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1 Abstract 

Anisotropic materials have a variety of unique properties and potential 

applications, including catalysis and directed assembly. As such, production of 

anisotropic nanoparticles is of interest. In this work, the production of core-partial shell 

silver nanocube-copper oxide nanoparticles, is the goal. To produce these particles, the 

silver nanocubes are deposited onto polystyrene thin films, and are embedded into the 

polymer to a controlled depth. This allows for control over the exposed surface, which is 

the surface available for coating with copper oxide. These nanoparticles can be removed 

from the surface by dissolving the polystyrene, allowing their in-solution properties to be 

probed.  

In order to produce these structures, several set-ups were tried, leading to the 

development of a promising final set-up. Each of the set-ups had different stirring rates, 

stability of the attached slide and production of bubbles, which can interfere with the 

production of copper oxide shells.  

With the initial set-ups, the order and rate of addition of the reducing agent, 

hydrazine, or the copper precursor, copper nitrate, were varied, with and without lactic 

acid and for both supported and embedded nanocubes. The produced morphologies 

varied for different order and rate of addition of precursors, therefore, allowing for 

control over the produced morphology by changing these parameters.  

With the final set-up, an investigation on the amount of copper precursor, sodium 

hydroxide, and lactic acid for a constant amount of reducing agent was investigated. It 

was observed that without lactic acid, the produced shells did not increase in coverage 
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with increased concentrations. However, with lactic acid, the produced structures 

increase in thickness from low to intermediate concentrations, but at the highest 

concentration, very little copper oxide was deposited on the cubes’ surfaces, as growth 

had occurred in solution.  

With this type of method, core-partial shell particles can be successfully 

produced. Future work should involve further effort for the optimization of the order of 

addition, and concentrations of precursors, for fine control over the produced structures.  
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1 – Introduction 

This section will provide a description of anisotropic materials, their properties, 

potential applications, and synthesis methods. The production of anisotropic 

nanoparticles, namely anisotropic silver-copper oxide core-shell nanoparticles, is the aim 

of this work.  

The fabrication of such structures first involves the synthesis of silver nanocubes, 

accomplished by the Polyol process, and subsequent growth of copper oxide shells, both 

of which are also described in this section. Fine control over the produced structures is 

desired, and so methods of shape control in particle growth are explained. In addition, the 

silver nanocubes are embedded in polystyrene thin films, so that the resultant surface 

coverage of the shell is dependent on the exposed portion. As such, a description of the 

Langmuir-Blodgett method to assemble the particles on the thin films and properties of 

the polystyrene thin films and the embedding process is given. In addition, a description 

of Plasmonics is given, as such properties are used to characterize the particles.  

1.1 – Anisotropic Nanomaterials 

Unlike isotropic materials, which possess consistent properties in all orientations, 

anisotropic materials have properties which differ when measured in different directions. 

Anisotropic nanomaterials include materials which possess morphological anisotropy, 

chemical anisotropy, or both (Figure 1.1).
1
 Morphological anisotropy refers to non-

symmetric structures, and includes a large variety of shaped nanoparticles, such as 

nanorods,
2
 wires,

3
 triangles,

4
 plates,

5
 nanobars,

6
 nanorice

7
 and nanostars

8,9
. In contrast, 

chemical anisotropy refers to chemical composition which is not isotropic, including 
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Janus and patchy particles. Janus particles are those in which the components are 

segregated to the two opposite hemispheres, while patchy particles have the components 

separated into distinct regions.
10

 Many varieties of such particles have been produced, 

including bimetallic nanoparticles,
11

 metal-metal oxide,
12

 metal oxide-polymer,
13

 

polymer-polymer
14

 and the like.   

 

Figure 1.1: Schematic of structures with morphological anisotropy, chemical anisotropy and both 
morphological and chemical anisotropy, where a different colour represents a different material.  

1.1.1 – Applications and Properties of Anisotropic Materials 

Particles that exhibit anisotropy, whether chemical or morphological, have unique 

properties, resulting in their possible use in a multitude of applications that could not be 

realized with isotropic materials. Directed assembly is one such application accomplished 

with anisotropic materials, as opposed to isotropic materials, which lack directional 

interactions.
1
 The ability to control the orientations and the manner in which 

nanoparticles assemble is of paramount importance for the use of such particles. 

Currently, a variety of structures have been produced by making use of these anisotropic 

properties, including nanoparticle chains,
15–18

 dimers,
19

 and small clusters (trimer, 

hexamer, small ring)
20

. Applications of said assemblies include sensors
21

 and 

waveguides.
22,23
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Gold nanorods, a well-studied structure with morphological anisotropy, are often 

capped with cetyltrimethylammonium bromide (CTAB). CTAB exists on the surface as a 

bilayer, with the  ammonium head group of the first layer interacting with the anionic 

nanorod surface and a second layer with the ammonium head group directed towards the 

environment.
24

 Due to higher surface curvature at the nanorod’s ends, CTAB coverage is 

reduced in these regions, making replacement of the CTAB or binding of another 

compound  more likely than on the sides of the rod, where the CTAB is tightly packed.
1
 

Consequently, chains of nanorods have been prepared, through the functionalization of 

the tips with thiolated polystyrene and the subsequent addition of a solvent that is less 

appropriate for polystyrene, resulting in the aggregation of the polystyrene-functionalized 

tips and thus the tip-to-tip assembly of the nanorods.
25

 Similar assembly has also been 

accomplished by functionalizing the nanorods’ tips with biotin disulfide, with the 

subsequent addition of streptavidin (a protein to which biotin strongly binds) resulting in 

the aggregation of the rods, and again assembly in a tip-to-tip fashion.
26

 Chains of silver 

nanocubes have also been produced by similar means, and have been observed to 

organize into more linear structures than similarly sized silver nanospheres.
27

 

In addition, Au-Fe3O4 patchy particles have been used as colloidal chain stoppers, 

in order to control the length of assembly of gold nanorods.
28

 The nanorods were 

functionalized with thiolated polystyrene, as was the Au portion of the patchy particle. 

The Au portion was synthesized such that its size was complementary to that of the gold 

nanorod, while the Fe3O4 portion was larger, to impede multiple chain stoppers from 

attaching to the tips and to prevent side reactions. Upon introduction of these patchy 

particles to a solution containing the gold nanorods, they could attach to the gold 
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nanorods and thus hinder other nanorods from attaching. In this way, the length of the 

nanorod chains could be controlled based on the reaction time before the addition of the 

Au-Fe3O4 particles.
28

 

Directed assembly can also be accomplished with particles with chemical 

anisotropy, including Janus particles. Chains of Janus particles were assembled where 

one hemisphere was stabilized with poly(vinyl pyrrolidone) (PVP) while the other was 

stabilized with poly(acrylic acid) (PAA). PVP and PAA can H-bond, which resulted in 

the assembly of the particles into long chains.
16

 In addition to making use of interactions 

between capping (stabilizing) molecules, assembly has been accomplished by coating 

polystyrene spheres with a thin, partial layer of iron oxide. Upon subjecting these 

particles to a magnetic field, staggered chains, double chains or no chains were formed, 

depending on the type (oxidation state) of iron oxide deposited.
17

 

Similar to applications in directed assembly, amphiphilic Janus particles, 

including polystyrene-silica
13

, gold-silica
29,30

, gold-iron oxide
31

, and polystyrene-

polymethyl methacrylate
14

 have been used as emulsifying agents for insoluble liquids. In 

such systems, the particles can be produced to stabilize oil-in-water or water-in-oil 

emulsions, where the hydrophobic portion of the particle is in the oil phase and the 

hydrophilic portion is in the aqueous phase.
13

 

Additionally, particles with chemical anisotropy can have interesting applications 

in catalysis. Metal particles are often used as co-catalysts with semiconductor particles, 

improving upon the catalytic ability that either possesses alone.
32,33

 In photocatalysis, 

photons excite electron (e
-
)-hole (h

+
) pairs in the semiconductor, which can drive redox 

reactions at the surface.
33

 Core-shell geometries are frequently used in catalysis; in such 
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applications, reactants must be able to get close to the surface.
34

 For this reason, porous 

shells are often used, along with particles with a partial-shell or Janus particles. Copper 

(I) oxide, the shell material of choice for this work, has been used for photocatalytic 

applications, including degradation of methyl orange
35

 and water splitting.
36

 

Furthermore, metallic nanoparticles can support localized surface plasmon 

resonances (described in Section 1.4), which occur when the delocalized electrons in the 

nanostructure oscillate collectively in resonance with the incident light.
37

 Anisotropic 

nanoparticles possess unique plasmonic properties. For example, nanorods can support 

both a longitudinal and a transverse resonance, which can be tuned by altering the length 

and the width of the nanorod.
24,38

 Moreover, charge will accumulate in sharp corners and 

edges of shaped nanoparticles, which can have implications in sensing.
39

 Anisotropy can 

also result in hybridization of the plasmonic modes (described in section 1.4.5), where 

each plasmonic mode is directed to a different area of the particle.  

1.1.2 – Methods of Preparation for Anisotropic Materials 

 Generally, since spherical or near-spherical nanoparticles are the lowest energy 

structure (lowest surface energy), these shapes will be formed, unless the reaction 

conditions are tuned to allow for the production of anisotropic particles.
40

 Often, 

anisotropic nanomaterials are produced with seed-mediated and templated synthesis 

methods.
1
 In particular, seed-mediated synthesises involve the growth on pre-existing 

seeds, and can be used to produce a variety of unique structures with morphological and 

chemical anisotropy. Seed-mediated methods can be divided into homogeneous growth 

and heterogeneous growth.
39

 Homogeneous growth refers to growth of the same material 

on an existing seed, and has been used to produce several morphologies, including 
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wires,
41

 octahedron,
39

 bipyramids,
42

 cubes
43

 and plates
44

. Conversely, heterogeneous 

growth refers to growth of a different material on a seed, and has been used to produce 

alloy,
45

 core-shell,
46–48

 and Janus type nanoparticles
32

. 

The Polyol process (described further in Section 1.2) is a seed-mediated synthesis 

method, in which three general types of seeds can be produced, namely single-crystalline, 

singly-twinned and multiply-twinned.
39

 First, homogeneous nucleation will occur: when 

the concentration of atoms reaches supersaturation, atoms cluster together to make nuclei, 

which grow into seeds.
11

 The ultimate structure of the nanoparticle is hugely influenced 

by the seed type, with single-crystalline seeds tending to grow into particles with cubic, 

spherical or cuboctahedral geometry,
39

 while singly- and multiply- twinned seeds tend to 

grow into bipyramids
42

 and wires
41,49

, respectively.  

In contrast, heterogeneous nucleation results when atoms are deposited onto the 

surface of a previously formed seed. Heterogeneous nucleation can occur without 

homogeneous nucleation, since growth on pre-existing seeds is less energetically costly 

than forming a new solid phase, as is necessary for homogeneous nucleation.
11

 

Furthermore, if the concentrations of atoms are high enough, both heterogeneous and 

homogeneous nucleation can occur concurrently; however, the nanostructures produced 

under these conditions often have a higher degree of polydispersity.
11

 

Templated methods have also been used to produce anisotropic nanoparticles. In 

these methods, the templates can be hard materials, like porous membranes and 

nanoparticles, or soft materials, like micro-emulsions and micelles.
1
 Often, nanowires are 

grown in the pores of polycarbonate or alumina, with the dimensions of the wires being 

controllable based on pore size and reaction time.
40

 In another paper, gold nanorods were 
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used as a template upon which polystyrene and silica were grown; subsequent etching of 

the gold produced hollow nanorods.
50

 Similarly, gold nanoparticles were grown on the 

surface of an octahedral nanoparticle, producing a Janus-like structure. Following the 

etching of  the initial particle, a gold ‘nanocup’ was produced.
51

 In the case of micro-

emulsions or micelles as soft templates, the nanoparticles are grown inside, in the area 

that has a higher concentration of precursor, due to differences in solubilities.
1
  

1.1.3 – Overview of the Current Approach to Synthesis of Anisotropic 

Nanoparticles 

The goal of this project was preparation of anisotropic core-shell nanoparticles. 

Specifically, the desired nanoparticle morphology was silver nanocubes with a partial 

copper oxide shell. To produce this structure, silver nanocubes were first prepared by the 

Polyol process and deposited onto polystyrene thin films with the Langmuir-Blodgett 

method. Subsequent heating of the substrates allowed the nanocubes to be embedded into 

the thin films to a controllable depth (Figure 1.2). This in turn enables the control of the 

shell surface coverage, as it grows on the exposed surface (Figure 1.2). Several different 

set-ups were used for the growth, and the precursor order, concentrations of reagents, and 

the mixing rates were varied, producing different structures. These particles could also be 

removed from the substrates and re-suspended by dissolving the polystyrene in toluene 

(Figure 1.2). Hence, through this process, a unique morphology can be produced. 

 

Figure 1.2: Schematic of the method of production for core-partial shell silver-copper oxide 
nanoparticles. 
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1.2 – Nanoparticle Synthesis 

 Presently there are a wide variety of methods for the fabrication of nanoparticles. 

In-solution bottom-up synthesis of metal nanoparticles generally involves the reduction 

of metal precursors in the presence of capping agents or stabilizers, and can be used to 

produce an assortment of nanoparticle morphologies and compositions.
21

 The identity of 

the reducing and capping agents, as well as the temperature and relative concentrations of 

reactants, can greatly affect the produced structures. The Turkevitch (citrate reduction) 

method,
52

 which uses citrate as both a stabilizer and reducing agent,
21

 reduction by 

sodium borohydride
53

, and the Polyol process
54

 are all commonly employed synthesis 

methods for metallic nanoparticles. For this work, silver nanocubes were synthesized by 

the Polyol process, which allows for a high level of control over the morphology and 

sizes of the product.  

1.2.1 – The Polyol Process 

The Polyol process is a bottom-up method that has been used to synthesize a 

variety of shapes and sizes of metal nanoparticles, including wires,
55

 rods,
3
 cubes,

43,56,57
 

bipyramids
42

,  and octahedra.
43,58

 In the Polyol process, a polyalcohol, commonly 

ethylene glycol, is used as the solvent and reducing agent.
39

 An additional molecule is 

used as the structural guiding and capping agent, offering increased control and tunability 

of the resulting structures compared to methods that use one compound as both the 

reducing and capping agent, such as the citrate reduction method. As such, the Polyol 

process is able to synthesize a greater variety of possible morphologies and allow for 

better shape control than these methods. The nanoparticles’ ultimate shape is dependent 
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on the initial seed type,
39

 the structural guiding agent,
59,60

 and the presence of trace 

ions.
61,62

 

1.2.2 – Nanoparticle Nucleation and Growth 

Prior to beginning the Polyol synthesis, ethylene glycol is heated in the presence 

of oxygen for at least one hour, resulting in the formation of glycolaldehyde.
39

 

Glycolaldehyde is generally considered to be the reducing agent responsible for the 

Polyol process; however, ethylene glycol and poly(vinyl pyrrolidone) (PVP) (if hydroxyl 

terminated) can also serve as weak reducing agents.
44,63

 In the absence of conditions that 

allow for the production of glycolaldehyde, reduction of the metal precursor can still 

occur, but at greatly reduced rates.
63

   

The reaction by which glycolaldehyde is produced is as follows:
63

 

2𝐻𝑂𝐶𝐻2𝐶𝐻2𝐶𝐻𝑂 + 𝑂2

Δ
→ 2𝐻𝑂𝐶𝐻2𝐶𝐻𝑂 + 2𝐻2𝑂 

A typical nanoparticle synthesis can be thought of as containing stages: 

specifically, nucleation, evolution of these nuclei into seeds, which no longer undergo 

structural fluctuations, and subsequent growth into nanoparticles.
54

 Nanoparticle 

nucleation occurs when nuclei act as a template for growth,
64

 and involves the reduction 

of metal from a higher order oxidation state to a zero valent oxidation state.
54

 The silver 

precursor (AgNO3) is injected into the pre-heated solution, with the reduction of Ag
+
 ions 

resulting in nanoparticle nucleation and growth. The proposed reduction of silver ions by 

glycoaldehyde is:  

2𝐴𝑔+ + 2𝐻𝑂𝐶𝐻2𝐶𝐻𝑂 → 2𝐴𝑔0 + 𝐻𝑂𝐶𝐻2𝐶𝑂𝐶𝑂𝐶𝐻2𝑂𝐻 + 2𝐻+ 

However, the formation of a new solid phase (nuclei) is energetically costly, so 

even at the saturation concentration (CS), the metal atoms will not condense into nuclei 
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spontaneously.
65

 Instead, the concentration of Ag
0
 must reach what is referred to as the 

critical concentration, which allows the silver to condense into nuclei. At this point, 

‘burst nucleation’ will occur, and the precursor concentration will drop due to the 

formation of many nuclei.
64

 Once nuclei have formed, they can grow at concentrations 

just above CS, since the process of growth on pre-existing nuclei is less energetically 

costly than nuclei formation (Figure 1.3).
64,65

 Nuclei will grow by addition of Ag
0
 to the 

nuclei surface and by coalescence of small particles into larger ones.
64

  Specifically, the 

exothermicity of lattice formation is the driving force for the formation of nuclei, with the 

Gibbs free energy change (ΔG) for nucleation being influenced by solid crystals having 

increased stability relative to the solvated form (decrease ΔG), while formation of solid-

liquid interfaces generally increases the ΔG.
65

  

In syntheses that require the reduction of metal precursors, including the Polyol 

Process, clusters can also form without first being reduced to a zero valent state.
54

 Due to 

orbital delocalization, these partially reduced clusters will have higher electron affinity, 

resulting in reduction occurring preferentially at these units.
54

 Therefore, these clusters 

can grow further into nanoparticles.  
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Figure 1.3: Nucleation of nanoparticles: First reduction generates zero-valent atoms, the 
concentration rises until it reaches the critical concentration, which allows for nucleation of 
nanoparticles, which can subsequently grow at concentrations lower than the critical concentration. 
Reprinted with permission from (65). Copyright © 2012, Royal Chemical Society.  

