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Abstract:

This works reports a novel solid state synthesis approach for the formation of shape
controlled Pt@Cu20 nanoparticles immobilized onto Cu substrates. High nanoparticle loading
was achieved by the use of a self-assembled monolayer consisting of a long chain diamine. The
SAM enabled immobilization of citrate stabilized Pt nanoparticles onto the Cu substrate.
Annealing under a reducing atmosphere led to the formation of core-shell nanostructures with
a cubic morphology. Characterisation showed the nanocubes to consist of a Pt core and
crystalline oxide shell. A key question that is addressed in this work was determining the
composition of the shell material. A combination of detailed materials characterisation
including XPS, XRD and high resolution TEM analysis confirmed the composition to be Cu20.
Preliminary measurements have demonstrated the use of the substrates in glucose sensing

applications.
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Copper Oxides Nanoparticles Review

1.1 Introduction:

Transition metal oxide nanostructures have attracted substantial research interest,
mainly due of their unique characteristics at nanoscale dimensions compared to those of
bulk their counterparts. They encompass a very large class of compounds such as manganese
oxides (MnOQx), zinc oxide (ZnO), titanium dioxide (TiO>), tin oxides (SnOx), iron oxides
(FeOx) amongst others. Nanostructured transition metal oxides are utilised in a vast range of
applications including sensors,! bactericidal agents,> energy storage,® photocatalysts,?
batteries,* solar cells and catalysis.> Copper oxides (CuO and Cu,0) have been established as
technologically important materials due to their unique advantages of low cost, high chemical
stability and remarkable electrochemical performance, particularly, in the fields of catalysis,
photovoltaics, sensors and energy storage applications.

The most common crystal phases of CuxO are copper(ll) oxide or cupric oxide (CuO),
and copper(l) oxide or cuprous oxide (Cu20). CuO is black solid and crystallizes in the
monoclinic crystal system while Cu20 has a red-brown colour and crystallizes in a cubic
structure. A third stable phase of copper-oxide is also known, CusOs, with the mineral name of
paramelaconite. CusOz is a mixture of Cu(l) and Cu(ll) oxide and has been much less explored
relative to CuO and Cu20. Both CuO and Cuz0 are p-type semiconductors and their reported
band gaps are 1.3 eV - 2.1 eV for CuO and 2.1 eV — 2.6 eV for Cuz0.® The p-type conductivity
in these oxides arises from the existence of negatively charged Cu vacancies and CuO
and Cu20 thin films are widely used in several device applications such as thin film transistors,
photovoltaics, smart windows and IR detectors.

Nanostructured CuxO can be grown using different synthesis techniques, including
solid or vapour and liquid phase solution processes, in which a variety of morphologies can be

obtained. Commonly used solution synthesis methods include seed mediated growth,” sol-gel
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method,® hydrothermal route,® sonochemical techniques® and microwave irradiated method*®
as well as many others. Vapour phase synthesis methods are broadly divided into physical
vapour deposition (PVD) and chemical vapor deposition (CVD) techniques. The synthesis
methodology of CuO/Cu.O nanostructures can determine their morphology, size and whether
or not the nanoparticles are mobilised onto a support material. In general, nanoparticles are
commonly made using one of two methods, either top down or bottom up approach. The top
down approach involves a bulk material that is either cut or sliced in size until the nanometre
scale is reached. The bottom up approach refers to the build-up of material from precursor so
that the nanoparticles are effectively built atom by atom or molecule by molecule. A schematic

of both methods of nanoparticle synthesis can be seen in Figure 1.1.

Top Dovn Approach Battom Up Approaach

A I
r 1 J 1

) ¢ o * o .
[ e o — Te_ o
. o L e ® g
o ® o .
Bulk Fragments Nanoparticles Clusters Aloms

Figure 1.1: Reaction scheme for top down and bottom up approach to nanoparticle synthesis,

adapted from Reference 11.

Bottom up synthesis is the most widely used methodology for synthesising CuO and
Cu20 nanostructures and can be broadly divided into solution based synthesis and solid state

synthesis, which are discussed in the detail in the next section.
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1.2 Solution synthesis

1.2.1 Seed Mediated Growth:

Seed mediated growth as the name suggests involves synthesising the nanostructures
from prepared seeds. Seed-mediated synthesis typical requires the use of a capping agent and
a reducing agent, such as sodium borohydride (NaBH.) , L-ascorbic acid or sodium ascorbate.?
Seed-mediate growth is particularly advantageous for controlling the final size and morphology
of the CuxO nanostructures. Capping agents operate by preventing growth of the nanoparticle
in a particular direction through selective adsorption along a specific lattice plane, thereby
preventing crystal growth along this direction, resulting in control over the final morphology
of the nanoparticle. Two of the most commonly used capping agents for CuO nanoparticle
synthesis are polyvinylpyrrolidone (PVP)* and oleylamine® while the most common for Cu2O
nanoparticle synthesis are polyethylene glycol (PEG)*¥ and sodium dodecyl sulphate

(SDS).1647

Seed nanoparticles used in seed-mediated growth are typically in the range of 3-13 nm
in size.”8-2% The larger the seed size is, the larger the subsequent nanoparticles will be, if other
reaction parameters remain the same. The seeds synthesised are commonly spherical in
shape!®2% however, this is not always the case as seeds can also have a nanoflake?! morphology
as well as cubic.?® A variety of different nanoparticle morphologies have been synthesised
using seed-mediated growth including cubic,'? nanoflowers,?? nanorods,'® and nanowires®3.
Seed mediated growth can be conducted as a one-step synthesis where the seeds are prepared
in-situ or as a two-step synthesis technique, where the seeds are isolated prior to the overgrowth

step, which is demonstrated in Figure 1.2.
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Reduction Step Seed Formation Growth Step

Metal Precursor =2 ' — Seed Particles =3 Nanoparticles

MMy + Metal Precursor

Figure 1.2: Reaction scheme for seed mediated approach to nanoparticle synthesis, adapted

from Reference 20.

1.2.2 Sol-Gel Method:

The sol-gel method is an abbreviation of solution-gel method.?* The sol-gel
methodology involves preparation of a solution that subsequently evolves into a gel and finally
after a period of drying and calcination produces CuO nanoparticles. A typical sol-gel
procedure requires a copper precursor such as a copper salt. A stabilising or chelating agent
such as surfactants prevent the agglomeration of the nanoparticles while they are in solution.
Once the homogeneous solution has been synthesised it is commonly blue/green in colour due
to the present of Cu ions®?>?% and a precipitate usually forms at this point. This precipitate is
dried and this can be done through evaporation of excess solvents?® or the use of an oven or
furnace.>?"? After the drying process a black powder is present, which is heated to high
temperatures typically in the range of 400-600 °C for several hours. Annealing under an air or
an oxygen atmosphere results in oxidation of the Cu precursor to give Cu20 or CuO depending
on the temperature.® Annealing under a reducing atmosphere e.g. Hz results in reduction of the
Cu precursor and can produce lower Cu oxidation states such as CuO and non-stoichiometric
oxides.?® A key advantage of the sol-gel method is the ability to the readily control the size of
the nanoparticles?>* The most common metal precursors and their resultant morphologies can

be seen in Table 1.1.
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Table 1.1: Common reagents and morphologies produced from sol-gel synthesis

Cu Precursor Stabilising Agent Morphology Ref
Cu(NO3)2 - Spherical 2
Cu(CHsCOO0)2 Monoethanolamine Core-Shell 25
CuCl; Acetic Acid Spherical 8
Cu(CH3CO00); - Spherical 31
Cu(CHsCOO0)2 PEG Spherical 27
Cu(NO3)2 Citric Acid Spherical 26
Cu(NO3): - Needle/Platelet 28
Cu(acac)z - Nanotubes 32

1.2.3 Hydrothermal and Solvothermal Routes

The hydrothermal synthetic route is where reactions are carried out under aqueous
conditions in a sealed, Teflon lined, pressurized container and with the reaction temperature
often over the critical temperature of the solution.®® These reactions are often carried out under
alkaline conditions using NaOH, which acts as an accelerant by instantly precipitating out
Cu(OH).. The most commonly used precursors and reagents for hydrothermal synthesis of CuO
and Cu20 nanostructures as well as the morphologies that these reactions produce can be seen

Table 1.2.
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Table 1.2: Common reagents and morphologies produced from the hydrothermal and

solvothermal routes.

