oleic acid, eicosyl ester 70.8

10.058 4871673 3-ethyl-5-(2-ethylbutyl)octadecane 73.8 1.4473

9-hexylheptadecane 72.8

* From solvent † No structure ‡Based off of standards Continued on next page
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Table A.1 – continued from previous page

retention peak area NIST database results database probability concentration
time (min) (%) (ppm)

10.246 3649907 dihydro-3-octadecyl-2,5-furandione 71.2 1.1418

10.326 562805 1-Heptatriacotanol 71.7 0.3701

10.406 1708469 10-Acetoxy-2-hydroxy-1,2,6a,6b,9,9,12a-heptamethyl-

1,3,4,5,6,6a,6b,7,8,8a,9,10,11,12,12a,12b,13,14b-octadecahydro-

2H-picene-4a-carboxylic acid, methyl ester

69.4 0.6565

Dihydroxanthin 69.2

10.538 3818562 3-ethyl-5-(2-ethylbutyl)octadecane 73.9 1.1840

17-pentatriacontene 73.8

10.715 1701717 Oleic acid, eicosyl ester 72.5 0.6548

10.995 3104254 17-pentatriacontene 75.9 1.0054

11.161 2060196 Oleic acid, eicosyl ester 72.6 0.7444

11.441 5463042 3-ethyl-5-(2-ethylbutyl)octadecane 75.4 1.5951

* From solvent † No structure ‡Based off of standards Continued on next page
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Table A.1 – continued from previous page

retention peak area NIST database results database probability concentration
time (min) (%) (ppm)

11.595 1701978 Dodecanoic acid, 1a,2,5,5a,6,9,10,10a-octahydro-5a-hydroxy-

4-(hydroxymethyl)-1,1,7,9-tetramethyl-6,11-dioxo-1H-2,8a-

methanocyclopenta[a]cyclopropa[e]cyclodecen-5-yl ester, [1aR-

(1a,2,5,5a,8a,9,10a)]-

72.2 0.6549

11.732 4041227 Oleic acid, eicosyl ester 72.4 1.2397

11.864 4134897 3-ethyl-5-(2-ethylbutyl)octadecane 77.9 1.2631

11.955 2250541 Butanoic acid, 4-chloro-, 1,1a,1b,4,4a,5,7a,7b,8,9-decahydro-

4a,7b-dihydroxy-3-(hydroxymethyl)-1,1,6,8-tetramethyl-5-

oxo-9aH-cyclopropa[3,4]benz[1,2-e]azulene-9,9a-diyl ester,

[1ar-(1a,1b,4a,7a,7b,8,9,9a)]-

71.5 0.7920

12.092 228346 3-acetoxy-7,8-epoxylanostan 74.9 0.2865

12.275 3781510 3-ethyl-5-(2-ethylbutyl)octadecane 75.2 1.1747

17-pentatriacontene 74.4

12.412 620435 3-acetoxy-7,8-epoxylanostan-11-ol 75.0 0.3845

* From solvent † No structure ‡Based off of standards Continued on next page
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Table A.1 – continued from previous page

retention peak area NIST database results database probability concentration
time (min) (%) (ppm)

12.664 3031038 3-ethyl-5-(2-ethylbutyl)octadecane 74.1 0.9871

12.790 1077356 3-acetoxy-7,8-epoxylanostan-11-ol 76.3 0.4987

13.047 2861076 3-acetoxy-7,8-epoxylanostan-11-ol 72.3 0.9446

13.167 506604 3-acetoxy-7,8-epoxylanostan-11-ol 75.7 0.3560

13.289 105228 3-acetoxy-7,8-epoxylanostan-11-ol 76.2 0.2557

13.447 2909408 3-acetoxy-7,8-epoxylanostan-11-ol 74.6 0.9567

TOTAL 41.9650

PAH Total 1.9089

* From solvent † No structure ‡Based off of standards
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Appendix B

MPTMS Capping of IONPs,

experiments related to Chapter 2

When preparing capped IONPs, I tried two capping agents: APTES and

(3-mercaptopropyl)-trimethoxysilane (MPTMS). The MPTMS-capped nanoparticles

showed many peaks beyond the test analyte, and these peaks changed upon changing

laser power. I concluded that the capping agent itself was reacting with the surface in

some way, and additionally perhaps with moisture/air. Therefore this capping agent

was discontinued in development of the sensors described in Chapter 2.