  

As the crystallite grows it will reach a critical size, after which it has a well-

defined structure (seed), as structural fluctuations become energetically costly.
39

 In 

general, the produced seeds will be of three morphologies: single-crystalline, singly-

twinned and multiply twinned. Further growth on each of these seed types will tend to 

produce specific morphologies of products (Figure 1.4), with single-crystalline seeds 

being the desired seed to produce cubic nanoparticles.
39

 Singly- and multiply-twinned 

seeds can grow into other morphologies, such as right bipyramids and wires, respectively 

(Figure 1.4). Hence the selection of particular seeds, through oxidative etching and 

addition of trace amounts of sulfide, as well as other controls over product morphology, 

is of utmost importance, and is the topic of the following sections. Overall, the evolution 

of seeds into nanoparticles is due to a competition between growth and dissolution. The 

occurrence of Ostwald ripening can facilitate the dissolution of small seeds (often 
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twinned) and growth of larger seeds (often single crystalline), narrowing the size 

distribution and aiding the production of cubic nanoparticles.
65

 

 

Figure 1.4: Multiply twinned, singly twinned and single crystalline seeds and produced structures. 
Reprinted with permission from (

39
). Copyright © 2011, American Chemical Society.  

1.2.3 – Control of Product Morphology: Thermodynamic vs Kinetic Products 

 Control over the morphology of the produced nanostructures can be accomplished 

with the use of thermodynamic and kinetic parameters.
66

 Atoms are typically added to 

areas of the highest surface energy, and then surface diffusion can occur on the surface of 

the particle. A system is under thermodynamic control when sufficient time is given for 

the atoms to organize in such a way that the global minimum of Gibbs free energy of the 

system is obtained (Figure 1.5). In contrast, kinetically limited growth occurs if the 

surface diffusion is not sufficient, resulting in the nanoparticles being locked in a 

thermodynamically less favourable state, a local minimum (Figure 1.5).
66

 The type of 

growth is strongly affected by the ratio of atom deposition (Vdeposition) to surface diffusion 

(Vdiffusion), and is considered to be under thermodynamic control if Vdeposition<Vdiffusion and 

under kinetic control if Vdeposition>Vdiffusion.
66
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Figure 1.5: Total free energy of products vs parameters representing structures, indicating for 
different reaction conditions formation of kinetic products (local minimum) and the thermodynamic 
product (global minimum). Reprinted with permission from (

66
). Copyright © 2015, American 

Chemical Society.  

1.2.4 – Thermodynamic Control Over Product Morphology  

Thermodynamic control over product morphology can be accomplished by 

introducing structural guiding agents that can alter the relative interfacial energy of the 

facets. The interfacial energy (γ) (surface free energy) for an ideal (atomically flat) 

surface is expressed by:
54,66

 

Equation 1 

𝛾 =
1

2
𝑁𝑏𝜀𝜌𝑎 

where Nb is the number of broken bonds (from forming the new surface), ε is the bond 

strength and ρa is the surface density. 

The interfacial energy varies between different crystallographic facets, since the 

surface density and the number of broken bonds differ between facets. For silver and 

other fcc structures, the interfacial energy follows the sequence γ{111} < γ{100} < γ{110}.
54,66

 

Nanoparticles will tend to produce the lowest energy facets, so silver nanoparticles will 

typically be capped with {111} and {100} facets. However, the introduction of a 
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compound that attaches preferentially to a specific facet can serve to stabilize this facet 

and lower its interfacial energy, which allows this facet to be expressed on the 

nanoparticle.
66

  

Poly(vinyl pyrrolidone) is commonly used as a capping agent in the Polyol 

process because it is able to support the growth of a variety of shapes of nanoparticles.
60

 

Poly(vinyl pyrrolidone) physisorbs to the surface of the silver nanoparticles through 

pyrrolidone’s nitrogen and oxygen unpaired electrons.
66,67

 The binding affinity varies for 

different facets,
54

 with PVP having a greater affinity for silver’s {100} facet.
41

 As a 

result, PVP stabilizes this facet, and slows the addition of silver atoms onto the {100} 

face by steric hinderance.
54

 Due to this, the other facets can grow more rapidly, until the 

particle is completely capped by {100} facets. At this point, the nanoparticle can 

uniformly increase in size.  

1.2.5 – Kinetic Control Over Product Morphology  

Kinetic control over the product morphology can be accomplished by changing 

the rate of reduction of precursors, or oxidative etching of the particles.
66

 In the Polyol 

synthesis, trace amounts of sulfide (S
-
) or hydrosulfide (HS

-
) are often added to increase 

the rate of reduction of AgNO3. This increased reduction rate results because, 

immediately after the addition of AgNO3 to a solution containing sulfide ions, silver 

sulfide (Ag2S) nanocrystallites form.
39

 These crystallites can serve as a primary site for 

nucleation and can catalyze the reduction of Ag
+
, leading to nanoparticle growth. In 

particular, the formation of Ag2S decreases the reduction potential of Ag
+
 relative to free 

Ag
+
.
56

 This is very beneficial in the synthesis, as the nucleation event occurs more 

quickly, aiding the production of nanoparticles with a consistent size.
56

 In addition, 
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increasing the rate of nucleation and growth will tend to produce single-crystalline seeds, 

which are necessary to grow into nanoparticles with a cubic geometry. Twin defects, 

which occur when a layer of atoms acts as a (111) mirror plane, induce strain on the 

nanoparticles, which increases as the size increases.
68

 As such, in a synthesis where seeds 

grow rapidly, the produced seeds will generally be single-crystalline, as the strain of 

twinned and multiply-twinned seeds makes their production less favourable. 

In addition, control over the particles’ morphology can be accomplished via 

oxidative etching, wherein the zero valent metal ions are oxidized back to ions. This is 

accomplished by adding trace amounts of specific ions, often Cl
-
 or Br

-
, which, in the 

presence of oxygen from air, can oxidatively etch the growing silver seed.
39

 Twin 

boundaries (in both multiply-twinned and singly-twinned seeds), result in lattice 

distortion and strain, which make these seeds more prone to oxidative etching.
61

 This is 

useful in the synthesis of silver nanocubes, since of the three seed types produced (single-

crystalline, singly-twinned, multiply-twinned), only single-crystalline seeds tend to grow 

into nanoparticles with cubic geometry. Single crystalline seeds can be selected since the 

defect regions of twinned seeds are at a higher energy than single crystalline seeds, 

making them more susceptible to oxidative etching.
54

  

1.3 – Anisotropic Copper Oxide Shells on Silver Nanocubes 

 Anisotropic nanoparticles have unique properties and can be potentially useful for 

directed self-assembly, preparation of nanoparticle dimers, sensing and catalysis. In this 

work, copper oxide is grown on the exposed portions of silver nanocubes, which have 

been partially embedded in polystyrene thin films. These particles can subsequently be 

removed from the surface, producing anisotropic nanoparticles. 
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1.3.1 – Copper Oxide 

 Copper (I) oxide (Cu2O) is a p-type semiconductor with a direct band gap of ~2.2 

eV.
69

 Cu2O crystalizes in a cubic structure, with oxygen arranged in a body-centered 

cubic arrangement, and copper arranged tetrahedrally around each oxygen atom (Figure 

1.6, left).
70

 The different atomic surface identities of the facets results in a change in 

surface chemistries, and therefore a difference performance in many properties and 

applications, including catalysis,
35

 sensing,
71

 electrical properties
70

 and antibacterial 

properties
72

.
70

 In particular, the three low-index facets, {100}, {111} and {110}, often 

denoted c-Cu2O, o-Cu2O and d-Cu2O, respectively, each have different surface 

termination.
70

 

The {100} facet alternates termination with Cu
+
 and O

2-
 layers (Figure 1.6a), so 

an ideal {100} is composed exclusively of either oxygen or copper atoms.
73

 The {111} 

facet possesses hexagonal symmetry, and repeats as a three-plane unit, with each copper-

containing plane between two oxygen-containing planes, with the ideal facet being 

terminated by an outer layer of oxygen anions, a layer of copper cations and finally 

another layer of oxygen anions (Figure 1.6c).
72

 In this facet, every second surface copper 

ion has a dangling bond. These three layers are often approximated as being in the same 

surface, since the distance between the layers is very small.
72

 The {110} direction 

alternates between layers of copper cations and copper-oxygen mixed layers (Figure 

1.6b).
74

 This facet has ~1.5× more copper cations per unit area than the {111} facet.
35

 

Since the synthesis is usually carried out in aqueous medium, oxygen termination (or 

copper-oxygen termination for {110}) is expected, as copper termination would be 

unstable due to the reaction with the OH in water.
72,75

 For these facets of Cu2O, the 
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surface energies follow the sequence γ{100} < γ{111} < γ{110}, which is related to the density 

of copper dangling bonds.
70

  

 

Figure 1.6: Cu2O crystal structure and structures of (a) (100), (b) (110) and (c) (111) crystal facets. 
Reprinted with permission from (

74
). Copyright © 2015, Elsevier.  
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1.3.2 – Copper Oxide Growth 

Production of nanomaterials first involves reactions between the precursors, 

generating monomers, which allows for nucleation and then growth of the material.
68

 In 

general, it is desirable to produce structures with controlled sizes and shapes. Control can 

be accomplished with the use of compounds which preferentially adsorb to a specific 

facet,
70

 and by adjusting the ratios
76

 and the order of addition
68

 of precursors.  

Often, Cu2O is often grown in solution with the use of a copper precursor (such as 

CuSO4, Cu(NO3)2), sodium hydroxide (NaOH) and hydrazine (N2H4). With the addition 

of NaOH to a solution containing the copper precursor the formation of a copper(II) 

hydroxide (Cu(OH)2) precipitate will occur (Ksp = 1.6x10
-19

), and can be observed as a 

bright blue colour.
77

 Specifically:
78

 

𝐶𝑢2+ + 2𝑁𝑎𝑂𝐻 → 𝐶𝑢(𝑂𝐻)2 + 2𝑁𝑎+ 

Successive reduction of Cu(OH)2 by N2H4 results in the formation of Cu2O; the expected 

reaction can be expressed by:
77,78

 

4𝐶𝑢(𝑂𝐻)2 + 𝑁2𝐻4 → 2𝐶𝑢2𝑂 + 𝑁2 + 6𝐻2𝑂 

 In addition, the Cu(OH)2 can form Cu(OH)4
2-

, by coordinating with additional 

OH
-
,
79

 which can also be reduced with hydrazine to form Cu2O, according to:
77

 

𝐶𝑢(𝑂𝐻)2 + 2𝑂𝐻− ⇄ 𝐶𝑢(𝑂𝐻)4
2−

 

4𝐶𝑢(𝑂𝐻)4
2−

+ 𝑁2𝐻4 → 2𝐶𝑢2𝑂 + 𝑁2 + 6𝐻2𝑂 + 8𝑂𝐻− 

However, many reducing agents other than hydrazine have been employed, 

including ascorbic acid,
68

 sodium ascorbate,
80

 formic acid,
81

 glucose
79

 and hydroxyl 

amine
82

. In addition, many compounds have been used as capping or structural guiding 

agents, including EDTA,
83

 I
-
,
84

 Cl
-
,
79

 PVP,
85

 citrate
73

, SDS
86

, CTAB
80

, PEG
87

, NH3
76

 and 
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lactate
74

. The sizes produced can be adjusted by increasing the ratio of OH
-
:Cu

2+
, with 

increased OH
-
 resulting in larger sizes.

76,77
 Similarly, increasing the amount of copper 

precursor added relative to the amount of silver nanoparticles resulted in thicker shells in 

the production of core-shell nanoparticles.
48

 Shape can be controlled by adding certain 

structural guiding agents, which stabilize and slow the growth on certain facets,
68

 or by 

adding a certain ratio of compounds that preferentially stabilize different facets, to tune 

the degree that each facet is expressed.
73

  In addition, the order that the precursors are 

added can affect the produced morphology. For example, in the synthesis of Cu2O in 

PEG with ascorbic acid and NaOH, it was found that different structures resulted 

depending on the addition order of ascorbic acid and NaOH, which was attributed to 

formation of different species or species ratios (Cu(OH)4
2-

, Cu(OH)2, ascorbate anions), 

which can change the kinetics or mechanism of nanocrystal formation.
68

 

Compounds other than OH
-
 can complex with Cu

2+
; for example, lactic acid is 

often used in the electrochemical deposition of Cu2O, where lactate will form a complex 

with Cu
2+

 in solution.
88,89

 The Cu
2+

 and lactate (CH3CHOHCOO
-
) complex

89
 can be 

reduced, forming a Cu
+
 complex, as:

88
 

𝐶𝑢(𝐶𝐻3𝐶𝐻𝑂𝐻𝐶𝑂𝑂)2 +  𝑒− → 𝐶𝑢(𝐶𝐻3𝐶𝐻𝑂𝐻𝐶𝑂𝑂) + 𝐶𝐻3𝐶𝐻𝑂𝐻𝐶𝑂𝑂− 

Copper oxide can then be formed, by:
88

 

2𝐶𝑢(𝐶𝐻3𝐶𝐻𝑂𝐻𝐶𝑂𝑂) + 2𝑂𝐻− → 𝐶𝑢2𝑂 +  𝐻2𝑂 + 2𝐶𝐻3𝐶𝐻𝑂𝐻𝐶𝑂𝑂−  

It has been reported that at increasing pH lactate adsorbs preferentially to the 

(100), (110) and (111) facets, respectively, which can affect the produced facets.
74
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1.3.3 – Core-shell Nanoparticles 

In the current work, in order to produce the desired structures, copper oxide must 

be grown on the surface of the silver nanocubes. The lattice mismatch between Cu2O and 

Ag is 4.2%.
90

 In general, a smaller lattice mismatch is better for epitaxial growth;
90

 

however, epitaxial growth to form core-shell structures has been accomplished with 

materials with larger mismatches, including Au-Cu (11.4% mismatch)
91

 and Au-Ni 

(13.6% mismatch).
92

 Heterogeneous nucleation, nucleation on an existing surface of a 

different identity, must occur for the formation of core-shell particles. Following 

nucleation, the growth can proceed epitaxially if the lattice mismatch is sufficiently small 

and the conditions are appropriate. However, non-epitaxial growth can occur with a large 

lattice mismatch and inappropriate conditions, resulting in structures with morphologies 

different from the initial seeds.
39

 Heterogeneous nucleation, and growth, can occur at 

concentrations lower than would be necessary for nucleation in solution, since growth on 

a pre-existing structure is more favourable.
11

 If the concentrations are increased such that 

nucleation occurs in solution and on the substrate, the result is often less control over the 

resulting structures.
11

 

In this work, the desired structure contains a partial copper oxide shell, which is 

grown on nanocubes that have been embedded into polymer films. In addition to growth 

on the surface of the silver, copper oxide can also grow in solution and on the 

polystyrene, which is porous. Growth in solution and on the substrate is ideally 

minimized, as this would decrease the control over the produced structures. 
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The plasmonic properties of core-shell nanostructures are dependent on the 

morphology of the core, the thickness, porosity and coverage of the shell, and spacing 

between the core and shell.
90

 These properties are described in the following sections.  

1.4 – Plasmonics  

Plasmonics is the field of research which investigates the interaction of light with 

delocalized electrons in metal nanostructures and the manipulation of light on the 

nanoscale.
21,39,93

 The production of a surface plasmon resonance (SPR), which results 

from the coupling of light’s electric field component to a metal particle, is a requirement 

of plasmonics. The SPR is affected by the composition,
94

 shape,
95

 size
96

 and 

environment
97,98

 of the nanostructure and, through tuning these parameters, light can be 

manipulated in unique ways.
39,99

  

1.4.1 – Surface Plasmon Resonance and Localized Surface Plasmon Resonance 

 The collective oscillation of the conduction electrons in a metal can be induced by 

the time-varying electric field associated with light. At certain excitation frequencies, this 

oscillation can be in resonance with light, resulting in a surface plasmon resonance, 

which is a strong absorption of incident light.
39

 In a bulk metal, this collective oscillation 

propagates along the surface of the material (Figure 1.7a). However, in particles that are 

smaller than the wavelength of the incident light, these oscillations will be confined to the 

surface of the particle, resulting in dipolar and higher-order modes.
39,100

 For example, in a 

dipolar mode, the electric field forces the electrons to one side of the particle, switching 

directions with the variations in the electric field (Figure 1.7b).
39

 In the case that these 

oscillations are in resonance with light, a localized surface plasmon resonance (LSPR) is 

produced.  
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Figure 1.7: Schematic of (a) surface plasmon in a bulk metal and (b) localized surface plasmon 
resonance (LSPR) in a metal sphere. Reprinted with permission from (

37
). Copyright © 2007, Annual 

Reviews.  