Cu Precursor

Cu(NOs3)2.3H20
Cu(C2H302).2H20
Cu(NO3)2.3H20
CuS04.5H20
CuS04.5H20
CuS04.5H20
CuCl2.H.0
Cu(NO3)2
Cu(NO3)2.3H20
Cu(CO2CH3)2H.0

CuS04.5H20

Stabilising Agent

PEG

PVP

PEG

NasCsHs07

NH3H20

Ethylene Glycol

PVP

Accelerant

NaOH

NaOH

NaOH

NaOH

NaOH

NaOH

NaOH

NaOH

NaOH

Teflon
Autoclave

Yes

No

Yes

Yes

Yes

No

Yes

Yes

Yes

Yes

Yes

Morphology

Needle
Nanocubes
Flakes
Nanosheets/flakes
Spherical
Spherical
Nanobelt/Leaf
Needle, Plate
Spherical, Hexapod
Nanocomposite

Octahedral

Ref

13

33

34

35

36

37

38

39

40

41

In a typical hydrothermal synthesis, the aqueous Cu salt solution is mixed with a

mineral base (usually NaOH) and sometimes a capping agent. The solution is heated under

gentle stirring to form a homogenous solution of [Cu(OH),] nanoparticles.*>3* This solution is

then transferred to a reaction vessel, mainly a Teflon lined autoclave or a hot air oven®*3¢ and

heated at elevated temperatures typically 100°C - 160°C**% for a range of 15 min — 12 h.3442

Hydrothermal synthesis gives rise to high yield of CuO products, Lui et al report a 95% yield

of CuO nanostructures.*> A high yield of Cu,O nanostructures were also produced using

hydrothermal and solvothermal techniques.

41,43
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Other advantages of the hydrothermal route are that numerous inorganic salts can be
dissolved in water enable a wide variety of precursors to be used. Water is a low cost, non-
toxic and environmentally friendly solvent and the strong polarity of water may be favourable
to the oriented growth of nanocrystals.®® Hydrothermal synthesis also allows a range of
different morphologies for CuO nanoparticles such as nanoflakes, nanoflowers, nanorods, and
nanotubes, particularly with the use of capping ligands.®®* A schematic for the hydrothermal

synthesis of cubic CuO nanoparticles using PVP as a capping agent is shown is Figure 1.3.

Cu*
® ® : ,
© @ h ’ &
oy | _ ) 8 5
H,0 X CuONuclei @ ® Grow =@ B copcination @ _
b e N lete | DOMD S0, G, gy’ Calimia
‘. ® Hydrothermal o o ® PVP © 500°C 5
;7\. & —
PVP Cube-Like CuO
Nanoparticles

Figure 1.3: Proposed reaction for hydrothermal synthesis of PVP capped CuO nanoparticles,

adapted from Reference 13.

1.2.4 Sonochemical Technigue

The use of high intensity ultrasound for the preparation of many nanomaterials has been
successful applied to the synthesis of CuO and Cu.O nanostructures. The sonochemical
technique to synthesising CuO and Cu20 nanoparticles is similar to other solution methods
previously described, with the addition of a sonication step. The most regularly used reagents
and morphologies produced can be seen in Table 1.3. A solution containing the Cu salt, base
and often but not always a capping ligand is first prepared and then subjected to sonication for
a time period that ranged from 15 min - 3 h.**° Sonication aids in the formation of a

homogenous mixture of Cu(OH)2, which is then calcined at 400°C -700°C**4547%0 or in some
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cases 100°C - 180°C*! for a period of 2 h in either a furnace®#7>! or a hot air oven*
analogous to that of the hydrothermal process. It is during the calcination process that the
blue/green solution becomes a black or brick red suspension indicating the formation of CuO

or Cu20 nanoparticles. 462

One of the key benefits of sonochemical synthesis methods is that the technique does
not require high temperature or elevated pressures. Siva et al. used a sonochemical technique
to obtain different morphologies of CuO nanostructures by tuning the concentration of
cetyltrimethylammonium bromide (CTAB). *2 In his case CTAB acted as a miceller template
and so the morphology of the micelles could be altered when the CTAB concentration was
above the critical micelle concentration, resulting in different morphologies of CuO
nanoparticles. A combination of CTAB and sodium salicylate (NaSal) stabilise the micelle
system formed, inducing the formation of a wormlike micelle, allowing for synthesis of CuO

nanorods using low a concentration of surfactant.>*
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Table 1.3: Common reagents and morphologies produced from the sonochemical technique.

Cu Precursor Stabilising Agent  Accelerant  Sonication Morphology Ref

Cu(NOs3)2.3H20 PVA NaOH Probe Spherical 50
Cu(NO3)2 - NaOH Probe Spherical 44
Cu(NOs3)2.3H20 PEG (NH4)2CO3 Bath Spherical 45
Cu(NO3)2 CTAB NaOH - Nanoleaves 51
Cu(CHsCOO0)2 PVP NaOH Horn Spherical 46
Cu(CHsC00)2.H:0 - NH4OH Horn Spherical 47
Cu(CH3C00)2.H:0 CTAB NH4CI Probe Nanorods 48
Cu(CH3C00)2.H:0 Glycerol - Horn Spherical 52
CuS04.5H20 PVP NaOH Horn Nanocubes = 55
Cu(CHs3COO0)2.H0  B-cyclodextrin - Probe Spherical 56

1.2.5 Microwave Irradiated Method

Microwave based techniques have advantages of faster rate of reaction, higher
reproducibility, higher yields, and scalability compared to conventional heating processes. The
most frequently used reagents and the resultant morphologies for this synthesis method can be

seen in Table 1.4.
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Table 1.4: Common reagents and morphologies produced from the microwave irradiated

method.

Cu Precursor Capping Agent Reducing Morphology Ref

Agent
Cu(CHsCOO0)2 PEG - Spherical 10
Cu(CH3C00)2,2H20 - DMF Spherical 57
Cu(CHsCOO0)2 PEG - Nanopowder 58
Cu(NO3)2 - Urea Nanorods 59
Cu(NOs3)2.6H20 - Urea Spherical 60
Cu(NOs3)2.6H20 - Urea Spherical 61
CuS04.5H0 L-glutamic Acid - Nanoleaves 62
CuCl2.2H0 - - Nanoplates 63
Cu(CHsCOO0)2 - Glucose Spherical 64
CuS04-5H20 CsHsO06KNa-4H20  Glucose Stellar, Cubic 65
CuCl2-2H:0 PEG Glucose Octahedron 66

Microwave irradiated synthesis of CuO and Cu20 nanoparticles begins with making an
either aqueous or organic solution containing the Cu precursor along with capping ligands or
reducing agents.%>-83 The mixture is then placed in a microwave oven or a microwave reflux
system usually under air for a time period up to 30 min. Microwave synthesis parameters can
be tuned to yield a range morphologies, as outlined in in Table 1.4. 1058596163 The microwave
irradiation of the solution can be continuous or involve on and off cycles of microwave
irradiation over the reaction period. Once the solution is allowed to cool to room temperature
and the black precipitate is collected by centrifugation and washed with one or all of the

following solvents, deionised water, absolute ethanol and acetone.'®®%%% The precipitate is
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allowed to dry under air or in an oven at a range of temperatures including room temperature,

60°C or 100°C from a period 3 h to overnight,>8-8062.63

Some of the advantages associated with the microwave irradiation method for
synthesising nanoparticles are short reaction time, narrow particle size distribution, small
particle size and high purity of the nanoparticles. The increase reaction rate and lower energy
consumption make microwave assisted heating a more economically favourable approach that

conventional heating methodologies. 5

1.2.6 Additional Synthetic Methods

Seed-mediated growth, sol-gel method, hydrothermal route, sonochemical technique
and the microwave irradiation method are the most popular synthesis techniques for the
preparation of CuO and Cu20 nanoparticles each with their own advantages and disadvantages,
as previously described. There are other less commonly used synthetic routes available for the
synthesis of CuO and Cu20O nanoparticles. These include synthesising nanoparticles using 3D
printing®” which were then used in the fabrication of glucose sensors. Other methods include
metal organic gel synthesis®® as well as green synthesis of nanoparticles, where natural derived
reagents are used such the dried gum of Middle Eastern legumes.%®"* Another additional
synthetic route is solution combustion as it is a fast and facile method of synthesising highly
crystalline nanoparticles of metals and metal oxides. The method involves heating the Cu
precursor solution until evaporation of the solvent (typically water).”? During the combustion
process, the redox reaction between the metal precursors e.g. Cu salt, and the reducing agents
such glycine, hydrazine, glucose, urea, provide the energy to sustain the combustion.”® Solution

combustion has also been integrated with microwave synthesis, where the solution was allowed
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to boil, dehydrate and decomposition of gases occurred which lead to combustion of the

solution.5?