MPTMS capping was performed exactly as described in section 2.2.2, using 100 µL

of MPTMS in place of APTES.
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Figure B.1: Substrate 8-2 made with patterned IONP@MPTMS exhibits significant
enhancement of 1 ppm phenanthrene.

Figure B.2: Substrate 8-2 (different sensing spot from above figure) again displaying
significant enhancement of 1 ppm phenanthrene.
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Figure B.3: Comparison of sensors made with MPTMS-coated IONPs compared to
the APTES-coated equivalent. Major peaks of phenanthrene on the surfaces remain
consistent, exhibiting strong enhancement throughout.

Figure B.4: Sequential laser exposures (15 second acquisition, followed by 30 s and
15 s again) results in changes of the IONP@MPTMS sensing surface, exposed to 1
ppm phenanthrene.

162



Figure B.5: Sequential laser exposures (45 second acquisition, followed by 90 s and
45 s again) results in changes of the IONP@MPTMS sensing surface, exposed to 1
ppm phenanthrene.

Figure B.6: Scanning across the patterned surface (middle to edge) shows comparable
enhancement at all locations.
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Figure B.7: Increasing laser exposure time before spectrum acquisition results in
increasing amounts of activity on the surface, seemingly as a result of laser power.
The square gaps in the 120 s spectrum (purple, top) are due to photon saturation of
the detector.

Figure B.8: Increasing the laser exposure time results in irreversible changes of the
surface, exposed to 1 ppm of phenanthrene.
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Appendix C

Supplementary information for

Powerful electromagnetic field

enhancement via complex cobalt

ferrite surfaces for plasmonic

sensing, Chapter 4

C.1 Archival use and Reusability

Archivable samples are important to meet some regulatory guidelines and are often

desired by users. These films show excellent longevity on their own, and they also

maintain the sample in its original state for at least 9 months without special storage

conditions (see Figure C.1).

Washing procedures were performed on the substrate surface to assess their po-

tential reusability. Previously exposed samples were re-tested after ≈ 1 year under

165



ambient conditions, and analyte peaks were still prevalent after this time.

Ethanol was employed as the first washing solvent, first via passive beaker loading,

where analyte peaks were still present after this wash. An active rinsing was then

tried, where the substrate was held perpendicular as ethanol was sprayed in quick

intervals onto the surface (1 mL per rinse). After this active washing, Raman data

collected indicated these washing steps were not successful for this analyte.

To address the solubility issues of phenanthrene in ethanol, these procedures were

repeated exactly with toluene. The passive beaker load method was again unsuccess-

ful, but active rinsing with toluene in intervals succeeded in removal of all analyte on

the surface.
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Figure C.1: Raman spectra were collected from a 1-year stored substrate, comparing with the original spectrum aquired
from the same surface when freshly exposed (top two lines). As there was comparable enhancement in both, this indicates
that the substrate can be relied on for long periods of time for archival usage. Regarding potential reusability, ethanol and
toluene were used as washing solvents to remove all presence of analyte. While all use of ethanol was unsuccessful, toluene
in an active spray onto the surface successfully removed all analyte, making the substrate reusable for at least one cycle.
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C.2 Experimental Details

C.2.1 Materials

Cobalt (II) chloride hexahydrate (≥99%) and iron (III) chloride hexahydrate (≥99%)

were purchased from Sigma Aldrich (Oakville, Ontario, Canada). Concentrated hy-

drochloric acid and sulfuric acid were purchased from Fisher Scientific (Ottawa, On-

tario, Canada). Concentrated ammonium hydroxide solution was purchased from

ACP Chemicals (Montreal, Quebec, Canada). Ar (ultra-high purity) was purchased

from Praxair Canada. Distilled and filtered nanopure water was obtained from a

Barnstead 18.2 MΩ · cm system. All chemicals were used without further purification.