1.4.2 – Plasmonic Materials 

 Silver is a material that is widely used in plasmonics, as it can support a strong 

surface plasmon (SP) that can be tuned across the spectrum from 300 nm to 1200 nm.
39

 

This is very valuable, since it is necessary to choose a material that can support a SP at 

the desired resonance frequency, making silver an appropriate material to use for a 

variety of applications.
23,39

 The dielectric function (ε) of a certain material reflects the 

interaction of that material’s electrons with light, hence its ability to support a SP. The 
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dielectric function is composed of a real and an imaginary part, which is different for 

different materials.  

 The extinction (σext) is the sum of the absorption and scattering of an 

electromagnetic wave as it passes through a sample, and can be expressed as the sum of 

the response of a single nanoparticle multiplied by the nanoparticle concentration, 

speficially:
101

 

Equation 2 

𝜎𝑒𝑥𝑡 =  𝒩(𝐶𝑎𝑏𝑠 + 𝐶𝑠𝑐𝑎) 

 where 𝒩 is the particle concentration, Cabs is the absorption cross-section and Csca 

is the scattering cross-section.  

Mie theory, which can be used describe the LSPR of a metal nanosphere, makes 

use of the assumptions that the spherical particle is non-interacting (in a dilute solution or 

well separated), and that both the particle and its surroundings are homogeneous and can 

be expressed with bulk dielectric constants.
9939,102

 A relationship for the extinction cross-

section (Cext), which is the sum of the absorption and scattering cross-sections, can be 

expressed by solving Maxwell’s equations.
99

 For a metal nanosphere, the extinction 

cross-section can be expressed by:
39,102

 

Equation 3 

𝐶𝑒𝑥𝑡 =
24𝜋2𝑅2𝜀𝑚

3
2

𝜆
[

𝜀𝑖

(𝜀𝑟 + 2𝜀𝑚)2 + 𝜀𝑖
2] 

 where R is the radius of the particle, εm is the relative dielectric constant of the 

surroundings, εr and εi are the real and imaginary part of the dielectric function, 
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respectively, and λ is the wavelength of light. Both the real and imaginary part of the 

dielectric function are dependent on the wavelength of the incident light.
39

  

 At the resonance condition, the extinction cross-section becomes exceedingly 

large, and the surface plasmon absorption band appears.
39,99

 This condition is met when εr 

approaches -2εm and εi approaches 0. 

 The strength of the surface plasmon is of paramount importance when selecting a 

specific material. The quality factor (Q) is proportional to the intensity of a surface 

plasmon, and can be described by:
39

 

Equation 4 

Q =
ω (

dεr

dω
)

2(εi)2
  

 where ω is the angular frequency of light, and εr and εi are the real and imaginary 

parts of the dielectric function, respectively. Silver has a large quality factor over a wide 

range of the spectrum (300 nm – 1200 nm), signifying that, over this region, it can 

support strong plasmons.
39

  

1.4.3 – Size and Shape Dependency  

 The size and shape of the nanoparticle greatly affects its plasmonic properties. As 

the size of the nanoparticle increases, the LSPR red-shifts and broadens. The oscillation 

of electrons occurs at a lower energy for larger particles, since the size is increased 

relative to the incident wavelength, increasing the depolarization of the electron cloud.
39

 

Due to this, the electrons lose energy and experience a damping effect, making the SPR 

broader and red-shifted.
101

  In addition to the shift in LSPR, as nanoparticle size increases 

higher order modes are produced, which have distinct electron charge distribution. For 
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example, small nanoparticles support dipole modes, and as the size is increased they can 

support quadruple modes as well.
39,103

 

 In addition to nanoparticle size, shape has a great effect on the LSPR. In small 

spherical nanoparticles, the electron displacement is homogeneous, resulting in dipolar 

resonances,
101

 while non-spherical nanoparticles have LSPRs which are unevenly 

distributed, resulting in unique absorption properties for differently-shaped particles.
99

 In 

particular, sharp features, including corners and edges, leads to an uneven distribution of 

charge around the nanoparticle, resulting in higher order modes in smaller particles. This 

charge accumulation results in high electric field intensity in these regions.
39

 Structures 

with morphological anisotropy can support additional plasmon modes; for example, gold 

nanorods can support a longitudinal and a transverse resonance, in contrast to their 

spherical counterparts.
1
 

1.4.4 – Environmental Effect on Localized Surface Plasmon Resonances 

  The environment, including the refractive index of the surroundings, can affect 

the LSPR in different ways. The energy of a bulk plasmon, noting that a plasmon can be 

described as a quantum of plasma oscillation, can be expressed as:
104

 

Equation 5 

𝐸𝑃 = ħ√
𝑛𝑒2

𝑚𝜀0
 

 where Ep is the energy of the plasmon oscillation, ħ is the Dirac constant (h/2π), n 

is the electron density, e is the charge of an electron, m is the mass of an electron, and ε0 

is the permittivity of free space.  
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At resonance, the frequency, ωp, is: 

Equation 6 

𝜔𝑃 = √
𝑛𝑒2

𝑚𝜀0
 

 

With the use of the Drude model, εr can be described as:
104,105

 

Equation 7 

𝜀𝑟 = 1 −
𝜔𝑃

2

𝜔2 + 𝛾2
 

 With ωp being the plasmon frequency of the bulk metal, ω, the frequency of 

incident radiation, and γ, the damping frequency of the bulk metal. However, γ << ω for 

the visible and ultraviolet regions of the spectrum, which allows simplification to:
104,105

 

Equation 8 

𝜀𝑟 = 1 −
𝜔𝑃

2

𝜔2
 

 At resonance, with the condition that εr = -2εm: 

Equation 9 

𝜀𝑟 = −2𝜀𝑚 = 1 −
𝜔𝑃

2

𝜔2
 

This can be expressed in terms of the frequency of incident radiation, 

specifically:
104,105

 

Equation 10 

𝜔 =
𝜔𝑃

√2𝜀𝑚 + 1
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This equation can be expressed in terms of wavelength (λ=2πc/ω) and refractive 

index (εm=nm
2
), which gives the result:

104
 

Equation 11 

𝜆𝑚𝑎𝑥 = 𝜆𝑃√2𝑛𝑚
2 + 1 

with λmax being the wavelength of the LSPR and λp, the wavelength consequent of 

the plasma frequency of the bulk material. Through the use of this equation, the effect of 

the refractive index on the LSPR wavelength can be predicted. Specifically, increasing 

the refractive index of the surroundings results in the LSPR shifting to a longer 

wavelength. The relationship between LSPR wavelength and nm is approximately linear 

over small ranges of nm.
104

 

1.4.5 – Substrate-Induced Hybridization 

Plasmonic nanoparticles are sensitive to their environment, and will therefore 

have different plasmonic properties when suspended on a substrate compared to those in 

solution. In the case of a spherical nanoparticle in an isotropic environment, there are 

three degenerate dipolar modes.
106

 However, once the nanoparticle is deposited onto a 

dielectric substrate, the presence of the substrate results in symmetry-breaking, which can 

change the degeneracies of the plasmonic modes. For a spherical nanoparticle deposited 

on a dielectric substrate, the reduction of symmetry results in splitting these modes into 

two resonances, parallel and perpendicular to the dielectric layer.
106

 This splitting is 

strongly affected by the permittivity of the substrate. In particular, the nanoparticle 

couples to its image of surface charges (induced charges in the dielectric), screened by 

the factor (εs – 1)/( εs + 1), with εs being the permittivity of the substrate.
106
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 This substrate-induced hybridization is particularly large for particle geometries 

with a greater contact area with the substrate, such as in the case of silver nanocubes.
97

 

For a silver nanocube, the modes most pertinent to this interaction are the intrinsic 

dipolar (D
0
) and quadrupolar (Q

0
) modes. The D

0
 mode is a bright mode, meaning it 

possesses a dipole moment which can be excited by light, and observed in the plasmonic 

spectrum. The induced charges for the D
0
 mode are largely located at the corners of the 

cube and, in a charge map, the same sign exists on the same side (such that overall it has 

a dipole) (Figure 1.8). In contrast, the Q
0
 mode has the charges again concentrated at the 

corners of the cube, but in a fashion where the overall dipole disappears (Figure 1.8). As 

such the Q
0
 mode cannot directly couple to light, and is a dark mode.

97
 

 The D
0
 and Q

0
 have charge distributions on their bottom surface which are 

sufficiently similar for the induced charges in the substrate to facilitate an interaction. 

This produces hybridized modes, which are analogous to bonding and antibonding 

orbitals; specifically, the ‘bonding’ (D
0
+Q

0
) and ‘antibonding’ (D

0
-Q

0
) modes.

97
 In these 

new hybridized modes, the ‘bonding’ mode is derived mostly from the intrinsic dipolar 

mode, and is referred to as the hybridized dipolar mode (D), while the ‘antibonding’ 

mode is mostly derived from the intrinsic quadrupolar mode, and is referred to as the 

hybridized quadrupolar mode (Q) (Figure 1.8). These hybridized modes are spatially 

separated, with the D mode having most of its charge localized toward the substrate (high 

refractive index), while the Q mode’s charge is localized away from the substrate.
97

 

Hence, the particle senses two environments, the substrate and the superstrate, 

simultaneously. This is of particular use as it allows monitoring of a nanoparticle’s 
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environment, which is explored further in this work through embedding silver nanocubes 

into polystyrene thin-films and growth of anisotropic copper oxide shells.  

 

Figure 1.8: Charge distribution of the D
0
 and Q

0
 modes and the charge distribution of the D and Q 

modes due to substrate induced hybridization. Adapted with permission from (
97

). Copyright © 2011, 
American Chemical Society.  

The refractive index (n) describes how light propagates through a medium, and is 

described by:  

Equation 12 

𝑛 =
𝑐

𝑣
 

where c is the speed of light in a vacuum and v is the phase velocity in the 

material.  

The distance and contact area between the substrate and the particles, and the 

effective refractive index of the substrate and surroundings all affect the separation 

between the hybrid D and Q modes.
107

 As such, the LSPR of core-shell nanostructures is 

dependent on the size and shape of both the core and the shell, as well as the porosity of 
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the shell and spacing between the core and shell.
90

 As the refractive index of the substrate 

and superstrate become more similar, hybridization is lost.  

It can be noted that, as the refractive index of the substrate increases, the D mode, 

which is localized into the substrate, is more redshifted, while the Q mode is unchanged 

(Figure 1.9, left). On the contrary, when the refractive index of the surroundings is 

changed (by immersing the substrate in different refractive index solutions), a greater 

sensitivity is observed by the Q mode, which is localized away from the substrate (Figure 

1.9, right).
107

 

 

Figure 1.9: UV-Vis spectra of supported silver nanocubes showing sensitivity of D and Q hybrid 
modes to different refractive indices of substrate (left) and surroundings (right). Reprinted with 
permission from (

107
). Copyright © 2012, Springer.  

1.5 – The Langmuir-Blodgett Method 

The Langmuir-Blodgett method is a bottom-up technique that was originally used 

to assemble amphiphilic molecules, but has since been used for the assembly of a variety 

of nanomaterials, including many types of nanoparticles and nanorods.
108

 In this method, 

the particles are suspended on the surface of water. The spacing of the particles is 

controllable through the use of spacer molecules and by the use of a movable barrier, 

which can compress and expand the monolayer. At the desired surface pressure, the 
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monolayer can be transferred to substrates by vertically dipping the substrate (Blodgett 

deposition) or by horizontally touching the substrate to the surface and lifting (Schaefer 

deposition). 

1.5.1 – Langmuir Monolayer Formation 

The nanoparticles are first suspended in a volatile solvent, often chloroform, 

before being deposited onto the trough. The solvent must be selected such that it can 

suspend a substantial amount of the desired material, it will evaporate quickly after 

deposition onto the surface, and it must also not be very soluble with water or some 

materials may also be drawn into the subphase and precipitate out.
109

 Often lipids, such as 

DPPE and DOPC, will also be added to the nanoparticle solution before depositing it 

onto the Langmuir-Blodgett trough, to act as spacers by fitting between the 

nanoparticles.
110

 This allows the spacing between particles to be controlled by both the 

use of spacer molecules and by a movable barrier, which can compress and expand the 

monolayer.  

In the formation of the Langmuir monolayer, the nanoparticles are deposited 

dropwise onto the surface of water, using a syringe held just above the surface. The 

nanoparticles are able to be suspended on the surface; this is in part due to being 

stabilized with capping agents, often organic molecules, which make the nanoparticles 

hydrophobic enough to be suspended on the surface. In the case of the silver nanocubes, 

poly(vinyl pyrrolidone) attaches to the surface via the nitrogen and oxygen atoms,
60

 

allowing them to be suspended on the surface  due to its long carbon chain.  
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1.5.2 – Measurement of Surface Pressure  

The surface pressure of the monolayer is determined with the use of a Wilhelmy 

plate, which is immersed through the air-water interface.
109,110

 The vertical force 

experienced by the Wilhelmy plate can be expressed as a sum of gravity and surface 

tension, acting downwards, and buoyancy, acting upwards. The downwards force on the 

plate is expressed as the following, as a sum of the weight of the plate (term 1), the 

surface tension (term 2) subtracted by the upwards force due to water displaced by the 

plate (term 3):
109

 

Equation 13 

𝐹 = (𝜌𝑃𝑙𝑤𝑡)𝑔 + 2(𝑤 + 𝑡)(𝑆𝑇)𝑐𝑜𝑠𝜃 − (𝜌𝐿𝑑𝑤𝑡)𝑔 

where l, w, and t are the length, width and height of the plate, respectively; ρL and 

ρP are the density of the liquid and the plate, respectively; ST is the surface tension; g is 

the acceleration due to gravity; and θ is the contact angle of the plate and liquid. 

The pressure reading will be zeroed before taking any measurements, thus 

eliminating the weight (term 1) from equation 13. Similarly, the plate is always 

maintained at a constant level by the balance, even with changes in surface tension, thus 

eliminating the upthrust (term 3) from the equation. Therefore, the downwards force can 

then be expressed as:
109

 

Equation 14 

𝐹 = 2(𝑤 + 𝑡)(𝑆𝑇)𝑐𝑜𝑠𝜃 
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This expression can be reduced further, since the plate will contact the liquid at an 

angle of θ=0˚. Rearranging the expression to be expressed in terms of surface tension 

results in:
109

 

Equation 15 

𝑆𝑇 =
𝐹

2(𝑤 + 𝑡)
 

The force is measured in mN, and the perimeter, 2(w+t), is measured in meters, 

which yields the ST in mN/m. Surface pressure (PSurf) is defined such that ST+PSuf 

=constant, where the constant is the absolute surface tension of the liquid (-72.8 mN/m 

for water at 298K, 1 atmosphere). This means that as the surface tension decreases (from 

adding or compressing a monolayer) the surface pressure will increase.
109

  

1.5.3 – Isotherms and Transferring to Substrates 

As the monolayer is compressed by the movable barrier, a pressure-area isotherm 

is obtained, which provides information about the particles in the monolayer. 

Specifically, this isotherm can be divided into distinct phase analogues, representing the 

degree to which the particles are interacting.
109

 When the monolayer is sufficiently 

expanded, such that the isotherm’s slope is zero, the particles are said to be in ‘the gas 

phase’. In this phase, the particles are spaced such that they are not interacting with each 

other. As the monolayer continues to be compressed, the particles will enter ‘the liquid 

phase’, which is characterized by a slight positive slope in the isotherm. In this phase, the 

particles are close enough to be interacting with each other, but are still mobile. In some 

cases, a plateau in the isotherm will divide two liquid phases (liquid-expanded and liquid-

condensed), which is a result of particle reorganization. With the continued compression 

of the monolayer, it will transition into ‘the solid phase’, which is recognized on the 
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isotherm by a sharp, near vertical slope.  In this phase, the particles are tightly packed, 

and have restricted mobility. The isotherm can be used to assist the selection of surface 

pressure for deposition of the particles onto substrates. 

At the desired surface pressure, the monolayer can be transferred to the substrate 

by one of two methods: Blodgett deposition, which involves vertically dipping the 

substrates, or Schaefer deposition, which involves horizontally lifting the substrates 

(Figure 1.10).
111

 With a hydrophilic substrate, Blodgett deposition can be employed by 

immersing the substrate across the air-water interface while the monolayer is at a low 

pressure. The monolayer can then be compressed to the desired surface pressure, and the 

substrate can be slowly removed from the meniscus. For a hydrophobic substrate, the 

deposition would occur while lowering the substrate, depositing into the meniscus. 

Contrarily, Schaefer deposition is appropriate for hydrophobic substrates.  

 

Figure 1.10: Blodgett deposition (left) and Schaefer deposition (right). Reprinted with permission 
from (

111
). Copyright © 2006, Elsevier.  

1.6 – Polymer Thin Films as Substrates for Silver Nanocubes 

 In this work, polymer thin films were prepared and used as substrates for silver 

nanocubes. After the nanocubes were deposited on these polymer films, they were heated 

above the polymer’s glass transition temperature to allow the embedding of the 

nanocubes into the films to a controlled depth. This allows for the growth of partial 
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copper oxide shells on the exposed portions of the silver nanocubes. Properties of 

polymer thin films, specifically the glass transition temperature, and embedding of 

nanoparticles into polymer films are the topics of the next sections.  

1.6.1 – Properties of Polymer Thin Films: Glass Transition Temperature 

Polymers are large molecules made up of many repeating subunits and can be 

roughly categorized as crystalline (highly ordered molecular structures) or amorphous; 

however, most polymers tend to have characteristics of both. Unlike crystalline polymers, 

which have a distinct melting temperature, some amorphous polymers have a glass 

transition temperature (Tg), above which the polymer will behave rubbery.
112

  In 

particular, the Tg can be defined as the kinetic arrest upon cooling a fluid.
113

 This 

transition occurs over a range of temperatures with the Tg being defined as the point at 

the intersection of the two lines (Figure 1.11).  