1.3 Vapour Phase and Solid State Synthesis:

While solution synthesis is more widely used for the synthesis of nanoparticles, vapour
phase and solid state synthesis are also effective at producing nanoparticles and have been
successfully applied to transition metals and metal oxides.”*"" Vapour phase synthesis is
divided into two different categories, physical vapour deposition (PVD) and chemical vapour
deposition (CVD). These categories allow for a thin film of a chosen metal such as Cu to be
deposited onto a substrate using a variety of techniques.”® Vapour phase synthesis creates
conditions where the vapour phase mixture is thermodynamically unstable in relation to the
formation of the solid material that is to be prepared in nanoparticle form.” It produces
nanoparticles from a supersaturated vapour which along with suitable condensation kinetics
allows particles to nucleate homogeneously. The remaining supersaturation is relieved through
the condensation of vapour phase molecules on the resulting particles which allows for particle
growth.”® Vapour phase deposition has been proven to be effective in the synthesis of CuO
nanoparticles’ as well as Cu,0 films® . Chemical vapour deposition can also produce CuO

nanoparticles with a cubic morphology.8

Thermal oxidation techniques offer a simple, convenient and fast method to synthesize
nanostructured CuxO with various morphologies including nanowires, nanoribbons and
nanorods. Thermal oxidation is a technique that involves the process of growing a thin layer of
oxide on the surface of a wafer,® by simply heating a substrate to a high temperature usually

between 200 - 800°C in an oxygen rich environment. The morphology and stoichiometry of
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the CuxO nanostructures can be controlled to some degree by tuning the reaction parameters

such as annealing temperature.’®

Solid state synthesis can also be utilised for CuO and Cu20 nanoparticles as well as
other copper species including Cu-ZnO and Cu-CdO.2%%¢ There are other less common
methods of solid state synthesis which include mortar grinding, vibration milling,
mechanochemical processing. While theses methods are simple and offer advantages of
scalability, they generally suffer from limited control over nanoparticle size and morphology.
Table 1.5 demonstrates the morphologies produced as a result of the different synthetic

methods used.

Table 1.5: Synthesis methods and morphologies produced from solid state synthesis.

Synthesis Method Surfactant/Reducing Agent Morphology Ref
Mortar Grinding Leaf Extracts Nanorods 85
Vibration Milling Poly(vinylpyrrolidone) Spherical 75
Mechanochemical Processing Polyethylene Glycol 400 Nanoparticles 83
Green Synthesis - Nanoparticles 74
Chemical Synthesis Polyethylene Glycol Nanocubes 77

Some of the benefits linked to solid-state synthesis include, high-yield,®® low
cost,’+7>7783 green,’* surfactant free,”> room temperature synthesis,’*" size controllable
nanoparticles,*">'" as well as the benefit of scalibility.”*" The benefits associated with this
type of synthesis makes it very appealing as it provides a simple method for synthesising

nanoparticles with a variety of morphologies.
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1.4 Shape controlled CuO and Cu20 Nanostructures

Controlling the morphology of nanoparticles is crucial in determining their catalytic
abilities, stability and surface area. When different crystallographic facets are exposed on CuO
and Cu20 nanoparticles it can result in facet-dependent chemical and physical properties,
which have been shown to influence the catalytic, photocatalytic, electrochemical and optical
properties of CuO and Cu,O nanoparticles.8” Therefore of devising methodologies that can
control the resulting morphologies of the nanoparticles is important. Several reaction
parameters are used to control the shape of the nanoparticles and these include precursor

concentration, capping agents and reaction temperature as well as a combination of these.

Shui et al. used a sonochemical, surfactant free synthesis of CuO and Cu20
nanostructures where the morphology of the nanostructures could be tuned by altering the
molar ratio of NaOH to CuS0..28 The morphologies obtained on varying the ratio of base to
Cu precursor are summarised in Table 1.6. Radi et al. demonstrated an electrochemical
method to prepare shape controlled nanostructures by varying the concentration of the
electrolyte, in this case CuSO4.5H,O along with the electrodeposition times.®” The
nanoparticles produced in this experiment were Cu-Cu2O core shell with a CuO outer layer.
The overall shape of the core shell nanoparticles are dependent on the initial shape of the Cu
core.8” The limiting planes for Cu with slower growth rates were (100) and (111) and the
difference in the growth rates between the limiting planes causes specific facets to be exposed
producing the shape of the nanoparticles. At 10 mM of the copper precursor, cubic
nanoparticles are formed, at 100 mM cuboctaherdral nanoparticles are formed and at 200 mM
octahedral nanoparticles are formed. Between 10 — 50 mM truncated nanocubes were formed.®’
These various morphologies of core shell nanoparticles are formed from the conversion of Cu
nanoparticles to Cu>O nanoparticles in the presence of aqueous electrolyte during

electrodeposition.
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Table 1.6: Morphologies of CuO and Cu>O nanoparticles by changing the reactant molar

ratios.%’
Molar Ratio CuO Cu0
2 Spindle -
25 - Truncated Cube
3 Nanorods Cuboctahedron
4 Nanoribbons Octahedron
5 Agglomerates -

Capping agents/surfactants can enable the selective growth of facets and are used
extensively for shape controlled synthesis of nanoparticles. The morphology of Cu.O
nanoparticles can be altered when D-(+)-glucose is used as a capping agent.2® When the
solution was stirred for 15 min rhombicuboctaherdron and octahedron shaped nanoparticles
were formed. When the solution when stirred for a longer reaction time of 60 min nanocubes

were produced.®®

Bai et al. conducted a detailed study on the shape controlled synthesis of Cu.O
nanoparticles evaluating the influence of capping ligands and reaction temperature.® L-
Ascorbic acid was used as the reducing agent and PVP as the capping ligand.*® In the absence
of the surfactant, nanoparticles with irregular morphologies were produced. CuO nanocubes
were formed when the PVP surfactant was present in concentrations of 0 — 0.018 mmol, due to
capping of the (100) surface facets. They further showed that the concentration of ascorbic acid
impacted on nanoparticle morphology. In the absence of ascorbic acid nanoparticle formation
does not occur as no reduction of the precursor takes place. L-ascorbic acid in the presence of
PVP give rise to nanocubes, however at high concentrations, ascorbic acid erodes the corners

of the nanocubes giving rise to truncated nanocubes initially, which evolve to cuboctahedra
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and finally octahedra. Interestingly, they showed that the solution stirring rate can influence
the morphology of Cu>O nanoparticles due to mechanical wear that can erode the corners of
the nanocubes gradually altering the nanoparticle shape.®® At 4 rotations per second (r/s)
nanocubes are formed, a 5 r/s truncated cubes are formed and at 6 r/s Cu>O nanospheres. At a
higher rate than 6 r/s no nanoparticles form. The temperature of the reaction could also be
altered to change the nanoparticle morphology as at a temperature between 30-50°C the

morphology changed from truncated cube to uniform cubic.®

Reaction temperature can also be used to alter the morphology of CuO nanoparticles
using a precipitation method. The Cu precursor solution is stirred at room temperature for
various times and then heated to the higher reaction temperature.®* Table 1.7 shows the
reaction conditions and the resultant morphologies of the CuO nanostructures as a result of

tuning reaction temperature.

Table 1.7: Morphologies produced by the change in the reaction temperature.®

Reaction Time (h) Reaction Temp Morphology
24 60°C Nanoparticles
15 80°C Cube-like
10 110°C Rectangular
8 160°C Nanobar
5 180°C Nanorod
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1.5 Supported CuO and Cu,O Nanoparticles:

For many applications it is necessary to immobilise nanoparticles onto a solid support
material. Support materials are essential for many catalytic applications of nanoparticles and
are typically characterised by high surface area, good chemical and physical stability and
enable nanoparticles to be immobilised with high dispersion. Supported nanoparticles can be
prepared in situ or in a two-step process whereby colloidal nanoparticles are first synthesised

and then deposited onto the support.92

There are a range of different supports available to CuO and Cu20 nanoparticles which
include both oxide supports and non-oxide supports. There are many oxides used as supports
for CuxO nanoparticles which include cerium oxide (CeOy), iron oxide (Fe3Oa), y-aluminium
oxide (y-Al203) and aluminium silicate (3AI203.2Si02), silicon dioxide (SiO2) and graphene
oxide (GO). Table 1.8 shows the different methods in which the nanoparticles are attached to

the supports as well as their main application once immobilised.