C.2.2 Nanoparticle Synthesis

Magnetic NPs were prepared via the Massart1 precipitation method. NPs were cre-

ating by mixing 37.8 g of FeCl3 · 6H2O and 16.6 g of CoCl2 · 6H2O into 100 mL of

nanopure water at around 80 ◦C under constant stirring. The salts dissolved readily,

resulting in a clear dark pink solution, after which concentrated NH4OH was added

slowly (around 0.5 mL/sec) to the mixture until the reaction reached a pH of 11.

Upon addition of base, brown solids immediately began to form. The mixture was

heated and stirred for around 1.5 hrs, after which it was removed from heat and, once

cooled to room temperature, neutralized with dilute HCl (1 M).

After reaching a neutral pH, the NPs were washed in triplicate with nanopure

water to remove all counter ions, with centrifuging and decanting of the supernatant

between each wash.

The solid was then dried overnight in an oven at 80 ◦C. Then the solids were finely

ground using a mortar and pestle and annealed for 9 hours at 600 ◦C, resulting in the

final magnetic product.
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C.2.3 Characterization

Powder X-ray diffraction (pXRD) data were collected from 20◦ to 80◦ 2θ using

a Rigaku Ultima IV X-Ray diffractometer with a Cu-Kα source. Scanning elec-

tron microscopy (SEM), used for size and shape analysis of the products, was

performed on a JEOL JSM-7100F Scanning Electron Microscope, where particle ele-

mental analysis was also performed at the same time with energy-dispersive X-ray

spectroscopy (EDX). Samples were prepared for electron beam analysis by carbon

coating a 2 nm layer, and probe voltages were kept at 15 kV during imaging with a

working distance of 12 mm. Raman spectroscopy of all products and substrates

were performed using a Renishaw InVia confocal Raman system equipped with an 830

nm diode laser source, also with a Leica DM2700 microscope, the camera of which

also provided the optical micrographs. All Raman spectra were collected at 3.0± 0.3

mW (1% power). To study magnetic properties, Vibrating sample magnetome-

try (VSM) was performed using a MicroSense EZ vibrating sample magnetometer

(VSM), and data was collected from ± 20 kOe at around 25 ◦C.

C.2.4 Substrate Fabrication Method

For the substrate base, glass microscope slides (Technologist ChoiceTM, 75 mm ×

26 mm × 1 mm) were cut into three equal pieces using a diamond scribe (SPI Sup-

plies). These slides were then acid-washed, first sitting in a warmed (40 ◦C) concen-

trated HCl bath for 5-10 mins and then in a concentrated H2SO4 bath at the same

temperature for another 5-10 mins. Nanopure water was used to rinse in between,

and ethanol was used to do final rinsing. The cleaned substrates were then submerged

in ethanol until use.

The washed slides were then rinsed with ethanol and dried with compressed air
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to prepare for addition of the plasmonic layer. The substrates were arranged in a

single layer on the stage of a Quorum Technologies K550X Sputter Coater fit with a

gold target (Soquelec model number K550X Au target: 60 mm diameter Au disk, 0.1

mm thickness), where argon was then pumped through. The slides were coated for 1

minute at 20 mA, leading to a deposited gold thickness of around 5 nm. After this,

the gold slides were placed in a Thermo Scientific Lindberg Blue M tube furnace and

annealed at 300 ◦C for 2 hours.

The coated substrates were then placed on a stack of disk magnets (neodymium

alloy, stack of three disks, each with dimensions 18 mm × 3 mm), and successive

layers of the NPs in solution were added. NPs were sonicated (Fisher Scientific FS20)

for about 30 minutes prior to use, to ensure the particles were well dispersed. Layers

of a 2 mg/mL NP suspension were added 20µL at a time, allowing the solvent to

evaporate in between each addition. This was repeated until cobalt ferrite peaks

became dominant over glass fluorescence.

C.2.5 Substrate Testing Method

Once fabricated, the finished substrate was exposed to analyte solution. Substrates

were submerged in a beaker containing the analyte and allowed to sit for 30 min-

utes, after which they were removed and allowed to dry. The substrate was then

immediately analyzed via Raman spectroscopy.

C.2.6 Area of Surface Measured via Raman Spectroscopy
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Figure C.2: Overlay of laser spot size (red dashed oval) on an optical micrograph of
the SERS surface, showing the area encompassed when collecting Raman data.
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