   

Figure 1.11: Specific volume vs temperature, indicating the glass transition temperature (Tg), glassy 
and rubbery state for amorphous polymers and the crystalline state and freezing temperature (Tf) for 
crystalline polymers.  

At the Tg the polymer chains are more able to flow or move around one another. 

As such, the Tg is greatly affected by anything that influences the motion of the chains, 

with factors hindering the free rotation of the polymer chains increasing the Tg.
112

 This 
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can include the stiffness of the polymer chains, cross-linking and intermolecular forces 

between chains, and side groups on the backbone. Particularly, groups that increase the 

rigidity of the chains, including groups that result in partial double bond character on the 

backbone, hinder the rotation around said bonds, increases the Tg. Similarly, both cross-

linking and intermolecular forces restrict the movement of the polymer chains around one 

another; therefore, as the degree of cross-linking and intermolecular forces increases, so 

does the Tg. Furthermore, bulky groups (including the phenyl group on polystyrene) also 

restrict movement of the chains, again resulting in an increase in the Tg.
112

 

In addition to properties of the polymers themselves, existence of the polymer as a 

thin film can also alter the Tg. In particular, the effects of both the substrate-polymer and 

the polymer-air interfaces have to be considered.
112,113

 Often, a model that assumes the 

existence of different layers in the film is employed.
114,115

 The top layer (at the polymer-

air interface) is the mobile surface layer, a ‘liquid-like’ layer, which has different 

properties from the bulk due to the lack of bordering polymer. This can result in lower 

mass densities and less restriction for polymer rearrangements.
116

 The intermediate layer 

has bulk-like properties; this bulk-like layer decreases in thickness as the film becomes 

thinner.
114

 The bottom layer (at the polymer-substrate interface) generally has an 

increased density, which increases with increasing attractive interaction between the 

polymer and substrate.
114

 As the density of the thin film increases, the Tg will also 

increase.
113

 As the film becomes thinner, the average density generally increases, and a 

greater proportion of the film is made up by the mobile surface layer; this can result in an 

increase or decrease of the Tg depending on the relative contributions.
114,116

 



    37 

1.6.2 – Nanoparticle Embedding into Polymer Thin Films 

 In this work, the nanoparticles are deposited onto polystyrene thin films, which 

are subsequently heated above polystyrene’s Tg. This increases the mobility of the 

polymer chains, allowing the initial formation of a void in its surface, enabling the 

nanoparticles to become incorporated. However, certain conditions must be met in order 

for the nanocubes to begin to embed into the polymer thin film, with the thermodynamic 

driving force of embedding being the decrease in Helmholtz free energy (AS).
117

 The 

Helmholtz free energy change can be described for a system where 𝑎 is the interfacial 

area, γ1 is the surface energy of a non-interacting nanoparticle surface and γ12 is the 

surface energy between the nanoparticle and the substrate; this gives initial state AS=𝑎γ1 

and final state AS=𝑎γ12. Therefore, the change in surface free energy can be described 

as:
117

 

Equation 16 

∆𝐴𝑆 = 𝑎(𝛾12 − 𝛾1) 

 These conditions (γ1 > γ12, such that ΔAS <0) must be satisfied for the 

nanoparticles to begin to embed into the polymer. However, this will only indicate if the 

nanoparticles will start to embed, and not the extent to which they will be incorporated. 

In order for this sinking process to continue to completion, it is necessary that the surface 

energy of the particle (γ1) is greater than the sum of the interfacial energy (γ12) and the 

surface energy associated with the polymer reformation (γ2), that is:
117

 

Equation 17 

𝛾1 > 𝛾2 + 𝛾12 
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 However, the system may end up in an intermediate regime if the surface energy 

of the underlying polymer is too high to allow complete incorporation (polymer 

reforming around the particle). This can be observed experimentally as incomplete 

incorporation of the particles, and is expressed as:
117

 

Equation 18 

𝛾12 < 𝛾1 < 𝛾2 + 𝛾12 

 In addition, it is important to note that the nanoparticles used in this work were 

passivated with PVP, hence the surface energy of the particle is the surface energy of the 

capping agent.
117

 The surface energy of bulk PVP
117

 is ~43 mJ m
-2

 and bulk 

polystyrene
118

 is 33 mJ m
-2

. As such, since the surface energy of PVP is greater than that 

of polystyrene, the particles can begin to embed.  

 Consequently, for the system of interest presently, the surface energy of the 

capping agent (γcap), PVP, should be considered instead of the surface energy of the 

particle. Similarly, the surface energy of polystyrene (γps) (the substrate) and the surface 

energy of the interface between the PVP capping agent and the polystyrene (γcap,ps) 

should be considered. This allows the Helmholtz free energy change to be defined for this 

system as: 

Equation 19 

∆𝐴𝑆 = 𝑎(𝛾𝑐𝑎𝑝,𝑝𝑠 − 𝛾𝑐𝑎𝑝) 

 Additionally, the experimentally observed regime, in which the particles do not 

fully embed, can be described as: 

Equation 20 

𝛾𝑐𝑎𝑝,𝑝𝑠 < 𝛾𝑐𝑎𝑝 < 𝛾𝑝𝑠 + 𝛾𝑐𝑎𝑝,𝑝𝑠 



    39 

1.6.3 – Spectroscopic Measurement of Silver Nanocube Embedding 

 When silver nanocubes are deposited on a substrate, spatially separated hybrid 

dipolar and quadrupolar modes are produced,
97

 which can allow the nanocubes to act as a 

‘nanoruler’. This further allows the embedment of the nanocubes into the polymer to be 

monitored spectroscopically. The modes have different sensitivities during the 

embedding, and the spectroscopic changes can be divided into four stages, with particular 

changes to the D, Q and M modes (Figure 1.12). Specifically:
117

 

1. Redshift of D mode, no change in Q mode, new M mode emerges. This stage 

occurs as the nanocubes just begin to embed, and D mode is the most sensitive in 

this stage. 

2. Both the D and Q modes redshift, M mode has a two state-like transition. In this 

stage, the nanocubes begin to tilt. 

3. D mode reaches maximum, Q mode has greatest redshift, and only second M 

mode remains. In this stage, the nanocubes have embedded about half-way, a lot 

of tilting is observed and the Q mode is most sensitive in this stage. 

4. Both the D and M mode remain constant, Q continues to redshift and begins to 

become obstructed as it overlaps with the D mode. In this stage, the majority of 

the nanocube is embedded, often with just a single corner exposed. This stage has 

the least sensitivity and loss of anisotropy of the environment.  

Specifically, as the nanocubes begin to embed, the hybrid dipolar mode, which is 

more sensitive to the polystyrene substrate, will redshift first, due to the effective increase 

in refractive index. As the nanoparticles continue to embed and reach approximately the 
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half-way point, the hybrid quadrupolar mode, which is sensitive to the superstrate, will 

begin to experience a change in refractive index, resulting in a shift in this mode.
117

 

 

Figure 1.12: Plasmonic modes monitored with UV-Vis spectroscopy as silver nanocube monolayers 
are embedded into polystyrene thin films. Reprinted with permission from (

117
). Copyright © 2016, 

Royal Society of Chemistry.  

1.7 – Experimental Set-ups for Copper Oxide Growth 

 In the current approach to the preparation of silver nanocubes with partial copper 

oxide shells (overview described in Section 1.1.4), it was necessary that an experimental 

set-up be designed such that the growth could be controlled and reproducible. In 

particular, it is necessary that reagents are able to mix thoroughly in solution, such that 

they are able to diffuse to the surface of the particle. In order to address this issue, set-ups 

were created whereby the slide was attached to a portion which spins, thus stirring the 
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solution and ensuring that the solution is adequately mixed. Since the slide is attached to 

a moving piece, it is necessary that the set-up allows for steady attachment of the 

substrate, such that it would not fall off during the course of the reaction. Moreover, it 

was desired that the stirring would not agitate the solution considerably, as to cause 

bubbles, which could interfere with the reactions. As such, throughout the course of this 

work, four set-ups were investigated, namely the ‘Mechanical Stirrer’ (M), ‘Puck’ (P), 

‘Teflon piece’ (T), and the ‘New Set-up’ (N), which are described in the following 

sections.  

1.7.1 – Mechanical Stirrer (M) 

 The original set-up used for the growth of copper oxide shells on embedded silver 

nanocubes involved a steel rod onto which a glass slide had been epoxied, so that the 

sample could be taped to it (Figure 1.13). The rod was fit into a laboratory stirrer, which 

spun the rod and sample (Figure 1.13). In this set up, as the sample was taped onto the 

slide attached to the rod, the sample was inverted in the solution (Figure 1.13).  

This sample was initially prepared for ease and convenience, and as an initial test 

as a set-up for the production of copper oxide shells. However, the use of a steel rod onto 

which a slide had been epoxied presented the possibility of introduction of contaminants 

and a challenge for cleaning. In addition, only one speed was possible for the set-up, and 

the ability to adjust the speed of stirring is desirable. As such, in an attempt to overcome 

these issues, the next set-up, the ‘puck’ was investigated.  
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Steel Rod

Mechanical Stirrer

Glass Slide Epoxied to Rod

Substrate with Silver 
Nanocube Monolayer

 

Figure 1.13: Schematic of 'Mechanical Stirrer'. Diagram created with ACD/ChemSketch, version 14.01 
Advanced Chemistry Development, Inc., Toronto, On, Canada, www.acdlabs.com, 2015. 

1.7.2 – Puck (P) 

 Subsequently, another set-up was explored for growth of partial copper oxide 

shells, where the sample was taped onto the top surface of a small puck, which contained 

a magnet (Figure 1.14). The reaction would be carried out on a stirring hot-plate, thus 

allowing the puck to spin, spinning the sample and stirring the solution (Figure 1.14).  

 In this set-up, the speed of spinning is adjustable by altering the stirring speed on 

the hotplate. In addition, as the substrate is affixed to the top of the puck, this set-up is 

sturdier, in the sense that the slide is less likely to fall off. However, by nature of the 

design of this set-up, the stirring rate was slower than other set-ups. In addition, the puck 
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must be centered in the beaker or it will shake back and forth, whereby it is no longer 

smoothly stirring the solution. As an attempt to further improve upon this set-up, the 

‘Teflon piece’ was developed.  
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Figure 1.14: Schematic of 'Puck'. Diagram created with ACD/ChemSketch, version 14.01 Advanced 
Chemistry Development, Inc., Toronto, On, Canada, www.acdlabs.com, 2015. 

1.7.3 – Teflon Piece (T) 

 The ‘Teflon Piece’ set-up was prepared with a cylinder of Teflon, to which the 

substrate with the silver nanocube monolayer is adhered, attached to a rotary tool (Figure 

1.15). An adjustable stand was used to support the beaker (Figure 1.15), allowing it to be 

raised and lowered, for ease of removal of the sample.  

 In this set-up, the speed could be adjusted by changing the voltage on the Variac. 

In addition, the Teflon piece was removable, making cleaning easy, reducing risk of 

introducing contaminants run-to-run. However, the production of bubbles was an issue 

with this set-up, especially since oxygen can react with hydrazine.
119

 In addition, this 

reaction is pH dependent and Cu
2+

 has been reported to catalyze this reaction,
119

 further 

increasing the issue. As such, it was desired to construct a set-up which overcomes this 

issue, leading to the development of the ‘New Set-up’. 
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Adjustable Stand

 

Figure 1.15: Schematic of 'Teflon Piece'. Diagram created with ACD/ChemSketch, version 14.01 
Advanced Chemistry Development, Inc., Toronto, On, Canada, www.acdlabs.com, 2015. 

1.7.4 – New Set-up (N) 

 In order to improve upon the previous set-ups, the newest set-up was produced, 

whereby the reaction is carried out in a three-necked flask. A glass rod is attached to a 

mechanical stirrer, and the sample is affixed to the glass rod, inserted through the middle 

opening (Figure 1.16). The three ports allows nitrogen to be continuously flowing 

through the reaction through one opening, with the stirring rod through the middle 

opening, and reagents added through the final opening (Figure 1.16). 

 This set-up allows the reaction to be carried out under a constant flow of nitrogen, 

which eliminates the issue of a side reaction of hydrazine with oxygen. Additionally, the 
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stirrer can be set to various speeds. As well, the glass rod is removable, and the set-up 

overall is easy to clean.  

Addition of ReagentsNitrogen

Glass Rod

Substrate with Silver 
Nanocube Monolayer

Septum

Mechanical
Stirrer

Clamp

 

Figure 1.16: Schematic of the 'New Set-up'. Diagram created with ACD/ChemSketch, version 14.01 
Advanced Chemistry Development, Inc., Toronto, On, Canada, www.acdlabs.com, 2015.  

1.8 – Concluding Statements 

 The goal of the present work is to produce anisotropic core-partial shell silver-

copper oxide nanoparticles. It was hypothesized that through the use of a sacrificial 

template, namely the polystyrene thin films into which the nanocubes were embedded, 

these types of core-partial shell particles could be produced. In addition, several set ups 

were considered for the productions of said particles, each of which was based on the 

goal of controllably producing core-partial shell nanoparticles. In these set-ups, the 

stirring rate, orientation and stability varies between, and is expected to have an effect on 

the resultant morphologies. Furthermore, in this system the order of addition of reagents 

is also varied, which is expected to have an effect on the kinetics of the reaction, and thus 

the produced morphologies as well. In addition, since the shell will not be fully engulfing 
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the nanoparticle, it is expected that these core-partial shell nanoparticles will have 

hybridization of the plasmonic modes while the particles are suspended in solution.  

In this introduction, the necessary concepts to understand the current system were 

elucidated, namely, anisotropy, both morphological and chemical, and the properties, 

applications and synthesis of said types of particles. The method of production of the 

particles in this work was described, namely, partially embedding silver nanocubes into 

polystyrene thin films and growing copper oxide on the exposed surface of the cubes.  

The synthesis of nanoparticles was described, with specific focus on the Polyol 

process as a method for the production of silver nanocubes, the core particle of choice for 

this work. Nanoparticle nucleation and growth, as well as factors that control the 

morphology of the resulting particles, were discussed. Copper oxide, the material grown 

on the surface of the silver nanocubes, was described, in terms of its structure, properties 

and potential applications, as well as its synthesis.  

Silver is a plasmonic material, and characterization of the embedding process and 

growth of copper oxide makes use of this property. The use of the Langmuir-Blodgett 

method as a way to deposit the silver nanocubes onto the polystyrene substrate in a 

controlled manner was explored, with the necessity of keeping the particles adequately 

spaced so that the shells can be grown considered. The glass transition temperature and 

embedding of the silver nanocubes into polystyrene thin films, and monitoring the 

process by observing the changes to the hybrid D and hybrid Q modes, was described. 

Hence, in this introduction, the necessary theory involved with the production of these 

core-partial shell nanoparticles was described.  
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2 – Methods: Copper Oxide Coating on Silver Nanocubes 

2.1 – Substrate Preparation 

2.1.1 – Synthesis of Silver Nanocubes  

 For this work silver nanocubes were synthesized by the Polyol Process.
56

 All 

glassware is first soaked in Aqua Regia (1 part nitric acid (Anachemia), 3 parts 

hydrochloric acid (Anachemia)), and then rinsed 52 times in tap water, 32 times in 

distilled water and 16 times in deionized water (Milli-Q, 18.2 MΩ·cm). To begin the 

synthesis, 35 mL of ethylene glycol (EG, 99.8%, Sigma-Aldrich) was heated with 0.4 g 

of poly(vinylpyrrolidone) (PVP, MW 55 000, Sigma-Aldrich) to 150˚C. After this 

mixture had been heated for a minimum of 1h, 25 μL of 0.48 M NaCl (Sigma-Aldrich) in 

EG was added to the reaction, followed by 175 μL of 0.003 M Na2S (Sigma-Aldrich) in 

EG, and finally 1.5mL of 0.28 M AgNO3  (99+%, Sigma-Aldrich) in EG was added at an 

injection rate of 0.5 mL/min. UV-Vis spectroscopy was used to monitor the reaction, and 

upon the appearance of a peak at 350 nm a second injection of 1.5 mL of 0.28 M AgNO3 

in EG was added at a rate of 1 mL/min. The reaction was quenched in an ice bath when 

the spectrum had a dipole peak at 480 nm and a sharp peak at 350 nm (multipolar, 

signifying the cubic shape). The nanoparticles were then centrifuged (Thermo Legend 

Micro21) at 12000 g’s for 30min and re-suspended in ethanol. The particles were further 

cleaned by centrifuging (12000 g’s, 10min) and re-suspending in fresh ethanol 

(Commercial Alcohols, 95%) a minimum of 4 times.  
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2.1.2 – Preparation of Polystyrene Thin Films 

 Polystyrene thin films were prepared by spin-coating. First, a solution of 3 wt% 

polystyrene (Sigma Aldrich, 192,000 g/mol) in toluene (Anachemia) was prepared and 

stirred at 300 rpm, for a minimum of 3 h before filtering the solution through a 0.22 μm 

syringe filter.  

Glass slides were cleaned by sonicating in methanol (BDH, VWR Analytical, 

99.8%) for 5 min, rinsed in methanol, rinsed in deionized water and dried in the oven. 