Table 1.8: Oxide supports; their nanoparticle tethering methods and their applications.

Oxide Support Tethering Method Application Ref
Ce02 Impregnation Interfacial Redox Process 94,95
FesOq Impregnation Magnetically Recyclable 96

Catalysts
y-Al203 Grinding Method Catalytic elimination 9
3Al1203.2Si02 NO reduction by CO Catalytic elimination 97
Mesoporous Silica Impregnation - 98
3D Macroporous Incipient Impregnation Soot Combustion 99,100
Silica Thin Film Immersion, Heat Treated Photocatalyst 99
GO Intercalation, Adsorption Nanoelectronic devices 99,101,102
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Silica Gel Immersion, Heat Treated CO Oxidation 103
Cu Photoassisted Deposition =~ Photocatalysis of Atrazine 104

Mesoporous Silica Impregnation, Heated Hydrogen Generation 105

Some of the benefits to using oxide supports is that they can be low cost, have a high
surface area which increases the amount of nanoparticles that can be immobilised on the
surface.®®1% The reaction scheme for the CuO nanoparticles supported on FesO4 can be seen

Figure 1.4.

(_.‘llc‘lz
NaOH, RT, i
pH 12
Aggregation of CuO Nanoparticles
Cu(OH), on Fe;0, supported on Fe;0,
surface surface

Figure 1.4: Reaction scheme for FesO4 supported CuO nanoparticles, adapted from Reference

96.

In addition to oxide supported nanoparticles, other supports available for the CuxO
nanoparticles include cellulose, silicon, graphite and activated carbon. Table 1.9 demonstrates
the method of tethering the nanoparticles to the support as well as their application once

immobilised onto the surface.
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Table 1.9: Non-oxide supports; their nanoparticle tethering methods and their applications.

Non-oxide Support Tethering Method Application Ref
Cellulose Electrostatic Interactions 4-Nitrophenol Reduction 106,107
Silicon Electroless Deposition  Nonenzymatic H.O> Detection 108
Graphite Wet Ball Milled Nonenzymatic H202 Sensor ~~ 109-111
Activated Carbon Impregnation Water Pollutant Removal 112,113
Mesoporous TiP lon Dispersed Environmental 114
CoAI-HT Deposition Precipitation Epoxidation of Styrene 115

Some of the benefits involved in using non-oxide supports are that they too have a high
surface area, come in large quantities'®1% and can also be considered as low cost as well as
non-pollutants.*? The reaction scheme for the CuO nanoparticle supported on cellulose can be

seen in Figure 1.5.

—  OH
{—OH
Ho__| [—oH
HO
— OH
HO—‘l/ —OH — @ — OH—§@
Ho — }—oOH HO —Og
+CNs ©—no__| +H—OH—®  Exgosedtoar @—HO —o5—9
_ HO — STEETEIT H2 —— OH
OH (Oxidation)
@ = HO-—V .—HO—V
CuSO4+ NaBH4 \ \
Electrostatic Interactions Stabilised with Good Dispersion

Figure 1.5: Mechanism two for cellulose supported CuO nanoparticles. The orange and blue

circles represent the Cu and CuO nanoparticles respectively, adapted from Reference 106.
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1.6 Applications of CuxO Nanoparticles

CuO and Cu2O nanoparticles are very versatile materials. Their low cost
and low toxicity are advantageous for many commercial uses and their major applications are
in the areas of catalysis, biomedicine, sensors as well as batteries and energy storage. The most

important of the applications for CuxO nanoparticles in this project is their use as sensors.

Catalysis, photocatalysis and electrocatalysts are also key applications of CuO and
Cu20 nanoparticles. Both CuO and Cu.O are efficient photocatalysts for photodegradation of
organic dyes and pollutants.’*®" They are also high performing electrocatalysis particularly
when their morphology is optimised as the electrocatalytic properties of Cu20
nanocrystals have been shown to depend on the nanocrystal size and shape.'*® Table 1.10

shows some of the main catalytic applications of the CuO and Cu2O nanoparticles.

Table 1.10: Catalytic abilities of CuO and Cu>O nanoparticles and their uses.
Catalytic Application Effective On Ref
Organic Reactions p-nitrophenol Boronation of Alkynes 62,119,120

Degradation of

Photocatalyst Escherichia coli CO2 5,47,99,121-123
Pollutant Dyes

Antibiotics Production of Actinorhodin 124

Hydrogen Storage Methanolysis of ammonia—borane 125
H, Production Water or Biofuels 5
Electrooxidation Organic Compounds 5
Photocatalyst Degradation of Pollutant Dyes 47
Sensor Glucose 17
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Another application of CuO and Cu20 nanoparticles lies in the biomedical field
particularly in the application of their antimicrobial properties. CuO and Cu>O nanoparticles
have antibacterial properties similar to that of silver (Ag)!? in that they are both utilised for
antimicrobial formulations and wound dressings.*?” However one advantage Cu has over Ag is
the lower cost as Cu. CuO nanoparticles demonstrated good antibacterial abilities against well-
known bacteria including Escherichia coli (E. coli) which is Gram-negative, Staphylococcus
aureus (S. aureus) which is Gram-positive as well as meticillin-resistant S. aureus (MRSA)
which is also Gram-positive.1? Cu,0 nanoparticles were found to display superior antibacterial
properties to CuO, very similar to that of pure Cu.1?® Cu,O nanoparticle incorporated into nano-
cellulose fibres which displayed excellent antibacterial performance.!

CuO and Cu nanoparticles also have potential antiviral therapy to treat herpes simplex
type 1'% along with hepatitis C virus.*> The importance of CuO nanoparticles role in
combatting these microbes is vital when 67% (~5.2 billion) of the world’s population is
infected with herpes simplex type 1**! and ~130-180 million people are effected by hepatitis C
worldwide .13

CuO and Cu20 nanoparticles also display antifungal properties and have been shown
to inhibit the fungi Aspergillus nigres (A. nigres) and Candida albicans (C. albicans) as well
as Saccharomyces cerevisiae (S. cerevisiae). These microbes can cause a variety of diseases
such as urinary tract infections, hepatitis C as well as black mould and pneumonia and as a
result are very dangerous. Table 1.11 demonstrates the antimicrobial activities of CuO and

Cu20 nanoparticles.
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Table 1.11: Antimicrobial activities of CuO and Cu20 nanoparticles and their uses.

Antimicrobial Effective On Ref

Application
Antibacterial E.coli  S.aureus B.subtilis Biofouling P.aeruginosa 25,134,135

Antiviral Hepatitis C Herpes Simplex Virus ~ MS2 Bacteriophages 131,132,136

Antifungal A. nigres C. albicans S. cerevisiae 122,137

1.6.1 Sensor Applications of CuxO Nanoparticles

CuO, Cu20 and hybrid CuO-Cu20 nanoparticles can be utilized for various sensors
which range from biosensors, environmental sensors, toxic compound sensors amongst others.
The use of copper oxides is one of the most efficient ways to develop high-performance gas
sensors and there have been many reports on the gas sensing properties of CuO and to a lesser
extent Cup0.113813% The other important use for CuO and Cuz0 nanoparticles in sensors, lies
in their ability to detect glucose.?>6":72140.141 This wide range of potential applications makes
CuO and Cu20 nanoparticles extremely versatile and gives them the potential to be suitable

across many industries and processes and these applications are highlighted in Table 1.12.

Table 1.12: Copper oxide nanoparticles and their application as sensors.

Sensor Type Detection of Ref
Gas Sensor H.S, CH20, CH3CHO and NO2 1,142-144
Inorganic Compound Hydrazine 22
Nanochemistry Nanoenzymes 68
Environmental Factor Humidity 44
Cholesterol Hydrogen Peroxide 21,108,109
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The ability to detect the oxidation of glucose and glucose oxidase is extremely
important given that the chronic disease, diabetes directly involves the deficiency of insulin
which regulates high blood glucose levels.!** The original glucose sensors were based on
enzymes and although these sensors were extremely sensitive towards glucose and glucose
oxidase they suffered from disadvantages. These disadvantages included pH, as a change of
pH could denature the enzyme as would a change of temperature outside of the optimum range
of the enzyme. As a result of the enzymes instability to the changes in its environment, non-
enzymatic glucose and glucose oxidase sensors became more prevalent. Non-enzymatic

sensors were made possible through the use of transition metal oxides.