Using a homemade spincoater, the polystyrene solution was added to the surface of the 

slide, such that it completely covered the surface, and the spincoater was then turned on 

to ~4000 rpm for a time of 1 min. The slides were then left at room temperature for a 

minimum of 1.5 h to allow the solvent to evaporate before transferring to the oven (≥110 

˚C) and leaving overnight, to anneal the films.  

2.1.3 – Langmuir Blodgett Deposition of Silver Nanocubes 

 The Langmuir Blodgett method was used to deposit silver nanocubes on 

polystyrene thin films. The Langmuir Blodgett trough was cleaned with chloroform (Alfa 

Aesar, 99.5%) using surfactant free delicate task wipers (KIM TECH), and was then 

filled with deionized water (Milli-Q, 18.2 MΩ*cm). The water was aspirated off, and was 

then refilled and let sit for 20 min. A pressure-area isotherm was taken and used to 

determine the cleanliness of the trough. If the pressure measured was greater than 0.2 

mN/m the surface was aspirated off and refilled with deionized water, and then let sit for 

20 min before taking an isotherm. This process was repeated until the pressure was less 

than or equal to 0.2 mN/m.  
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 The silver nanocube samples were prepared by centrifuging at 12 000 g’s for 

10min, and redistributing in chloroform. The sample was then centrifuged at 12 000 g’s 

for 5 min and the supernatant was replaced with fresh chloroform, twice. The sample was 

then dried under N2 gas, and then 200 μL of chloroform and 10 μL of DOPC lipid 

(Avanti Polar Lipids) was added, and sonicated. This mixture was added to the trough 

dropwise with a microsyringe (Hamilton, 500 μL). After the monolayer was let sit for 20 

min a pressure-area isotherm was obtained at a speed of 35 cm
2
/min and the trough was 

opened by taking a negative isotherm at the same speed. Once at the desired pressure the 

barrier was set to ‘pressure control’, and the monolayer was transferred with the use of 

Schaefer deposition (horizontally touching the slide to the surface and lifting). The slides 

were dried with N2 and stored in a desiccator until use.  

2.1.4 – Embedding Silver Nanocubes into Polystyrene Thin Films 

 The substrates were partially embedded into the polystyrene thin films by heating 

above polystyrene’s glass transition temperature. Specifically, the hot plate was set to a 

temperature of ~115 ˚C, measured with a thermocouple. The slide would be placed on for 

10s and then measured with UV-Vis spectroscopy. This process was continued until the 

dipolar mode had stopped red-shifting and the quadrupolar mode had just begun to shift 

(~15 nm).  

2.2 – Set-ups for Growth of Copper Oxide Shells 

Four set-ups were used for the growth of copper oxide shells on the surface of 

silver nanoparticles, namely, the ‘Mechanical Stirrer’ (described in section 1.7.1), the 

‘Puck’ (described in section 1.7.2), the ‘Teflon Piece’ (described in section 1.7.3) and the 

‘New Set-up’ (described in section 1.7.4).   
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2.2.1 – Mechanical Stirrer: Set-up Parameters  

 The sample was taped onto a glass slide affixed to the steel rod. This rod was then 

inserted into the Laboratory Stirrer. With this set up trials were conducted by slowly 

adding hydrazine (Section 2.3.1) or slowly adding copper (Section 2.3.2) with and 

without lactic acid.  

2.2.2 – Puck: Set-up Parameters 

 The sample was taped to a custom puck, containing a magnet. This was then 

placed in a beaker on a stirring hot plate (CORNING PC-402D) and set to 1000 rpm. 

With this set up trials were conducted by slowly adding hydrazine (Section 2.3.1) or 

slowly adding copper (Section 2.3.2) with and without lactic acid.   

2.2.3 – Teflon Piece: Set-up Parameters 

 The sample was taped onto the custom Teflon cylinder, which was inserted into a 

rotary tool (dremel model 800). The ACDC converter was set to 6V and the Variac was 

set to 100V. With this set up trials were conducted by slowly adding hydrazine (Section 

2.3.1) or slowly adding copper (Section 2.3.2) with and without lactic acid.  

2.2.4 – New Set-up: Set-up Parameters 

 The sample was taped onto a glass rod, which was inserted into a stirrer (IKA ® 

RW16 basic). The stirrer was set to 10, the highest rate. Prior to beginning the synthesis, 

the solution was purged with nitrogen for at least 15 min. With this set up the 

concentrations of NaOH and Cu(NO3)2 were varied, as described in (Section 2.3.3).  
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2.3 – Synthesis Methods of Copper Oxide Shells 

2.3.1 – Copper Oxide Growth: ‘Slow’ Addition of Hydrazine 

 For samples prepared with additions of hydrazine (Fluka, 25%) throughout the 

reaction, the solution was first prepared by adding 250 mL of deionized water. Note that 

in the case of the New Set-up, the solution would first be purged with N2 gas for a 

minimum of 15 min. The substrate would then be attached to the set-up and inserted into 

the water. Subsequently, 450 μL of 5 M NaOH (BioShop, 98%), 450 μL of 4 M lactic 

acid (if using), and 450 μL of 0.5 M Cu(NO3)2 were added. A solution of 220 μL of 25% 

hydrazine in 10 mL of deionized water had been prepared, and was added in 1 mL 

aliquots every 5 min, 10x, for a total reaction time of 50 min.  

2.3.2 – Copper Oxide Growth: ‘Slow’ Addition of Copper Nitrate 

 For samples prepared with additions of copper nitrate throughout the reaction, the 

solution was prepared first by adding 250 mL of deionized water. Note that in the case of 

the New Set-up, the solution would first be purged with N2 gas for a minimum of 15 min. 

The substrate would then be attached to the set-up and inserted into the water. 

Subsequently, 450 μL of 5 M NaOH, and 220 μL of 25 % hydrazine were added. A 

solution of 450 μL of 0.5 M Cu(NO3)2  and 450 μL of 4 M lactic acid (if using) in 10 mL 

of deionized water was prepared, and was added in 1 mL aliquots every 5 min, 10x, for a 

total reaction time of 50 min.  

2.3.3 – Copper Oxide Growth: NaOH, Lactic Acid and Cu(NO3)2 Concentrations 

 The solution was first prepared by first adding 250 mL of deionized water. To this 

varying amounts of 5 M NaOH, 4 M lactic acid and then 0.5 M Cu(NO3)2, namely 350 
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μL, 450 μL or 550 μ of each were added. Then 220 μL of 25% hydrazine was added and 

the reaction was then let progress for 50 min, in each case.  

 An additional trial was done without lactic acid. Again, 250 mL of deionized 

water was added. Following, varying amounts of 5 M NaOH, and then 0.5 M Cu(NO3)2 

were added, namely 350 μL, 450 μL or 550 μ of each were added. Then 220 μL of 25% 

hydrazine was added and the reaction, again, was let progress for 50 min, in each case.  

2.4 – Characterization Methods 

2.4.1 – Characterization with AFM 

 The polystyrene thin-films, monolayers prepared with the Langmuir-Blodgett 

method, embedded monolayers and selected samples after copper oxide growth were 

characterized with atomic force microscopy (AFM, Ntegra NT-MDT). Images were 

obtained in semi-contact mode by a silicon probe with a reflective gold coating (NSG03, 

NT-MDT). The probes used had a 1.75 N/m spring constant. 

2.4.2 – Removal and Characterization with UV-Vis Spectroscopy and TEM 

 After growth of copper oxide on the surface of the embedded nanocubes, the 

particles were removed by dissolving the polystyrene support in toluene. The particles 

were then sonicated to re-suspend the particles and UV-Vis spectra were obtained.  

 In addition the samples were drop-casted onto a TEM grid (Electron Microscopy 

Sciences, CF300-Cu), rinsed with toluene and let dry. The TEM images were acquired on 

a FEI Tecnai G2 F20 TEM at the Carleton University Nano-imaging Facility. 
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2.5 – Theoretical Calculations 

2.5.1 – Finite Difference Time Domain Calculations  

 Finite difference time domain modeling was performed by Dan Prezgot using 

Lumerical Solutions Inc. (FDTD Solutions v8.15). A 70 nm silver nanocube, with corner 

radius of 14nm and a Cu2O square pyramid with a 140 nm base and 70 nm height were 

the simulation objects. The materials were described by an analytical model fit to 

tabulated permittivity data. A mesh override region extending at least 10 nm past the 

nanocube was used with a 0.5 nm mesh size. A total-field scattered-field (TFSF) light 

source was used, and perfect matched layer (PML) was used for the boundary conditions. 

3 – Results and Discussion 

 The overall goal of this work was to produce anisotropic core-partial shell silver-

copper oxide nanoparticles. As such, in this section the results from the anisotropic 

growth of copper oxide on supported silver nanocubes with the use of several different 

set-ups are presented. Silver nanocubes are first synthesized by the Polyol process, and 

deposited onto polystyrene thin films. By heating the substrate above polystyrene’s Tg the 

nanocubes can be embedded into the polymer. Copper Oxide is then grown on the cube’s 

surface, with the surface coverage being controlled by the exposed surface area of the 

cube. Four set-ups were tried for the production of these types of particles, as described 

following.  

3.1 - Preparation of Substrates for Copper Oxide Growth 

 Monolayers of silver nanocubes on polystyrene thin films were first prepared as 

templates for the growth of copper oxide partial shells. Silver nanocubes were 
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synthesized and deposited onto polystyrene thin films, which were prepared by spin-

coating. Heating these substrates above the Tg of polystyrene allowed the nanocubes to be 

partially embedded.  

3.1.1 – Synthesis of Silver Nanocubes  

Silver nanocubes with an edge length of 60 nm were synthesized for this work by 

the Polyol process. The extinction spectrum of these nanocubes in ethanol is displayed in 

Figure 3.1 A, with the dipolar mode at 469 nm and a multipolar mode at 346 nm, 

indicative of a cubic structure. These nanocubes were large enough to also support a 

quadrupolar mode at 392 nm. The size and morphology of these nanocubes were 

confirmed with the use of atomic force microscopy (Figure 3.1 B).  

 

Figure 3.1: (A) UV-Vis spectra of silver nanocubes suspended in ethanol and (B) Atomic force 
micrograph of silver nanocubes. 

3.1.2  – Preparation of Polystyrene Thin Films 

Polystyrene thin films were prepared by spin-coating a 3 wt% solution in toluene 

onto glass slides. The substrates were characterized with atomic force microscopy to 

determine the roughness and thickness of the polystyrene films. In particular, the average 

root mean square roughness was determined to be (1.08±0.13) nm. The thicknesses of the 

A B 
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films were determined to be ~130 nm thick, by cutting the film and measuring the 

topography by AFM. AFMs of a polystyrene thin-film and cut polystyrene thin-film can 

be seen in Figure 3.2 A and B, respectively. 

 

Figure 3.2: Atomic force micrographs of (A) polystyrene film prepared with 3 wt% polystyrene in 
toluene, (B) cut polystyrene film.  

3.1.3 – Langmuir-Blodgett Deposition of Silver Nanocubes 

The Langmuir-Blodgett method was used to deposit the silver nanocube sample 

onto the polystyrene substrates. Since copper oxide would be grown on these samples, it 

was necessary that the particles were adequately spaced and not aggregated on the 

substrate, so DOPC, a lipid spacer, was used, and the particles were transferred to the 

polystyrene at a low (0.5 mN/m) surface pressure.  

 These samples were characterized with UV-Vis (Figure 3.3 A), and substrate-

induced hybridization is observed in the spectra, with modes at 447 nm, 390 nm and 342 

nm, corresponding to the hybrid dipolar, hybrid quadrupolar and multipolar modes, 

respectively. In addition, coupling is not observed in the spectra, which indicates that the 

particles are spaced adequately, and not aggregated. In addition, AFMs were also 

obtained for these monolayers (Figure 3.3 B). From these images, it can be concluded 

B A 
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that the nanocubes are mostly well separated; however, with the possibility of a few small 

aggregates.  

  
Figure 3.3: (A) UV-Vis of silver nanocubes supported on polystyrene thin-films and (B) Atomic force 
micrograph of silver nanocubes supported on polystyrene thin-films. 

3.1.4 – Embedding Silver Nanocubes into Polystyrene Thin Films 

The nanocubes were then partially embedded into the polystyrene thin films by 

heating the slides and monitoring the process by UV-Vis. Figure 3.4 displays the UV-Vis 

spectra of the samples over time, when heated at 115.5 ˚C. The substrate was removed 

from the hotplate every 10 s, to acquire a spectrum, and then placed back on the hotplate 

to continue the embedding process. The hybrid D and hybrid Q modes were monitored 

throughout this process to determine the extent of embedded. Since it was desired that the 

nanocubes were embedded approximately half way, the process should be stopped once 

the hybrid dipolar mode has finished shifting and the hybrid quadrupolar mode has begun 

shifting in the UV-Vis spectra. In particular, it was observed that the hybrid dipolar 

mode, which is more sensitive to the substrate, begins to redshift slightly in the first time 

interval of 10 s and stops shifting by 60 s, with the total shift being ~25 nm, from 446 nm 

initially to 471 nm (Figure 3.4). The hybrid quadrupolar mode, however, was observed to 

begin red shifting slightly by 30 s and continue to shift until the heating was stopped after 

A B 
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80 s. The hybrid Q mode shifted from 394 nm to 408 nm during the embedding process 

(Figure 3.4). The embedded depth of the nanocubes was also confirmed to be ~1/2 way, 

with AFM measurements. In addition, during the embedding process, some of the 

nanocubes will tilt,
117

 which is observed by AFM, and will affect the subsequent shell 

growth. In particular, as the cubes can tilt such that they are corner-down, the shell can be 

grown over the exposed area, which would be the opposite corner. 

 

Figure 3.4: UV-Vis of silver nanocube monolayers on polystyrene at different time intervals during 
the embedding process at 115.5˚C. 

3.2 – Copper Oxide Growth 

 Subsequently, these embedded samples were used for the growth of copper oxide 

shells on the exposed portion of the nanocubes. In particular, four set-ups were used to 
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try to optimize the growth of the copper oxide shell. In addition, the concentrations and 

addition orders of the reagents were modified, and the resulting changes in produced 

morphologies were observed.   

3.2.1  – Theoretical Considerations 

 FDTD calculations were performed by Dan Prezgot for a 70 nm silver cube which 

has a pyramidal partial shell. The pyramid has a 140 nm base and 70 nm height. 

Calculations were performed for various shell heights, specifically, 65 nm, 55 nm, 45 nm 

and 35 nm, measured from the bottom of the cube (Figure 3.5). In the calculated spectra, 

hybridization is observed in all instances, with the best hybridization produced for the 

highest shell heights (lowest shell coverage). These results demonstrated the potential for 

hybridization in solution, and so it was desired to produce similar structures. As such, 

methods for the production of such type of particles were developed.    
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Figure 3.5: FDTD Calculated spectra of silver nanocubes with partial copper oxide shells with, 65 
nm, 55 nm, 45 nm and 35 nm shell heights, measured from the bottom of the cube. 

3.2.2  Experimental Considerations 

 In order to achieve the goal of controllably producing particles with a partial shell 

morphology, it was necessary to optimize the growth conditions. Particularly, several set-

ups were used for the growth of copper oxide on the surface of silver nanocubes. Namely, 

four set-ups, the ‘Teflon piece’, ‘Mechanical Stirrer’, ‘Puck’, and the ‘New Set-up’ have 

been used for growth. Precisely, with the first three set-ups an investigation on the order 

of addition of reagents, namely the copper precursor (copper nitrate) and the reducing 

agent (hydrazine), was conducted. Specifically, either the copper nitrate or the hydrazine 

would be added to the reaction all at once, while the other would be added slowly, in 

intervals of 5 min throughout the reaction. Changing the order of addition of reagents has 

been reported to have an effect on the resulting morphologies of copper oxide produced,
68

 

and it would be expected that a slow addition of the copper precursor or the reducing 
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agent would alter the kinetics of the reaction; This could result in a great difference in 

produced structures, and was therefore of interest to investigate.  

In addition, each of these sets (additions of copper nitrate or additions of 

hydrazine) were also tried in the presence and absence of lactic acid. Lactic acid has been 

used to direct the production of different facets,
74

 and so it is expected that the produced 

structures will be different in its presence. Lastly, each of these were also tried for 

samples that were half-way embedded into polystyrene thin films and those that were 

supported on the polystyrene thin films, in order to produce core-shell morphologies that 

had a ‘half-shell’ or one bare face, respectively, and investigate their properties.  

From the results produced with the use of the first three set ups (Mechanical 

Stirrer, Puck and Teflon Piece), the New Set-up was developed. With this set-up, 

attempts were made to optimize the growth of shells by changing the concentrations of 

NaOH and copper precursor, which have been shown to affect the sizes of the produced 

structures.
48,76,77

 

3.3.1 – Mechanical Stirrer 

The first set-up used to produce these core-partial shell nanoparticles was the 

Mechanical Stirrer (section 1.7.2). The result of adding copper nitrate or hydrazine 

throughout the reaction, with or without lactic acid, on samples which were embedded or 

not embedded, was investigated for this set-up. For samples where hydrazine was added 

over time, in the presence of lactic acid, it was observed that the solution would initially 

turn blue with addition of hydrazine, getting bluer over time, until ~13-14 min where it 

turned green-yellow, and then orange-brown over the course of the reaction. In the 

absence of lactic acid, the progressions of colour changes were similar; however, the blue 



    61 

colour would result immediately after the copper precursor was added to the solution, and 

the colour changes would occur slightly more quickly, with the solution turning green-

yellow by 8-9 min. These results suggest that Cu(OH)2, or Cu(OH)4
2-

, which are blue in 

colour,
35,68,73,87

 are first forming, followed by the formation of copper oxide, Cu2O, which 

can appear deep yellow or orange in solution.
35,87

 Brown could be the result of CuO 

formation.
73

 

In contrast, in solutions where copper nitrate was added slowly, where sodium 

hydroxide was added first, then hydrazine, and then a solution of copper nitrate and lactic 

acid (if using) would be added, the colour was observed to first change to turn pale 

yellow, by ~1 min, and slowly become darker orange over time (for samples with and 

without lactic acid). In these cases, since there is more reducing agent in solution 

initially, the reduction to copper oxide (yellow/orange colour)
35,87

 seems to be able to 

occur more quickly.   

3.3.2 – Slow Addition of Hydrazine, with Lactic Acid 

Using the ‘Mechanical Stirrer’, shells were grown, where aliquots of hydrazine 

were added every 5 min throughout the reaction (in the presence of lactic acid). From the 

UV-Vis spectra of the samples after shell growth, modes appear red-shifted of the initial 

dipole modes at 652 nm and 654 nm, for embedded (Figure 3.6 A) and supported samples 

(Figure 3.6 B), respectively. This emergence of a mode is consistent with shell growth.  
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Figure 3.6: Silver nanocube monolayers before (Black) and after copper oxide growth (Red) for (A) 
embedded (slide 14_4) and (B) supported (slide 1_3) samples. 

 Subsequent removal of these samples and characterization with TEM revealed 

shells which had grown significantly, and were porous and disorganized in structure, for 

both the initially embedded (Figure 3.7 A1-A3) and initially supported (Figure 3.7 B1-

B3) samples. With the use of ImageJ
120

 data processing software, the shell thicknesses 

were estimated to be 67 nm ± 20 nm and 64 nm ± 20 nm for those produced with 

embedded and supported particles. This indicates that the same thickness of copper oxide 

is obtained for both samples prepared from embedded and supported nanocubes. The 

UV-Vis spectra of these samples had hybridization of the modes for both samples, with D 

and Q modes at 662 nm and 480 nm for the initially embedded sample (Figure 3.7, right, 

red) and at 666 nm and 470 nm for the initially supported sample (Figure 3.7, right, 

black), respectively. In this sample, hybridization is better for the sample prepared from 

supported cubes, which could be due to the embedded nanoparticles tilting during the 

embedding, which could cause less conformal shell growth.  

A B 
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Figure 3.7: (Left) Transmission electron micrographs of shells grown with 10 additions of hydrazine, 
with lactic acid from (A1-A3) embedded (slide 14_4) and (B1-B3) supported (slide 1_3) samples 
(Right) In-solution spectra of samples prepared from (Red) embedded (slide 14_4), (Black) supported 
(slide 1_3) samples 

3.3.3 – Slow Addition of Copper, with Lactic Acid 

Samples were also prepared with the additions of aliquots of a solution with 

copper nitrate and lactic acid throughout the shell synthesis, in intervals of 5 min, 10 

times. After shell growth, new modes have emerged in the spectra at 647 nm for the 

embedded sample (Figure 3.8 A), and 624 nm for the supported sample (Figure 3.8 B), 

indicating shell growth.  

 

 

Figure 3.8: Silver nanocube monolayers before (Black) and after copper oxide growth (Red) for (A) 
embedded (slide 14_2) and (B) supported (slide 1_5) samples. 

A B 
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 Removal of these samples and subsequent TEM images indicated that the 

produced shells were smoother overall and smaller (Figure 3.9 A1-A3, B1-B3) than the 

ones produced by adding hydrazine throughout (Figure 3.9 A1-A3, B1-B3). The partial 

shell morphology is observable for the samples that were embedded in the polystyrene 

during the shell growth (Figure 3.9 A1, A2). As well, in some of the images it is observed 

that the shell appears to have nucleated at many points, which have grown into each other 

(Figure 3.9 A3, B1-B3). The shell thicknesses were estimated to be 47 nm ± 20 nm and 

32 nm ± 8 nm for the samples prepared from embedded and supported silver nanocubes, 

respectively, with the use of ImageJ data processing software. These thickness results 

suggest that the thicknesses of copper oxide obtained for initially embedded and 

supported nanocubes are comparable; however, measurement of the shell thickness 

provided results with large uncertainty, due to the inconsistent shell morphologies. In 

addition, the UV-Vis spectra show hybridization for both samples, with improved 

hybridization for the initially embedded sample.  

 

Figure 3.9: Transmission electron micrographs of shells grown with 10 additions of copper, with 
lactic acid from (A1-A3) embedded (slide 14_2) and (B1-B3) supported (slide 1_5) samples. (Right) In-
solution spectra of samples prepared from (Red) embedded (slide 14_2), (Black) supported (slide 
1_5) samples. 
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3.3.4 – Slow Addition of Hydrazine, without Lactic Acid 

Samples were prepared with additions of hydrazine throughout the reaction, with 

1 mL of the solution added every 5 min (10 times), without lactic acid. UV-Vis spectra of 

the samples after synthesis, have new modes red-shifted of the initial dipole peaks, 

indicating growth of copper oxide shells. Notably, these modes are observed at 681 nm 

for the embedded samples (Figure 3.10 A), and 684 nm for the supported samples (Figure 

3.10 B).  

 
Figure 3.10: Silver nanocube monolayers before (Black) and after copper oxide growth (Red) for (A) 
embedded (slide 14_3) and (B) supported (slide 11_4) samples. 

 Removal of these samples from the substrates and acquisition of TEMs revealed 

mostly cubic-shaped shell growth, for both the samples which were embedded (Figure 

3.11 A1-A3) and those supported (Figure 3.11 B1-B3). The {100} facet is the lowest 

energy facet for Cu2O,
70

 and so in the absence of capping/structural guiding agents, cube 

shapes are obtained. The thicknesses were measured with ImageJ data processing 

software and determined to be 48 nm ± 16 nm and 48 nm ± 18 nm, for the shells grown 

on embedded and supported silver nanocube samples, respectively, indicating consistent 

thicknesses between samples. 

A B 
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For both the core-shell structures prepared from embedded and supported 

nanocubes, hybridization is observed in the UV-Vis spectra (Figure 3.11 right). For the 

samples initially embedded in the polystyrene, the D and Q modes are located at 673 nm 

and 486 nm, respectively; however, for the samples prepared from the supported silver 

nanocubes, the D and Q modes are located at 697 nm and 486 nm, respectively. Since 

Cu2O is a higher refractive index material, additional growth of these shells, which 

occurs on the supported samples relative to the embedded samples, could result in further 

red shift of the modes, as observed.  

 

Figure 3.11: (Left) Transmission electron micrographs of shells grown with 10 additions of 
hydrazine, without lactic acid from (A1-A3) embedded (slide 14_3) and (B1-B3) supported (slide 
11_4).  (Right) In-solution spectra of samples prepared from (Red) embedded (slide 14_3), (Black) 
supported (slide 11_4) samples. 

3.3.5 – Slow Addition of Copper, without Lactic Acid 

Samples to which only a solution of copper nitrate had been added throughout the 

reaction, with additions every 5 min (10 times), were observed to have the development 

of modes red-shifted of the initial dipole peaks. In particular, for the embedded samples 

of silver nanocubes, this mode is located at 692 nm (Figure 3.12 A); for supported 

samples, this mode is located at 657 nm (Figure 3.12 B).  
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Figure 3.12: Silver nanocube monolayers before (Black) and after copper oxide growth (Red) for (A) 
embedded (slide 14_1) and (B) supported (slide 11_3) samples. 

 These samples were subsequently removed and re-suspended in toluene. TEMs 

show that on many of the nanocubes, the copper oxide shells have nucleated at several 

points, growing as semi-cubic and pyramidal structures, and have further grown into each 

other forming the shells (Figure 3.13 A1-A3, B1-B3). Partial shells can be observed in 

the samples which were embedded in the polystyrene during the copper oxide growth 

(Figure 3.13 A2, A3). The thicknesses of the produced copper oxide shells were 

determined to be 48 nm ± 15 nm and 44 nm ± 11 nm for those prepared from embedded 

and supported samples, respectively, indicating comparable thicknesses between samples. 

In addition, hybridization is observed in the UV-Vis spectra for both the samples 

which were embedded (Figure 3.13, right, red) and for those that were supported (Figure 

3.13, right, black) during the shell growth. The D and Q modes are located at 701 nm and 

479 nm for the particles embedded during synthesis, and 684 nm and 466 nm for the 

particles supported during shell growth, respectively.  

A B 
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Figure 3.13: (Left) Transmission electron micrographs of shells grown with 10 additions of copper, 
without lactic acid from (A1-A3) embedded (slide 14_1) and (B1-B3) supported (slide 11_3). (Right) 
In-solution spectra of samples prepared from (Red) embedded (slide 14_1) and (Black) supported 
(slide 11_3) samples. 

3.3.6 – Concluding Statements on the Mechanical Stirrer 

In conclusion, the use of the Mechanical Stirrer for the production of core-partial 

shell silver-copper oxide nanoparticles showed promising results for the use of such types 

of set-ups to produce these types of anisotropic structures. The order and rates of addition 

of the reagents was modified, during the growth of copper oxide shells for embedded and 

supported silver nanocube monolayers. In addition, these syntheses were also tried with 

and without the addition of lactic acid.  

To summarize, in the presence of lactic acid, the slow addition of hydrazine 

produced larger and more porous shells than those produced with the slow addition of 

copper precursor. In the absence of lactic acid, the slow addition of hydrazine produced 

mostly cubic shaped shells, while the slow addition of copper precursor produced semi-

cubic and pyramidal shaped shell pieces. For both, nucleation often appeared to have 

happened on multiple points of the particle, and grown into one another. In addition, the 

produced core-partial shell nanoparticles display hybridization in the in-solution spectra, 

which is consistent with the theoretical expectation for these types of particles.  



    69 

Although this set-up showed promising initial results, it can be improved by using 

a set-up which allows the spin speed to be changed, which would allow the effect of the 

stirring rate to also be investigated. In addition, a steel rod with a slide epoxied to it was 

used as the sample support, and was difficult to thoroughly clean, which is an issue that 

must be addressed. As such, to overcome these issues, another set-up, the ‘Puck’, was 

attempted.  

3.4.1 – Puck  

 With the ‘Puck’ set-up, samples were again produced, with slow additions of 

copper nitrate or hydrazine, in the presence and absence of lactic acid, and on samples 

which were embedded in or supported on polystyrene thin films. The solution for samples 

to which hydrazine was added throughout the reaction (with lactic acid) initially turned 

blue after the addition of hydrazine, and subsequently yellow at ~11 min and orange at 

~15 min. For the samples with hydrazine added without lactic acid, the solution turned 

blue directly after the addition of copper nitrate, then turned green by ~8 min, yellow-

brown by ~14 min, and orange by ~27 min. The blue colour
35,68,73,87

 could be the 

production of Cu(OH)2 or Cu(OH)4
2-

. The subsequent colour change to orange is 

attributed to Cu2O.
35,87

 

 For samples to which copper was added throughout the reaction (with and without 

lactic acid), the solutions turned yellow by ~1 min, and subsequently turned orange over 

the course of the reaction. This result again suggests that with the samples to which all 

the reducing agent was added initially, the formation of Cu2O occurs more quickly, as 

indicated by the yellow and orange colours.
35,87
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3.4.2 – Slow Addition of Hydrazine, with Lactic Acid 

 With this set-up, samples were prepared with the addition of hydrazine every 5 

min (10 times), over the course of the reaction, in the presence of lactic acid. From the 

UV-Vis spectra of the substrates after the reaction, new peaks are observed to have 

developed, red-shifted of the initial dipole mode, at 649 nm for embedded samples 

(Figure 3.14 A) and at 572 nm for supported samples (Figure 3.14 B), indicating the 

growth of copper oxide shells on the surface.  

 

Figure 3.14: Silver nanocube monolayers before (Black) and after copper oxide growth (Red) for (A) 
embedded (slide 13_4) and (B) supported (slide 1_2) samples. 

 Removal of these samples revealed shells which appeared to be porous in the 

TEMs (Figure 3.15 A1-A3, B1-B3). The samples that were embedded during the growth 

process are observed have produced structures which have a partial shell, with the 

exposed portion of the nanocube visible (Figure 3.15 A1-A3). Nucleation appears to have 

occurred at many areas on the surface of the cubes, especially in the sample in which the 

silver nanocubes were supported on the polystyrene during growth (Figure 3.15 B1-B3). 

The thickness of the copper oxide layer was measured with ImageJ data processing 

software and found to be 80 nm ± 28 nm and 35 nm ± 6 nm for the structures prepared 

from embedded and supported nanocubes, respectively. This result indicates that thicker 

A B 
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shells are produced for the embedded samples, which could be due to the nucleation at 

many points on the surface of the supported nanocubes, leading to thinner shells relative 

to the embedded nanocubes, where the shell only grow off of one area (Figure 3.15 A, B).  

 UV-Vis spectra for these samples were also obtained and the development of 

some hybridization for the samples which were prepared from embedded silver 

nanocubes was observed, with a peak at 487 nm and a shoulder at 654 nm (Figure 3.15, 

right, red). The UV-Vis spectra obtained in-solution from the samples prepared from 

supported silver nanocubes resembles a red shifted cube spectra, which could be 

explained by having one bare face, with all other faces coated in copper oxide, which red-

shifts the spectra, with a main peak at 618 nm (Figure 3.15, right, black).  

 

Figure 3.15: (Left) Transmission electron micrographs of shells grown with 10 additions of 
hydrazine, with lactic acid from (A1-A3) embedded (slide 13_4) and (B1-B3) supported (slide 1_2) 
samples, (Right) In-solution spectra of samples prepared from (Red) embedded (slide 13_4), (Black) 
supported (slide 1_2) samples. 

3.4.3 – Slow Addition of Copper, with Lactic Acid 

Samples were prepared with the addition of aliquots of a solution of copper nitrate 

and lactic acid, every 5 min, throughout the reaction. After the reaction had been carried 

out, the UV-Vis spectra indicated that growth had occurred, with new modes emerging at 
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640 nm for the embedded sample (Figure 3.16 A) and 593 nm for the supported sample 

(Figure 3.16 B).  

 

Figure 3.16: Silver nanocube monolayers before (Black) and after copper oxide growth (Red) for (A) 
embedded (slide 13_2) and (B) supported (slide 1_4). 

 The morphologies of the shells are observed with TEM, and these samples are 

observed to have many nucleation points on the cube’s surface for both samples which 

were embedded (Figure 3.17 A1-A3) and supported (Figure 3.17 B1-B3) during growth. 

The observed shell structure is composed of many rounded units, which appear to be 

mostly attached to the faces, arranged like ‘petals’. The thicknesses of these shell 

structures were determined with ImageJ data processing software. The thicknesses were 

37 nm ± 9 nm for shells grown on embedded nanocubes and 28 nm ± 6 nm for shells 

grown on supported nanocubes.  

The shapes of the resulting UV-Vis spectra are similar to those obtained for the 

corresponding samples with additions of hydrazine (with lactic acid) (Figure 3.17 right). 

Specifically, the sample that was prepared from embedded silver nanocubes shows some 

hybridization, with D and Q modes at 660 nm and 486 nm, respectively; in contrast, the 

sample prepared from supported silver nanocubes’s spectra in-solution resembles a red-
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shifted silver nanocube spectra, which could be due to copper oxide covering most of the 

nanocubes’ surface.  

 

Figure 3.17: Transmission electron micrographs of shells grown with 10 additions of copper, with 
lactic acid from (A1-A3) embedded (slide 13_2) and (B1-B3) supported (slide 1_4) samples, (Right) In-
solution spectra of samples prepared from (Red) embedded (slide 13_2), (Black) supported (slide 
1_4) samples.  

3.4.4 – Slow Addition of Hydrazine, without Lactic Acid 

Samples were made whereby hydrazine was added to the solutions, every 5 min 

(10 times), throughout the reaction, in the absence of lactic acid. For these samples, it is 

observed that modes develop at 653 nm for the samples embedded (Figure 3.18 A) and 

687 nm for the supported samples (Figure 3.18 B), after growth of copper oxide shells.   

 

Figure 3.18: Silver nanocube monolayers before (Black) and after copper oxide growth (Red) for (A) 
embedded (slide 13_3) and (B) supported (slide 11_2).  

A B 
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 TEM images revealed shell structures which had been grown from many 

nucleation points (Figure 3.19 A1-A3, B1-B3). The partial-shell morphology is 

observable in the sample which was partially embedded during growth (Figure 3.19 A2). 

The shells are composed of many portions which have grown and coalesced into one 

another, some of which are cubic in shape (Figure 3.19 A2, A3). This shell composed of 

many pieces is also observed in the sample which was supported during synthesis (Figure 

3.19 B1-B3). The thicknesses of the shells grown were found to be 43 nm ± 19 nm and 

35 nm ± 13 nm for those prepared from embedded and supported samples, respectively, 

with the use of ImageJ data processing software. These thickness values indicate 

comparable thicknesses of copper oxide were grown between samples. 

UV-Vis spectra were also obtained for these samples, with the sample that was 

embedded during shell growth showing hybridization, with peaks at 673 nm and 471 nm 

(Figure 3.19, right, red). In contrast, the core-shell particles which were prepared with 

supported silver nanocubes show a peak at 684 nm (Figure 3.19, right, black), which 

could be due to the copper oxide coating covering all but one face, instead of only half 

the particle, as is the case for those prepared from embedded nanocubes. 