Transition metal oxides have proven to be very useful as catalysts in sensing
applications. CuO is attractive material for sensing applications due to the easy, cost-effective
and efficient methods available for the synthesis of CuO and Cu20 nanoparticles with a high
surface area.®® Cu,O nanoparticles, in particular those with a cubic morphology have been

proven effective as non-enzymatic glucose sensors with a sensitivity of 3213 pA mM* cm=2.Y

It has been shown in the literature that Cu oxide based glucose sensors can have linear
range of 1 — 15 mM to 22.55 mM** as well as sensitivity ranges of 1098.37 - 10,630 uA mM-
1 em2.%8140 CyO nanoparticles in combination with other transition metals such as Pt have also
demonstrated potential in the area of non-enzymatic glucose sensors. Pt cubes and CuO
nanoflowers deposited on a graphene oxide surface produced a linear range of 12 mM and a
sensitivity range of 3577 A mM™ cm? towards glucose.’** There is evidence that CuO
nanoparticles both alone and in combination with other transition metals have an excellent
ability to detect glucose and glucose oxidase and further research needs to be done to further
enhance these abilities. A schematic of a Cu-foam based glucose sensor can be seen in Figure

1.6.
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Figure 1.6: Schematic of a Cu-foam glucose sensor. Adapted from Reference 140.
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1.7 Conclusion

CuO and Cu.0 nanoparticles are inexpensive, have high surface area and are extremely
versatile for a range of applications. A variety of synthesis methods enables the preparation of
CuO and Cu20 nanoparticles with different morphologies including nanorods, nanospheres,
nanocubes, nanoleaves etc. CuO and Cu20 nanoparticles can also be immobilised onto a
variety of support materials each adding their own properties to the nanoparticles and their
capabilities. CuO and Cu20O nanoparticles have a wide range of applications which are not
exclusive to antimicrobial activity, gas sensors, glucose sensors, catalysts, photocatalysts and
electrocatalysts. These applications, as well as the ability to control both the size and shape of
the nanoparticles make CuO and Cu20 nanoparticles desirable for many areas both in research

and industry.
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Chapter Two:

Experimental
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2. Experimental

2.1 Nanoparticle Synthesis

Synthesis of the Pt nanoparticles (NP) is a two-step seed mediated growth, the method
of which was predetermined from previous research in the area by Bigall et al.! with a few
modifications. The first modification was to scale down the reactants by a factor of ten and the
second modification was to switch the Pt precursor of chloroplatinic acid hexahydrate
(H2PtCle) with potassium tetrachloroplatinate (K2PtCls). The first step in the synthesis involved
synthesizing the nanoparticle seed (~5 nm), which would then be later used to form the
particles. Briefly, 46.4 mL of deionised (DI) water and a stir bar were added to a two-neck 100
mL round bottom flask, equipped with a reflux condenser, and heated to reflux. At this point
3.6 mL of 0.02% (w/v) K2PtCls solution was added. One minute later 1.1 mL of a 1% (w/v)
sodium citrate and 0.05% (w/v) citric acid mixture was added to the round bottom. This was
followed 30 s later by an addition of 0.55 mL of a mixture of NaBH4 and 1% (w/v) sodium
citrate and 0.05% (w/v) citric acid solution. The round bottom flask was then stoppered and

the solution was allowed to reflux for 10 mins.

Once the seeds had cooled to room temperature they were then used to synthesise larger
Pt NPs. For the seeded synthesis, 29 mL of DI water and 1 ml of the Pt NP seed solution were
added to a two-neck round bottom flask equipped with a condenser and magnetic stir bar.
Depending on the desired nanoparticle size, a different quantity of the 0.4 M Pt precursor
solution (K2PtCls) was added. In order to make ~10 nm particles 10 pL of the Pt precursor
solution was added and in the case of ~30 nm particles that value was 45 pL. After addition of
the Pt precursor, 0.5 mL of a solution containing 1% (w/v) sodium citrate and 1.25% (w/v) L

— ascorbic acid was added to the flask. The solution was heated to reflux and aged for 20 min.
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2.2 Nanoparticle Purification

After the NPs had been synthesised they were washed thoroughly with DI water
and isolated by centrifugation to remove impurities before being used for deposition. For a
typical synthesis 7.5 mL of Pt NP solution was placed into a centrifuge tube, giving four
centrifuge tubes for each synthesis. The particles were centrifuged at 3000 rpm for 25 mins
which produced a sediment that consisted of large NPs and was discarded. The supernatant in
each of the tubes was transferred to four new tubes and placed back in the centrifuge for a
period of 25 mins at 6000 rpm. The sediment was again discarded to remove larger NPs and
the supernatant added to new tubes. To this solution, 2.5 mL of DI water was added and the
particles were centrifuged at 8500 rpm for 85 mins. The supernatant was decanted and
discarded. The sediment was further washed with 10 mL of DI water and collected by
centrifugation. The Pt NPs were then redispersed in 7.5 mL of DI water. These washes were
done in order to remove the unwanted NP which would ensure that the particles would be

approximately uniform in size.

2.3 Preparation of 1,10-diaminodecane Solution

In order for the NPs to tether to the surface of the Cu substrates a molecule was needed
in that would bond to both the Pt and the Cu surface. To achieve this, the Cu substrates were
modified using a bifunctional, self-assembled monolayer (SAM). The molecule chosen for this
purpose was 1,10-diaminodecane as the amino groups on either end form weak interactions
with both the Cu surface and the Pt NPs to immobilise the NPs on the surface. A 10 mM 1,10-
diaminodecane solution was made by dissolving 0.04 g in 25 mL of methanol which was

sonicated for 20-30 s. The SAM solution was degassed using N2 before use for better results.
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2.4 Functionalisation of Copper Substrates

The Cu-coated wafers used had a native oxide layer which had to be removed prior to
functionalisation of the surface. The substrates were first cut to the desired size of
approximately 1 cm x 1 cm. During this time the 1% (w/v) citric acid solution was degassed
with N2 for 15 mins. The substrates were then degreased by sonicating in acetone for 3 min.
The substrates were removed from the acetone and washed with isopropyl alcohol (IPA), dried
with N2 and placed into the citric acid solution for 10 min while under N flow. After the 10
mins had elapsed the substrates were removed from the citric acid and quickly placed into a
vial containing the SAM solution for 24 h. The sample vial was stoppered and sealed with

Parafilm to prevent evaporation of the SAM solution.

2.5 Deposition of Pt NPs on Functionalised Copper Substrates

Prior to use the Pt NP solution was placed under the flow of N2. The Cu substrates
were removed from the SAM solution and placed in methanol for 10 mins. They were then
removed, washed with IPA, dried with N2 and placed into the NP solution, while under the
flow of N2 for 15 mins, after which time they were removed, dried with N> and immediately

annealed in the tube furnace.

2.6 Annealing of Substrates

The samples were annealed using a stainless steel reaction cell in a tube furnace.
Different reaction environments were evaluated by annealing the substrates under air or under

reducing atmosphere (Hz2/Ar). The role of the annealing temperature was also evaluated.
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In a typical annealing experiment, the reaction cell was placed in the tube furnace and
annealed at 350°C for a period of 30 mins. After which time the tube furnace was turned off
and the reaction cell allowed to cool to room temperature before disassembling and removing
the samples. Three annealing conditions were evaluated, firstly the substrates were annealed
under air. The second of these conditions involved annealing the samples under a reducing
environment, in this case forming gas (H2/Ar). The furnace was set to 350°C and the samples
were annealed at this temperature for 30 mins after which time the furnace and the gas was
turned off and the reaction cell was allowed to cool to room temperature. The third set of
conditions involved annealing the sample under forming gas for a period of 10 mins initially
at 120°C, after which time the temperature was increased to 350°C and the samples remained
at this temperature for 30 mins. After this time, the furnace was turned off but the samples

remained under a flow of Hz/Ar for the duration of the cooling.