 

Figure 3.19: Transmission electron micrographs of shells grown with 10 additions of hydrazine, 
without lactic acid (A1-A3) embedded (slide 13_3) and (B1-B3) supported (slide 11_2) samples. 
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(Right) In-solution spectra of samples prepared form (Red) embedded (slide 13_3), (Black) supported 
(slide 11_2) samples.  

3.4.5 – Slow Addition of Copper, without Lactic Acid 

Shell synthesises were carried out whereby aliquots of copper nitrate solution 

were added throughout the reaction, every 5 min, 10 times. UV-Vis spectra of the 

samples after indicated the growth of shells, with new modes present at 660 nm for the 

embedded particles (Figure 3.20 A) and 656 nm for supported particles (Figure 3.20 B).  

 

Figure 3.20: Silver nanocube monolayers before (Black) and after copper oxide growth (Red) for (A) 
embedded (slide 13_1) and (B) supported (slide 11_1) samples.  

 Subsequently, these samples were removed and characterized with TEM and UV-

Vis. From the TEM images it was observed that the shell was composed of many portions 

which appear to have nucleated separately and grown together to form the shell for the 

samples prepared from cubes that were embedded (Figure 3.21 A1-A3) and supported 

(Figure 3.21 B1-B3). Some of the shell components are roughly cubic in shape; however, 

many do not have a well-defined structure. The thicknesses, determined with ImageJ, 

were 38 nm ± 13 nm and 39 nm ± 10 nm for those prepared from embedded and 

supported samples, respectively, indicating a consistent thickness of copper oxide was 

produced between samples.  

A B 
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UV-Vis spectra of the samples after removal show hybridization for both the 

samples which were embedded during growth (Figure 3.21, right, red) and supported 

during growth (Figure 3.21, right, black). The peaks are located at 678 nm and 466 nm 

(Figure 3.21, right, red) and at 689 nm and 463 (Figure 3.21, right, black), for the 

particles prepared from embedded and supported samples, respectively. These samples 

have similar hybridization.  

 

Figure 3.21: (Left) Transmission electron micrographs of shells grown with 10 additions of copper, 
without lactic acid from (A1-A3) embedded (slide 13_1) and (B1-B3) supported (slide 11_1) samples, 
(Right) In-solution spectra of samples prepared from (Red) embedded (slide 13_1), (Black) supported 
(slide 11_1) samples.  

3.4.6 – Concluding Statements on the Puck 

Similarly to the Mechanical Stirrer, the Puck also showed encouraging initial 

results as a set-up to produce partial shells on the surface of silver nanocubes. In 

particular, in the presence of lactic acid, it was observed that the produced structures were 

similar for both the slow addition of hydrazine and the slow addition of copper precursor. 

Specifically, the produced particles appeared to be composed of structures which 

resembled ‘petals’ of Cu2O which had grown off of the silver nanocube. For these 

samples, it was observed that the copper oxide shells grown on the partially embedded 
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samples had some hybridization; however, for the samples that were supported during the 

growth copper oxide, the spectra appeared to resemble very red-shifted cube spectra.  

In the absence of lactic acid, the produced structures also appeared to have 

nucleated at many points on the particle, for both the slow addition of hydrazine and the 

slow addition of copper precursor. For these samples, some of the produced structures 

were roughly cubic in shape; however, many had no distinct shape. For the sample to 

which hydrazine was added slowly, hybridization is observed in solution for the copper 

oxide grown on partially embedded sample, whereas the sample which was prepared with 

supported nanocubes, does not display hybridization in solution, and resembles a red-

shifted cube spectrum. Contrarily, the sample which was prepared with the slow addition 

of copper precursor, shows in solution hybridization for both the samples prepared from 

embedded and supported silver nanocube monolayers.  

The use of the Puck to prepare core-partial shell nanoparticles was successful. 

The substrate can be very stably attached to the puck, since it rests on its surface, 

minimizing the risk of the substrate falling off during the synthesis. In addition, the 

stirring speed of this set-up could be modified by changing the setting on the stirring hot 

plate. However, further improvements can be made to this set-up. Specifically, although 

the stirring rate of this set-up could be modified, high stirring speeds could not be reached 

with this set-up, and so it was desired to produce a set-up with which the stirring rate 

could be modified over a larger range, especially faster speeds. In addition, with this set-

up, if the puck was off-centre in the beaker, it would shake back and forth, no longer 

smoothly stirring the solution. As such, the Teflon piece was developed in an attempt to 

further improve the production of these core-partial shell particles.  
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3.5.1 – Teflon Piece 

 An initial investigation of the changes in UV-Vis spectra for the growth of copper 

oxide shells on the surface of embedded silver nanocubes was completed. In particular, 

these samples were prepared by adding sodium hydroxide, lactic acid and copper nitrate 

to the solution initially, and adding aliquots of the reducing agent, hydrazine, throughout 

the reaction. From this, the goal was to determine the changes that occur to the spectra 

during the shell growth. Hydrazine was added every 5 min, for four sets of substrates, 

with four, six, eight and ten additions.  

 After depositing these samples on polystyrene with the Langmuir-Blodgett 

method, hybrid modes are observed in the spectrum (Figure 3.22, black), with a D mode 

at 453 nm and a Q mode at 395 nm. After embedding the samples, the D mode and the Q 

mode have shifted to 488 nm and 405 nm, respectively (Figure 3.22, red). With four 

(Figure 3.22, blue) and six (Figure 3.22, pink) additions of hydrazine, the spectra remain 

fairly consistent; however, by eight additions of hydrazine (Figure 3.22, green) a new 

mode has emerged at 586 nm. By ten additions of hydrazine (Figure 3.22, dark blue), this 

mode has shifted to 604 nm.  

 For these samples, the expected spectral changes through the growth would first 

involve the loss of the Q mode as the cubes’ surroundings approach having the same 

affective refractive index for the substrate and superstrate. Subsequently, with the 

continued growth of copper oxide, a new mode should appear, red-shifted of the initial D 

mode. This should result because, as the copper oxide shell increases in thickness, the 

effective refractive index increases, and once it is higher than the polystyrene substrate, 
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the D mode will then be directed into the copper oxide and the Q mode will be directed 

into the polystyrene substrate.  

 

Figure 3.22: UV-Vis spectra of silver nanocube samples initially (Black), embedded into polystyrene 
(Red) and throughout growth of copper oxide shells, with four additions of hydrazine (Blue), six 
additions of hydrazine (Pink), eight additions of hydrazine (Green) and ten additions of hydrazine 
(Dark Blue).  

Samples of copper oxide were grown in varying conditions, namely, with 

additions of copper nitrate or additions of hydrazine, with and without lactic acid, and on 

samples which were embedded in polystyrene or supported on polystyrene. For all 

samples, sodium hydroxide was added to the solution first, followed by the other 

reagents. For the samples where hydrazine was added over many additions, following the 

addition of sodium hydroxide would be lactic acid (if using), copper nitrate, and finally 

hydrazine added throughout the reaction. For samples to which hydrazine was added 
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(with lactic acid) the solution initially turned blue by ~5 min, following the addition of 

hydrazine, and subsequently turned green in colour by ~17 min and finally brown-yellow.  

For samples to which hydrazine was added throughout the synthesis (without lactic acid), 

the solution turned blue immediately following the addition of copper nitrate, and then as 

the reaction proceeded, green by ~8 min, yellow by ~25 min, and brown by ~39 min. The 

sequence of colour changes of the solution was similar to what occurred under the same 

conditions for the ‘Mechanical Stirrer’. Again, the blue colour
35,68,73,87

 can be attributed to 

formation of Cu(OH)2 or Cu(OH)4
2-

, and the yellow
35,87

 and brown
73

 colours to formation 

of Cu2O, or CuO, respectively. 

Contrarily, for samples to which copper nitrate was added throughout the 

synthesis, it was observed that with lactic acid the solution turned yellow within ~1 min, 

and in the absence of lactic acid turned yellow within ~2-3 min. In both cases, as the 

reaction progressed, the yellow colour intensified and turned orange over time. For these 

samples, since the solution contains a higher concentration of reducing agent, with the 

addition of copper precursor, copper oxide seems to be produced more quickly, based on 

the yellow colour observed.
35,87

  

3.5.2 – Slow Addition of Hydrazine, with Lactic Acid 

Samples were prepared to which hydrazine was added throughout the synthesis 

(in the presence of lactic acid) every 5 min, 10 times. The UV-Vis spectra of the 

substrates, for both embedded (Figure 3.23 A) and supported (Figure 3.23 B) silver 

nanocube monolayers, the spectra indicated the growth of copper oxide (red spectra), 

with the emergence of peaks red-shifted of the initial dipole peak, at 599 nm and 630 nm 

for embedded and supported nanocubes, respectively.  
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Figure 3.23: Silver nanocube monolayers before (Black) and after copper oxide growth (Red) for (A) 
embedded (slide 16_4) and (B) supported (slide 1_1) samples.  

 These particles were then removed from the substrates to determine the resulting 

morphologies with TEM and to observe their in-solution UV-Vis spectra. In particular, in 

the images of the sample which was partially embedded, the partial shell morphology can 

be observed, with exposed part of the silver nanocube visible (Figure 3.24 A1-A3). The 

shell morphology is similar for both samples that were embedded (Figure 3.24 A1-A3) 

and for those that were supported (Figure 3.24 B1-B3). The shell structure appears to be 

composed of many small grains, which had come together resulting in a porous, 

disorganized shell. The thicknesses of the produced shells were 39 nm ± 20 nm and 55 

nm ± 19 nm for shells grown on embedded and supported samples, respectively, 

determined with ImageJ data processing software. These results indicate that the 

produced shells were of comparable thicknesses; however, the large uncertainty on the 

thicknesses is the result of the inconsistent shell morphologies produced.  

In the UV-Vis spectra for both samples, hybridization of the modes is observed in 

solution, with D and Q modes at 630 nm and 464 nm, and 683 nm and 460 nm, for the 

samples which were embedded and supported, respectively. In particular, the observed 

hybridization is better for the samples prepared from the supported silver nanocubes.  

A B 
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Figure 3.24: (Left) Transmission electron micrographs of shells grown with 10 additions of hydrazine 
(A1-A3) embedded (slide 16-4) and (B1-B3) supported (slide 1_1) samples. (Right) In-solution spectra 
of samples prepared from (Red) embedded (slide 16_4) and (Black) supported (slide 1_1) samples. 

3.5.3 – Slow Addition of Copper, with Lactic Acid 

Samples were prepared by adding hydrazine to the solution initially, and adding 

aliquots of a solution of copper nitrate and lactic acid throughout the reaction (10 

additions, one every 5 min), for embedded and supported silver nanocube samples. The 

UV-Vis spectra of the slides before and after the synthesis did not indicate that much 

growth of copper oxide had occurred on the surface of the embedded (Figure 3.25 A) or 

supported (Figure 3.25 B) nanocubes. For the embedded silver nanocubes (Figure 3.25 

A), the D and Q modes are still observable, and have blue-shifted slightly, which could 

indicate some rounding of the sample had occurred. For the supported samples (Figure 

3.25 B), a change is seen in the UV-Vis spectra whereby a shoulder is observed at ~650 

nm, which suggests some copper oxide growth on the surface of the particles.  
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Figure 3.25: Silver nanocube monolayers before (Black) and after copper oxide growth (Red) for (A) 
embedded (slide 16_2) and (B) supported (slide 22_2) samples 

 Subsequent removal of the samples and obtainment of TEM images was 

consistent with the UV-Vis spectra of the samples on the substrates. In particular, very 

minimal growth is observable on the surface of the particles that were embedded (Figure 

3.26 A1-A3). Additionally, some of the cubes are observed to have rounded (Figure 3.26 

A1-A3). The corresponding UV-Vis spectra of this sample (Figure 3.26, right, red) is 

shaped like a spectrum of cubic particles with a main dipole at 492 nm and a slight peak 

at ~350 nm, which is consistent with minimal growth on the particles.  

For the sample that was supported on the surface of the particles, the results are 

similar to their embedded counterparts, with not a lot of growth on the surface; however, 

as more area of the cube was exposed, some growth is observed on a larger area of the 

nanoparticle surface (Figure 3.26 B1-B3). In these samples, patches of growth are 

observed, indicating that some copper oxide nucleated at different areas on the cube 

surface and have not grown together into a complete shell (Figure 3.26 B1-B3). The UV-

Vis spectrum of this sample (Figure 3.26, right, black) shows further red-shift of the peak 

to 587 nm, with the presence of a shoulder at ~450 nm, indicating that hybridization of 

the modes has started, however, not enough to separate the peaks well.  
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 From these results, it is observed that the growth on the nanoparticles is poor, 

which is expected to be due to the Teflon piece causing a lot of bubbles. Since the 

synthesis was carried out under air, oxygen would have been mixed into the solution 

from the bubbles. Since the hydrazine was added all at the beginning of the reaction, it 

seems that the lack of growth is due to hydrazine reacting with oxygen,
119

 which 

competed with the reduction of the copper precursor to copper (I) oxide. Similarly, Cu
2+

 

can be reformed from Cu
+
 in the presence of oxygen,

119
 which could also reduce the 

growth of the copper oxide. In particular, the thicknesses of the patches were measured 

with ImageJ software and determined to be 14 nm ± 7 nm and 16 nm ± 6 nm at the 

thickest portion of copper oxide shell, for those grown on embedded and supported 

samples, respectively, which are much thinner than the shells produced under other 

conditions. As such, under these conditions, the ‘Teflon Piece’ set-up is not appropriate 

for the growth of copper oxide shells on the surface of silver nanoparticles.  

 

Figure 3.26: (Left) Transmission electron micrographs of shells grown with 10 additions of copper, 
with lactic acid (A1-A3) embedded (slide 16_2) and (B1-B3) supported (slide 22_2) samples. (Right) 
In-solution spectra of samples prepared from (Red) embedded (slide 16_2), (Black) supported (slide 
22_2) samples.  
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3.5.4 – Slow Addition of Hydrazine, without Lactic Acid 

Samples were also prepared using the ‘Teflon Piece’ by adding hydrazine 

throughout the reaction (one addition every 5 min, 10 times), without lactic acid. For 

these samples, the UV-Vis spectra indicate the growth of the copper oxide shells, from 

the emergence of a peak red-shifted of the initial dipole peaks, at 605 nm and 612 nm for 

the embedded (Figure 3.27 A) and supported (Figure 3.27 B) samples, respectively.  

 

Figure 3.27: Silver nanocube monolayers before (Black) and after copper oxide growth (Red) for (A) 
embedded (slide 16_3) and (B) supported (slide 18_2) samples.  

 Thereafter, the samples are removed from the substrates and re-suspended in 

solution. TEM images are obtained for the embedded (Figure 3.28 A1-A3) and supported 

samples (Figure 3.28 B1-B3) samples. For these particles, the resulting copper oxide 

structures are observed to be mostly cubic in structure, which could have resulted due to 

the fact that the lowest energy facet for Cu2O is the {100} facet,
70

 so it was most stable, 

especially in the absence of other structural guiding agents, such as lactate. It can be 

observed in these samples that, on many of the particles, the shells nucleated at many 

different parts of the particle and grew into each other (Figure 3.28 A1-A3, B1-B3). 

These results are similar to the morphology of the shell obtained under the same 

conditions using the Mechanical Stirrer (Figure 3.11). The thicknesses of the produced 

A B 
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shells were 36 nm ± 17 nm and 36 nm ± 10 nm for samples prepared from embedded and 

supported nanocubes, respectively, determined with ImageJ data processing software, 

indicating consistent produced thicknesses. 

In the UV-Vis spectra hybridization is observed for the particles that were 

embedded with the D and Q modes being located at 637 nm and 480 nm, respectively. 

The spectra for the samples prepared from supported silver nanocube monolayers 

resemble a red-shifted cube spectrum, with a main peak at 663 nm another at 461 nm.  

 

Figure 3.28: (Left) Transmission electron micrographs of shells grown with 10 additions of 
hydrazine, without lactic acid from (A1-A3) embedded (slide 16_3) and (B1-B3) supported (slide 
18_2) samples, (Right) In-solution spectra of samples prepared from (Red) embedded (slide 16_3), 
(Black) supported (slide 18_2) samples.  

3.5.5 – Slow Addition of Copper, without Lactic Acid 

Furthermore, samples were prepared by adding portions of a solution of copper 

nitrate (without lactic acid) throughout the reaction (added every 5 min, 10 times). The 

UV-Vis spectra of these samples on the substrates indicated growth, with peaks emerging 

at 670 nm and 677 nm, for embedded (Figure 3.29 A) and supported (Figure 3.29 B) 

nanoparticles, respectively.  
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Figure 3.29: Silver nanocube monolayers before (Black) and after copper oxide growth (Red) for (A) 
embedded (slide 16_1) and (B) supported (slide 18_1) samples.  

 Moreover, upon removal of these samples, TEMs were obtained for structures 

prepared from the embedded (Figure 3.30 A1-A3) and supported (Figure 3.30 B1-B3) 

nanocubes. The shell is perceived to be composed of the growth of many portions which 

had nucleated and grown together, forming the shell. In addition, many sections of the 

shell appear to be semi-cubic in structure; however, these are not as defined as the cubic 

shapes as were obtained under the conditions where hydrazine was added throughout the 

reaction (Figure 3.30 A1-A3, B1-B3), instead of copper precursor. The thicknesses 

produced under these conditions were determined to be 42 nm ± 17 nm and 43 nm ± 14 

nm for those grown on embedded and supported samples, respectively, with the use of 

ImageJ data processing software, indicating consistent produced thicknesses.  