The influence of the annealing temperature was also evaluated. The annealing
experiments were performed under a reducing environment for both the annealing and cooling
stages. The three different temperatures used were 450°C, 550°C and 650°C. These
temperature experiments were also performed on all three Cu substrates similar to the
environmental experiments. These temperatures were used to determine if the Pt NP would
melt and potentially form a film due to melting point depression of the Pt in the nanoparticle
scale. As the PVD wafer has the thinnest coating of copper at these higher annealing
temperatures it was possible for the copper to de-wet which had the ability to affect the Pt

coverage.
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2.7 Materials Characterisation

The nanoparticles were analysed using Transmission Electron Microscopy (TEM) and
each of the samples were analysed with Scanning Electron Microscopy (SEM) analysis while
others were further analysed using X-Ray Diffraction (XRD) and X-ray Photoelectron
Spectroscopy (XPS). The samples were stored in an inert environment, which was a N2 glove
box due to the instability of the samples in an oxygen rich environment. For comparative
purposes a set of samples including each type of substrate was analysed unannealed after
deposition to highlight any changes that occurred during the annealing process including those
discernible by the naked eye. Figure 2.1 below shows the schematic of the reaction procedure
that demonstrates what happens to the substrates after each step of the reaction that produces
cubic NP.
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Figure 2.1: Schematic of reaction process.

2.7.1 TEM Analysis

TEM analysis functions by passing an electron beam through a sample to produce a 2D

image of that sample. The samples must have a thickness <150 nm in order to allow the
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electrons to pass through them and reach the fluorescent screen or detector below. A schematic

of the layout of a TEM can be seen from Figure 2.2.

Figure 2.2: Schematic of a TEM instrument. Adapted from Reference 2.

The broad electron beam used in this type of microscope provides information
on the samples internal structure, morphology as well as its composition.® These advantages,
along with the simple preparation made TEM a very useful tool for analysing these NP before

they were adhered to the surface of the substrate.

In this work, TEM was performed on a JEOL 2100 LaB6 instrument at an operating
voltage of 300 kV. As these particles were in solution some preparation was needed in order to
analyse them under the microscope. Using a dropper, a small amount of the Pt NP solution was

drop cast onto a carbon film, TEM grid and allowed to dry.

68 |Page



2.7.2 SEM Analysis:

SEM functions in a similar way to TEM in that an electron beam is passed through a
serious of lenses until it reaches the sample. However, contrary to TEM analysis this focused
electron beam does not pass through the sample, instead it scans the sample causing electron-
sample interaction that produces a range of signals. These signals are composed of
backscattered electrons, X-rays and secondary electrons which are detected and produce a 3D
image of the samples surface.* This can be seen in Figure 2.3. For this work SEM analysis was

carried out using the Zeiss Supra 40 instrument.
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Figure 2.3: Schematic of a SEM instrument. Adapted from Reference 2.

The information obtained from this analysis demonstrates the surface topography.
Energy Dispersive X-ray (EDX) analysis can be done in conjunction with SEM analysis and
this provides information on the chemical composition of the sample through elemental

analysis.
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2.7.3 XRD Analysis:

Similar to the electron microscopy analysis, XRD is also a non-destructive technique.
XRD allows for the analysis of crystalline structures. X-rays are generated by a cathode ray
tube, which are then filtered to produce monochromatic radiation, directed toward the sample.
The interaction of the incident X-rays with the sample produces constructive interference when
conditions satisfy Bragg’s Law, which is nd = 2dnhasin@. This equation represents the
crystalline structures of the atom planes (hkl), the distance between these planes (d), the
incidence angle (0) as well as the wavelength of the X-ray (A). These rays are reflected from
the surface, detected and produce peaks which demonstrate the different hkl peaks that the
incidence ray came into contact with as well as how crystalline the material is. Bragg’s Law

can be seen in Figure 2.4.

X-rays in X-rays out

dhkl

Figure 2.4: Diagram demonstrating Bragg’s Law.

For this work XRD analysis was conducted on a PHILLIPS Xpert PW3719

diffractometer using Cu Ka radiation.
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2.7.4 XPS Analysis:

XPS is also a non-destructive technique that can measure the elemental composition,
chemical and electronic state of the surface of a material. This analysis produces spectra as a
result of irradiating the solid surface of the substrate with a beam of X-rays while
simultaneously recording the kinetic energy produced by the emitted electrons from the
surface. The electron beams penetrates the surface of the analysed material by a depth of 1-10
nm emitting the surface electrons as photoelectrons. A schematic of the XPS can be seen in

Figure 2.5 below.
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Figure 2.5: Schematic of XPS instrument. Adapted from Reference 5.

XPS analysis can also provide information about the binding energy of both a material’s
surface and interfaces. The binding energy of a material is unique to each element and when
the core electrons from these elements are emitted they can be detected and the elements
present of the surface of the material can be identified. These core electrons are only emitted

as a result of the atoms absorbing the energy from the X-ray and the energy required to cause
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these core electrons to be emitted is unique to each element.® This analysis technique is highly
suitable to these substrates as it provides detailed information of the elemental composition of
the surface allowing the changes in both the NPs and the substrates before and after annealing
to be identified. For this work XPS analysis was carried out using an Oxford Applied Research

Escabase XPS System.
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Chapter Three:

Results and Discussion
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3.1 Introduction

This chapter reports the solid-state synthesis and characterisation of Pt@Cu2O core-
shell nanocubes immobilised onto a Cu substrate and their application as a glucose sensor.
Though most of the experiments were carried out on a chemically mechanically polished
(CMP) Cu wafer, two other substrates were also used during the optimisation process. The

details of these substrates are listed in Table 3.1.

Table 3.1: Details of Cu substrates used for the synthesis of Pt@Cu.O core-shell nanocubes.

Cu Wafer Grain Size Cu Coating Thickness CMP  Surface Roughness

(Ra)
Cul* Large ~100 nm Y 0.8 nm
Cu2f Small ~30 nm N 1.0 nm
Cu3* Large ~100 nm N 5.0 nm

*Electrochemical deposition of Cu; 7Physical vapour deposition of Cu

The stepwise sequence in the synthesis of the nanostructures is illustrated in Figure
3.1. The first step involves the removal of the Cu native oxide followed by surface
functionalisation with a self-assembled monolayer (SAM) of 1,10-diaminodecane (DAD). The
purpose of this is two-fold: 1) to prevent re-oxidation of the Cu surface and 2) to introduce a
functional group to anchor the Pt nanoparticles (PtNP). The modified Cu substrates are then
immersed into a solution of synthesized PtNP resulting in their immobilisation. Finally, the
substrates are annealed under forming gas and cooled in air yielding nanostructures with a
cubic morphology. Optimisation of this process was carried out to maximise the coverage of
Pt@CuxO on the Cu substrate. This included studying the impact of the presence of the DAD
SAM and varying the annealing temperature and atmosphere. Material characterisation of the

resulting nanocubes was carried out using scanning electron microscopy (SEM), transmission
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electron microscopy (TEM), cross-sectional TEM (XTEM), X-ray diffraction (XRD) and X-
ray photoelectron spectroscopy (XPS). Finally, these substrates were evaluated for the

electrochemical detection of glucose for potential application in glucose sensing.
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Figure 3.1: Schematic illustrating the solid-state synthesis of Pt@Cu20 nanocubes on Cu

substrate.

3.2 Process for the Optimisation of the Synthesis of Pt@Cu,O core-shell nanocubes

3.2.1 Synthesis of Pt Nanoparticles

A range of PtNP, with targeted mean diameters of 10, 30 and 50 nm, were grown
via an aqueous phase, seed mediated method. Citrate stabilised Pt seed particles with a mean
diameter of 5 nm were first synthesised. Subsequent growth of the seed particles results in
the formation of PtNP with a dendritic structure with advantages such as large surface area,

and excellent connectivity between the different parts of the structure. It has been reported
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that nanoparticles form through the attachment of the smaller Pt crystallites promoted by the
low stabilizing ability of the citrate species.' 2Another driving force for the formation of the
dendritic structures is the reduction of surface energy due to a net reduction is surface area.

TEM analysis of the as-synthesized PtNP solution identified that the size distribution
of all samples was broad. The polydisperse nature of the sample is attributed to the synthesis
conditions. In the initial stage of synthesis, the degree of supersaturation of Pt atoms is high
due to the fast reduction of the Pt salt precursor by sodium borohydride. The number of
possible nucleation sites provided by the Pt seeds may not be sufficient to accommodate all
the Pt atoms generated from the reduction and as a result, the supersaturation would be kept
at a high level, facilitating homogeneous nucleation in the solution. Sequential centrifugation
was used to separate the multiple fractions in the PtNP to obtain a solution with a narrower
size distribution.

The solution was initially centrifuged at 3500 rpm for 25 min to remove the largest
particles and agglomerates. The precipitate was discarded and the supernatant was
centrifuged further at 4500 rpm for 25 min to remove medium sized aggregates. The
precipitate was again discarded, and the supernatant was collected. To remove excess citrate,
reducing agent and precursor species the supernatant was then centrifuged at 8500 rpm for
85 min. This time the supernatant was discarded and the precipitate was collected and
redispersed in water.

The TEM and associated size distribution analysis of the synthesised nanoparticles
are shown in Figure 3.2 and Table 3.2. Figure 3.2 a) shows an image and size analysis for
the smallest nanoparticles which have a measured average size of 13 nm and a standard
deviation 1.87 nm. These nanoparticles were prepared using 10 uL of a (0.4 M) Pt precursor
solution. Larger nanoparticles with a mean diameter of 28 nm and a standard deviation of

4.44 nm, as shown in Figure 3.2 b) was also prepared using the same 5 nm seed solution but
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using a higher Pt precursor concentration (45 uL of a 0.4 M). The particles maintained good
size and shape uniformity as seen in the TEM and size distribution histogram in Figure 3.2
b). In an effort to make larger PtNP, the 28 nm nanoparticles were used as seed particles.
The subsequent growth led to an increase in the diameter of the nanoparticles, resulting in a
mean diameter of 44 nm. However, the nanoparticles had a board size distribution (standard
deviation 16.5 nm) as displayed in the TEM and size distribution histogram in Figure 3.2 c).
The formation of smaller nanoparticles was attributed to homogenous nucleation and could
potentially be improved through reaction optimisation, however this was not pursued in the
current study. For this work the nanoparticles with a mean diameter of 30 nm were used for

the immobilisation onto the Cu substrates which can be seen in Figure 3.3.

Table 3.2: Targeted and measured particle size for synthesised PtNP.

Targeted particle size  Measured particle size  Standard deviation

10 nm 13 nm 1.87 nm
30 nm 28 nm 4.44 nm
50 nm 44 nm 16.5 nm
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Figure 3.2: TEM image and size distribution of a) 10 nm NP, b) 30 nm NP and c) 50 nm

NP.

79| Page



Figure 3.3: TEM images of a) 30 nm PtNP and b) detailed image of 30 nm PtNP.

It is common to sonicate citrate stabilised nanoparticles prior to use as they tend to
agglomerate as they age. However, it was observed by TEM analysis (Figure 3.4) that
sonication of these dendritic nanoparticles leads to their fragmentation. Figure 3.4 a) and b)
shows a TEM image typical of 30 nm nanoparticles before and after sonication respectively.
After sonication TEM analysis identified a high degree of fragmented dendrites.
Consequently, the nanoparticles for this study were not sonicated prior to use and were used

within 3 weeks of their synthesis.

Figure 3.4: TEM images of the PtNP a) before sonication and b) after sonication.
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3.2.2 Nanoparticle Immobilisation and Optimisation

After surface oxide removal the Cu surface is functionalized with DAD as shown in the
schematic in Figure 3.1. The citrate stabilized PtNP are then immobilized onto the DAD-
functionalized surface through the interaction of the terminal amino groups with the surface of
the PtNP. Figure 3.5 (a — ¢) displays SEM images of Cu substrates after the immobilization of
PtNP that were subject to different centrifugation steps. Figure 3.5 (d — f) show those substrates
after annealing at a temperature of 350°C. Figure 3.5 a) shows the deposition of the as-
synthesized PtNP, i.e. where no size selective centrifugation was conducted. A high coverage
density of PtNPs is achieved on the Cu substrates; however the lack of the uniform size is
clearly evident in the SEM image. Figure 3.5 d) shows a SEM of this substrate after annealing
at 350°Cwhere the formation of larger facetted particles can be identified. As the nanoparticles
were not subject to purification after synthesis, residual species such as sodium, borohydride,
excess citrate and precursor material also contaminate the substrate. Figure 3.5 b) and c) show
the PtNP deposition using centrifuge purification to obtain a narrow side distribution. Figure
3.5 e) and f) display the substrates after annealing at 350°C which show only minor
nanoparticle agglomeration and well-facetted structures. Sequential centrifuge also diluted the
PtNP concentration as nanoparticles were removed through each centrifuge sequence, thereby

lowering the nanoparticle coverage obtained on the Cu substrates.
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Figure 3.5: a) Unannealed, unwashed PtNPs b) unannealed polydisperse PtNPs of non-
uniform particles, ¢) unannealed monodisperse PtNPs with more uniform particles, d)
annealed , unwashed PtNPs e) annealed polydisperse PtNPs of non-uniform particles and f)

annealed monodisperse PtNPs with more uniform particles.

Figure 3.6: SEM images of optimal PtNP coverage a) unannealed and b) annealed

monodisperse PtNPs with more uniform particles.
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Furnace Temp (°C)

To obtain the optimal coverage of PtNP a high concentration of PtNP with a narrow
size distribution is required. Figure 3.6 shows the optimized PtNP immobilization on the Cu
substrates. Figure 3.6 a) shows a high density of 30 nm PtNP uniformly dispersed on the Cu
substrate. Figure 3.6 b) shows the substrate after annealing under a reducing atmosphere
(H2/Ar) at 350°C and cooling to RT in air. The formation of cubic nanostructures across the
substrate is clearly illustrated. The resultant cubic nanostructures display high degree of size
and morphology control and remain well-dispersed across the substrate.

Temperature dependent experiments confirmed that the cubic nanostructures formed
when the substrates were annealed at 300°C and 350°C but that the PtNP remained relatively
spherical when heated to only 275°C. The heating and cooling profiles of the furnace during
the annealing process was measured. The heating rate for annealing the substrates under
forming gas at 350°C for 30 min was found to be 32°C/min and can be seen in Figure 3.7 a).
The reactor cell was left in the furnace for 40 min to cool before being removed from the
furnace into the fumehood and allowed to cool for another 50 min at which time the cell was
disassembled and the samples removed. Figure 3.7 b) shows the temperature gradient after the

furnace is turned off.

larme {imn) Time (min)

Figure 3.7: Temperature gradient during a) annealing and b) cooling after annealing.
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3.3 Characterisation of Pt@Cu,0 core-shell nanocubes

3.3.1 XPS Analysis

XPS analysis was carried out to evaluate changes in the substrate surface chemistry at
each synthesis step. Figure 3.8 compares the survey spectra of Cu substrates after surface
functionalisation with the DAD SAM, followed by PtNP deposition and subsequent thermal
annealing under Ho/Ar at 350°C. In addition to the characteristic Cu peaks (Cu 2p, Cu 3s, Cu
3p), the survey spectra of substrates functionalised with DAD show the presence of the C 1s
and N 1s peaks attributed to the organic over-layer. After PtNP deposition, the survey spectrum
shows the presence of the Pt 4f and Pt 3d peaks confirming successful immobilisation of the
PtNPs. Annealing the substrates results in a significant decrease in the C 1s signal and the
disappearance of the N 1s peaks due to the loss of the DAD SAM on thermal annealing. The
Pt 4d peak also disappears due to attenuation of the Pt 4d electron after becoming encapsulated

in the oxide shell.
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Figure 3.8: Comparison of XPS survey spectra of Cu substrates functionalised with DAD

(green), after PtNP deposition (red) and after annealing at 350°C (blue).

High resolution core level XPS spectra was recorded to further identify and evaluate
changes in chemical environment before and after annealing. Figure 3.9 a) compares the Cu
2p core level of the unannealed and annealed substrates. In the unannealed sample the
dominant Cu 2ps2 peak is located at a B.E. of 932.9 eV in good agreement with metallic Cu(0)
and Cu'* species assigned to Cu,O and/or metallic Cu, respectively. A very small shoulder
peak is observed at 934.9 eV in the unannealed sample and is attributed to Cu?* species,

assigned to CuO. The weak feature at a B.E. of 944 eV corresponds to the shakeup satellite
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peaks associated with CuO. XPS analysis shows that the PtNP decorated substrates remain

relatively oxide free with only trace amounts of surface oxide.