The UV-Vis spectra of the samples prepared were obtained for the particles in 

solution and it was observed that there was hybridization of the D and Q modes in 

solution; for the initially embedded sample (Figure 3.30, right, red) and the supported 

sample (Figure 3.30, left, black), the D and Q modes are observed at 692 nm and 470 nm, 

and 718 and 472 nm, respectively.  

A B 
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Figure 3.30: (Left) Transmission electron micrographs of shells grown with 10 additions of copper, 
without lactic acid from (A1-A3) embedded (slide 16_1) and (B1-B3) supported (slide 18_1) samples, 
(Right) In-solution spectra of samples prepared from (Red) embedded (slide 16_1), (Black) supported 
(slide 18_1) samples.  

3.5.6 – Concluding Statements on the Teflon Piece 

The ‘Teflon Piece’ was successful for the preparation of core-partial shell silver 

copper oxide nanoparticles, under certain conditions. In particular, for samples that were 

prepared in the presence of lactic acid with the slow addition of hydrazine, the resulting 

shell structure was porous. Both the particles produced from embedded and supported 

silver nanocubes had substrate-induced hybridization present in the UV-Vis spectra of the 

particles in solution. Structures produced with the slow addition of copper, however, had 

very little growth, which was attributed to the production of a lot of bubbles. This was 

expected to have resulted in hydrazine reacting with oxygen,
119

 and reducing the growth 

of copper oxide shells. The shape of the in-solution spectra resembled that of cubes for 

the particles produced with the partially embedded nanocubes; however, the spectra 

appears to be starting to split due to hybridization, since there was more overall copper 

oxide growth on these particles.  

For the samples produced without lactic acid, with the slow addition of hydrazine, 

the produced shell structures were boxes, often with many having nucleated on the 
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surface of each particle. In the case of the samples produced without lactic acid, many 

cubic-shaped copper oxide shell particles were grown when hydrazine was added slowly. 

Hybridization was observed in the in-solution spectra of the structures prepared from the 

partially embedded nanocubes, while the in-solution spectra of the structures prepared 

from the supported nanocubes resemble a red-shifted cube spectrum.  

For samples prepared without lactic acid, with the slow addition of the copper 

precursor, semi-cubic shaped shell patches were produced; however, these were not as 

sharp as the ones prepared with the slow addition of hydrazine. Both the structures 

prepared from nanocubes which were embedded and supported showed hybridization of 

the modes in-solution in the UV-Vis spectra.  

This set-up had the advantages of being able to stir at faster rates than the puck, 

and the speed was adjustable. In addition, the Teflon piece was removable and easy to 

thoroughly clean. However, this set-up produced a lot of bubbles, which impacted the 

growth of the copper oxide shells, especially for the case where lactic acid and hydrazine 

had been added at once and the copper precursor was added slowly, throughout the 

reaction. As such, a set-up in which the synthesis could be done under nitrogen was 

designed, in an attempt rectify this issue.  

3.6.1 – New Set-up 

This set-up was used, taking into consideration the lessons learned from the other 

setups: namely, this set-up allows the reactions to be carried out under nitrogen, has 

adjustable speeds, and is glass, and thus non-reactive and easy to clean.  
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With this set-up, copper oxide was grown on embedded samples, with increasing 

amounts of NaOH and CuNO3, with and without lactic acid, keeping the ratio between 

these reagents consistent, in an attempt to adjust the sizes of produced shells.  

3.6.2 – Hydrazine and Copper Added Quickly, without Lactic Acid 

 The first set of samples was prepared in the absence of lactic acid, and, in all 

cases, 250 mL of water was used as the solvent and 220 μL of 25% hydrazine was used 

as the reducing agent, which was added after the addition of NaOH and CuNO3. The 

amounts of 5 M NaOH and 0.5 M CuNO3 added to the samples were each 550 μL, 450 

μL and 350 μL; the UV-Vis spectra can be seen in Figure 3.31 A, B, C, for these 

concentrations, respectively. Under these conditions increasing the concentrations of both 

NaOH and CuNO3 does not result in a significant increase in the amount of shell growth 

observable in the UV-Vis spectra (Figure 3.31).  

Particularly, as the copper oxide shell first starts to grow on the surface of the 

nanoparticle, the hybrid Q mode will be affected, and is observed to deplete in the UV-

Vis spectra. As the copper oxide shell continues to grow, a new mode, red-shifted of the 

hybrid D mode, will begin to appear in the UV-Vis spectra for thick shells. This is not 

observed in the spectra, except for a slight bump at ~650 nm in Figure 3.31 B 

(corresponding to the intermediate amount of NaOH and CuNO3).  

In addition, from the TEMs, the morphologies of the produced copper oxide shells 

are observed, and it is noted that in all cases the growth is not uniform. The structures 

produced with the lowest concentrations of NaOH and CuNO3 have small islands of 

copper oxide, which seem to grow predominantly off of the corners, with some also 

growing off of other areas (Figure 3.32 C). The intermediate concentrations of NaOH and 
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CuNO3 produced shells that were more complete than those produced with the lowest 

concentrations; however, some of the nanoparticles were also uncoated, which could 

result from these particles being aggregated on the surface of the polystyrene, such that 

copper oxide cannot grow on their surfaces (Figure 3.32B). Similarly, not much growth is 

observed on the surface of the nanoparticles with the highest concentrations (Figure 

3.32A). The thicknesses of the copper oxide grown was measured with ImageJ software 

and found to be 15 nm ±7 nm, 21 nm ± 11 nm and 24 nm ± 12 nm, for the samples 

prepared with 350 μL, 450 μL and 550 μL of reagents, respectively. These measurements 

suggest that as the amount of NaOH and CuNO3 is increased the produced shells increase 

in thickness; however, the large uncertainty on the thickness values are due to the 

inconsistent shell morphology.  

 

Figure 3.31: UV-Vis spectra of embedded silver nanocube monolayers before (Black) and after 
copper oxide growth (Red) for different added amounts of 5 M NaOH and 0.5 M Cu(NO3)2 (A) 550 μL 
(slide 23_2), (B) 450 μL (slide 5_3), (C) 350 μL (slide 5_1).  

A 

B 

C 
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Figure 3.32: TEM images for structures produced from embedded nanocube monolayers with 
different added amounts of 5 M NaOH and 0.5 M Cu(NO3)2 (A) 550 μL (slide 23_2), (B) 450 μL (slide 
5_3), (C) 350 μL (slide 5_1). 

3.6.3 – Hydrazine and Copper Added Quickly, with Lactic Acid  

This experiment was also conducted with the addition of lactic acid. In all cases, 

250 mL of water was again used as the solvent, and 220 μL of 25% hydrazine was used 

as the reducing agent, which was added after the addition of NaOH, lactic acid and 

CuNO3. The amounts of 5 M NaOH, 4 M lactic acid and 0.5 M CuNO3 added to the 

samples were each 550 μL, 450 μL and 350 μL; with the UV-Vis spectra seen in Figure 

3.34 A, B, C respectively.  

From the UV-Vis spectra of the samples, it can be observed that with the lowest 

amounts of NaOH, CuNO3 and lactic acid, the hybrid Q mode is depleted and a peak red-

shifted of the hybrid D mode is present  in the spectra after the growth of copper oxide 

A1 A2 A3 A4 

B1 B2 B3 B4 

C1 C2 C3 C4 
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(Figure 3.34 C). With the intermediate amounts of precursors added, the hybrid Q mode 

is similarly depleted, and the mode red-shifted of the hybrid D mode is more pronounced, 

indicating more growth of copper oxide on this sample than the previous one (Figure 3.34 

B). However, further increasing the concentration of the precursors does not result in 

thicker shells. The spectrum of the particles after copper oxide growth with the highest 

concentration of precursors shows the hybrid Q mode is less defined; however, a peak 

had not developed red-shifted of the hybrid D mode (Figure 3.34 A). In addition, the 

substrate was observed to be bright, matte orange in colour and after removal in toluene, 

the solution similarly was bright orange, indicating the growth of many copper oxide 

nanoparticles in solution, which had deposited onto the substrate. 

Under these conditions, increasing the concentrations from the low (Figure 3.35 

A) to intermediate (Figure 3.35 B) amount added results in an increased growth of copper 

oxide, while increasing the concentration to the highest amount (550 μL of each) resulted 

in growth of copper oxide particles in solution, and as such, less growth of copper oxide 

shells on the silver nanocubes (Figure 3.35 A).  

 The TEMs were consistent with the observed spectral changes. Particularly, the 

sample that was subjected to the highest concentrations of precursors had very little 

growth on the silver nanocubes. However, many large particles were also observed 

(Figure 3.35 A), indicating that under these conditions, the concentrations were high 

enough such that homogeneous nucleation of the copper oxide in solution was favourable 

to the heterogeneous nucleation on the silver nanocube’s surface. It is interesting that this 

result is observed only in the presence of lactic acid (Figure 3.35 A), and not in its 
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absence (Figure 3.32 A), which suggests the presence of lactic acid makes homogeneous 

nucleation more favourable at these concentrations.   

Additionally, the low and intermediate amounts of precursors (Figure 3.35 B,C) 

resulted in more growth on the surface than in the same conditions without lactic acid 

(Figure 3.32 B,C), again indicating that lactic acid facilitates the growth of copper oxide, 

under these conditions. Both the low and intermediate amount of precursor with lactic 

acid resulted in the growth of shells that seem to be the result of nucleation at many 

points on the nanoparticle’s surface further growing together to form the shell (Figure 

3.35 B, C). Increasing the concentration of precursors from the low (350 μL of each) to 

the intermediate (450 μL of each) resulted in increased shell growth, with the 

intermediate concentration having fewer gaps between portions of the shell that have 

grown together (Figure 3.35 B, C). Specifically, the thicknesses of the shells were 

measured with ImageJ software, and determined to be 21 nm ± 7 nm for those produced 

with 350 μL of precursor and 22 nm ± 7 nm with the addition of 450 μL of precursor. 

Although the thickness produced is very similar between the low and intermediate 

amounts, the shells have fewer gaps and are more complete with the intermediate 

amounts of precursor. With the addition of 550 μL of reagents the produced copper oxide 

particles had diameters of 167 nm ± 30 nm. 
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Figure 3.33: UV-Vis spectra of embedded silver nanocube monolayers before (Black) and after 
copper oxide growth (Red) for different added amounts of 5 M NaOH, 4 M lactic acid and 0.5 M 
Cu(NO3)2 (A) 550 μL (slide 23_3), (B) 450 μL (slide 5_4), (C) 350 μL (slide 23_1). 

A 

B 

C 
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Figure 3.34: TEM images for structures produced from embedded nanocube monolayers with 
different added amounts of 5 M NaOH, 4 M lactic acid and 0.5 M Cu(NO3)2 (A) 550 μL (slide 23_3), (B) 
450 μL (slide 5_4), (C) 350 μL (slide 23_1). 

3.6.4 – Concluding Statements on the New Set-up 

 With the use of the ‘New Set-up’, the amounts of precursors added all at once was 

varied. This was done with and without lactic acid. Without lactic acid, it was observed 

that for increasing amounts of NaOH and Cu(NO3)2, shell coverage did not increase. 

Contrarily, for the samples to which increasing amounts of NaOH, lactic acid and 

Cu(NO3)2 were added, between the low and intermediate amounts the shell thickness and 

coverage increased; however, with the highest amounts, very little growth occurred on 

the particles, as nucleation had occurred in solution, resulting in many large copper oxide 

particles. 

A1 A2 A3 A4 

B1 B2 B3 B4 

C1 C2 C3 C4 
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 This set-up was created to improve upon the initial set-ups, and work on the 

production of core-partial shell nanoparticles with this set-up should continue.  Addition 

order, rate of addition and concentrations of precursors should be varied to optimize the 

growth of these core-partial shell nanoparticles with this set-up.  

4 – Conclusions and Future Directions 

 In conclusion, the method used in this work, namely the use of silver nanocube 

monolayers supported and embedded as a template for the production of core-partial shell 

silver nanocube-copper oxide structures has proved successful. Throughout this work, 

many lessons were learned about the parameters necessary for the optimal set-up for the 

creation of these types of structures, as four distinct set-ups were used to produce such 

particles. Particularly, the set-up should exclude oxygen, have an adjustable stirring rate, 

be able to stir at high rates, and be easy to clean.  

 In addition, with the first three set-ups, the results of slowly adding either 

hydrazine or the copper precursor, with and without lactic acid, was investigated. Some 

trends are observed for the order and rate of addition of reagents across set-ups; however 

of these three set-ups the structures produced with the Puck are the most similar between 

the different trials. Compared to the Mechanical Stirrer and Teflon Piece, the Puck spins 

at a much slower rate.  

Generally, in the syntheses with lactic acid, where hydrazine was added slowly, 

the produced shells tended to be more porous, and thicker than those produced where the 

copper precursor was added slowly. Thinner shells are attributed to hyrdrazine reacting 

with oxygen and oxygen reforming Cu
2+

,
119

 inhibiting the shell growth. In the absence of 
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lactic acid, the produced copper oxide structures generally were cubic, or semi-cubic for 

both the slow addition or hydrazine and the slow addition of copper nitrate. This could be 

the result of producing the lowest energy facet, the {100} facet, for copper oxide.
70

 

From the results, the New Set-up was created, and it was attempted to control the 

sizes of the produced shells by varying the concentrations of precursors added to the 

solution, with and without lactic acid. Without lactic acid, at all concentrations of 

precursors, very little growth was observed on the particles. With lactic acid, at the two 

lower concentrations the produced shells were made of many particles which had come 

together to make up the shell. However, for the highest concentration with lactic acid, 

essentially no growth was observed on the surface; however, large copper oxide 

nanoparticles nucleated and grew in-solution.  

The core-partial shell nanoparticles produced in this work were characterized with 

UV-Vis spectroscopy, and it was observed that hybridization of the plasmonic modes 

occurred when the particles were suspended in solution, due to the partial copper oxide 

shell. This result is consistent with FDTD calculations using similar structures, a 70 nm 

silver nanocube with a triangular shell grown at different depths. In particular, it is 

observed in the calculated spectra that the hybridization is greatest for the lowest shell 

coverage. In this work the hybridization of the plasmonic modes expected from FDTD 

calculations was observed.   

Further research on the production of these types of particles must be continued 

with the New Set-up. In particular, a similar investigation to the one carried out with the 

initial three set-ups must be conducted, to determine the effects that modifying the order 

of addition of reagents and speed of addition has on the morphologies of the produced 
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structures, under conditions where there will not be interference on shell growth from 

oxygen. Subsequently, effort should be made to investigate the effects of other capping 

and structural guiding agents, which should allow controllable, shaped shell structures to 

be produced. Finally, the concentrations of the precursor should be varied, to determine 

the effects on the produced shell sizes and morphologies. The synthesis of these types of 

particles should then be scaled-up and to allow their use in applications, including 

catalysis and directed assembly.   

These particles can be used for applications in sensing. In-solution hybridization 

of the plasmonic modes resulted in hybrid D and hybrid Q modes, which are localized 

towards and away from the greater refractive index dielectric, respectively, and so are 

sensitive to different areas. This allows for sensing specific to different areas of the 

particles, which can provide information about refractive index changes near the surface 

of the particle, monitored by the shift in the hybrid D and Q modes.  

The core-partial shell nanoparticles were prepared using supported and embedded 

silver nanocubes. The particles produced with greater shell coverage, such as those 

obtained by growing the shells on supported nanoparticles with the Mechanical stirrer 

using lactic acid, have potential for directed assembly. Since, in this morphology only 

one face is exposed, this face can be functionalized to organize two particles into dimers, 

or to attach the particles to a surface. With the structures prepared from partially 

embedded nanoparticles, it is possible that attachment could occur on the exposed sides 

of the nanoparticle and would then be less controllable. However, particles which yield 

better hybridization, which is expected for less shell coverage, have greater potential 

applications in sensing.  
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The shells grown in this work were produced with a variety of morphologies, each 

of which has the potential for use in different applications. Porous shell and rough shell 

structures possess a greater surface area, and so could potentially be useful for catalysis 

by the copper oxide shell. As well, the facets do not have the same surface termination, 

and so each is more suited for certain applications. For instance, the {111} facet is 

superior to the {100} facet in terms of antibacterial applications for E. coli bacteria.
72

 The 

{110} facet exhibits higher photocatalytic activity for the degradation of dye pollutant 

methyl orange than either the {111} or {100} facet.
35

 In addition, many compounds have 

different affinity for certain facets, which has been employed for selective etching or 

deposition of a material onto the facets which have lower surface coverage, resulting in 

fine control over the produced structures.
70

 Hence, the core-partial shell nanoparticles 

produced have the potential for use in a variety of applications.  

In addition, other materials should be investigated for the production of these 

types of core-shell particles, which has already started, since currently underway in the 

group is the investigation of core-partial shell nanoparticles with other shell materials 

including gold and silver sulfide. This research should be further expanded to the use of 

other metal oxides as the shell, including silica and can be expanded to the use of other 

core materials and differently shaped particles. Subsequently, these core-partial shell 

particles can be used to make other particles with unique shapes, for example, after 

removal, another material could be grown on the surface, producing a core-Janus shell 

particle. Contrarily, after removal, etching the core particles could produce ‘nanocup’ 

particles of the shell material. 
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