The Cu 2p core level of after annealing shifts upward to 933.45 eV due to oxidation but
this B.E. is lower than that typically reported for Cu2O, likely due to the underlying Cu
substrate, or due to the presence of non-stoichiometric oxides or even Pt-Cu alloy formation.
Metallic Cu cannot be easily distinguished from Cu'* using the 2p core level due to their
spectral overlap so to discriminate Cu,O from Cu, the corresponding Cu LMM Auger peak
was evaluated, which is shown in Figure 3.9 b). The broad Cu LMM Auger peak for the
unannealed sample clearly exhibits a prominent metallic Cu feature at a kinetic energy (K.E.)
of 918.1 eV and a peak at 916 eV associated with Cu.0.* Therefore, the Cu 2ps/2 peak at 932.9
eV can be assigned to both metallic Cu from the underlying substrate and surface oxide. The
annealed sample shows a clear decrease in the metallic contribution which shifts the peak to
lower K.E., again consistent with the formation of the oxide core shell nanocubes. XPS

indicates that Cu-O is the major composition of the oxide shell.

The O 1s core level XPS spectra (Figure 3.9 ¢) of the unannealed substrates displays a
broad peak (fwhm =2.4) ata B. E. of 531.3 eV attributed to the presence of mixed oxide phases
(Cu20 and CuO) and to chemisorbed and dissociated oxygen species which are typically
observed at B.E. >531.3 eV.® After annealing, the O 1s peak narrows considerably (fwhm =
1.3) and is downshifted with the peak centred at 530.8 eV, which is in excellent agreement with
the formation of Cu.O after annealing.® A minor shoulder peak is also observed at 532.2 eV is

associated with surface absorbed O or oxygen vacancies.’

Figure 3.9 d) compares the Pt 4f spectrum for the substrates. The unannealed sample
display a doublet at a binding energy of 71.1 eV consistent with metallic Pt(0), PtO, PtO>

and Pt(OH). species are typically observed at 74, 74.9 and 72.7 eV, respectively, however due
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to spectral overlap of the Cu 3ps2 peak with the Pt 4f peak, deconvolution was not possible to
evaluate the oxidation states of the PtNPs, however it would be expected that they primarily
metallic Pt with minor surface oxide present. The Pt 4ds/, peak, shown in Figure 3.10 a) is
located at a B.E. of 314.7 eV in good agreement with metallic Pt(0) species.2 XPS analysis is
often used to evaluate the formation of alloy nanoparticles as a core-level shift occurs upon
alloying due to the change of electron density in d-band states. The binding energy shifts can
potentially reflect the degree of alloying between Cu and Pt.° The Cu 2ps/. peak of CuPt alloys
undergo red-shifts typically ~0.5 eV, compared to monometallic Cu which are associated with
the suppressed p—d hybridization due to interaction of Cu 2p electrons with wide d-band
electrons in Pt.2° The shifts observed in the Pt 4f7, peak are very small (~0.02 eV, which is
below the detection limit of the instrument) because Cu does not affect the electron density in
Pt 5d states.!! However, as shown in Figure 3.9 d) and Figure 3.10 a), after annealing the Pt
4f double and the Pt 4d doublets both disappear due do attenuation of the Pt signal after

encapsulation with Cu0.

The C 1s core level of the substrates before annealing display three environments
attributed the carbon chain of the DAD and adventitious hydrocarbons at 284.8 eV (C-C),
carbon single bound to oxygen or nitrogen at 285.8 eV (C-O and/or C-N) and a more electron
deficient C environment that correspond to C-O-N or C=0 at 288.1 eV.1? After annealing the
C 1s core level is best fit to two peaks C-C associated with adventitious hydrocarbons and a

minor should peak centred at 288.6 eV as the DAD SAM has been removed during the anneal.
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Figure 3.9: XPS analysis showing a) Cu 2p core level b) Cu LMM Auger spectra ¢) O 1s
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350°C.
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at 350°C.

Evaluation of the N 1s core level was carried out to further understand the
immobilization of the PtNPs onto the DAD — functionalized Cu substrates. It is worth noting
that N environments can be challenging to analyse by XPS due to the element having a low
photoionization cross section and stability under analysis conditions, as some N groups are

prone to X-ray induced degradation under long scan times.*3

Furthermore, multiple N bonding configurations can have the same binding energy or
the chemical shifts for N containing functionalities, such as amine, imine or amide are very
small. Table 3.3 summaries the binding energy positons reported for common N containing

organic functional groups.*!
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Table 3.3: N 1s binding energies for different N-containing organic functional groups. Data

Reference from 14.

N Environment Name Binding Energy (eV)
N=C Imine 397.8 - 399.0
N=C Nitrile 398
NH> Amine (aliphatic) 399.1-399.6
NHC=0 Amide 400.3-400.7

Electron-donating

-NH2/NH3* 400.9-401.7

/Protonated amine

Figure 3.11 shows the N 1s core level of the Cu substrate after functionalization with
the DAD SAM, having a peak position located at a binding energy at 399.9 eV. This binding
energy is characteristic of an aliphatic amine but N-coordinated to transition metals also
contribute to the range between 399.5 and 400.5 eV.1° After PtNP deposition, there is a sharp
decrease in the N 1s signal which is attributed to the attenuation from the PtNPs. While a
tentative observation, given the high signal to noise ratio in the Cu-DAD + Pt spectrum, the N
1s peak appears to be slightly shifted upward to a higher binding energy. This is consistent with
protonation of the terminal amino groups after contact with the acidic citrate stabilized PtNP

solution.
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Figure 3.11: Comparison of the N 1s XPS core level of Cu substrates with the DAD-self

assembled monolayer before and after PtNP deposition.

3.3.2 XRD Analysis

Figure 3.12 displays the XRD patterns of the Cu substrates before and after annealing
at 350°C under Ho/Ar. The predominate XRD peaks are located at 43.4 2@ indexed to the (111)
planes of cubic Cu (JCPDF No. 04-0836). After annealing there is slight downward shift of
this peak now centred at 43.3° (see Figure 3.12 inset) due to the appearance of the overlapping
Cu20 (200) peak at 42.3°. The appearance of a second peak at 36.4° after annealing is in good
agreement with the (111) plane of cubic phase Cu20. Diffraction peaks associated with Pt were
not detected mostly likely due to the small crystallite size of the particles (5 nm) that make up

the dendritic PtNPs.
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Figure 3.12: XRD analysis of PtNP decorated Cu substrates before and after annealing at

350°C.

3.3.3 XTEM Analysis

Cross-sectional TEM analysis was used to further study the immobilization and
morphology of the core-shell nanostructures on the Cu substrates. High resolution TEM
analysis was used to confirm the composition of the oxide shell as Cu;O.

Figure 3.13 a) and b) show XTEM analysis of the Cu substrates. The presence of the
core-shell nanostructures at the interface is clearly visible in Figure 3.13 a). The cross section
also shows the underlying Cu substrate, the adhesion layer (tantalum nitride) and the silicon

wafer substrate. As indicated by SEM analysis the NPs are uniformly dispersed on the Cu
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substrate surface. Figure 3.13 b) also shows the presence of Moiré fringes along the interface.
Translational Moiré fringes are parallel contrast lines formed in high resolution TEM that arise
from the interference of diffracting crystal lattice planes that are overlapping with one

another.1®

Moiré Fringes

Figure 3.13: a) and b) Cross sectional TEM images of Pt@Cu,O nanostructures on Cu

substrate.

Figure 3.14: a) and b) High resolution TEM analysis of Pt@Cu20.
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While XPS and XRD both indicate the dominant oxide to be Cu.O, contribution from
the underlying Cu substrate made it difficult to differentiate signals from the shell and Cu
substrate. Therefore, to confirm the presence of Cu20, lattice resolution TEM of the shell was
carried out. High resolution TEM of the core shell cross sections shows the presence of a
crystalline shell surrounding the Pt core. The d spacing of the shell material was determined to
be 0.247 nm, which is in excellent agreement with the (111) lattice spacing for Cu20.1® No
other d-spacings as displayed in Table 3.4 were identified through HRTEM analysis. It worth
noting that due to the nature of the cross section and impact of Moiré patterns limiting clear
visualization of the Pt-CuxO, the co-existence of Cu.O and CuO, cannot be completely ruled
out. However, TEM, XRD and XPS all indicate that the shell is comprised of primarily of

Cu20.

Table 3.4: Lattice d-spacing associated with different crystalline phrases of Cu, Cu20 and

CuQ 167
D spacing (nm) Crystalline Lattice Assignment
0.181 Cu (200)
0.208 Cu (111)
0.211 Cu20 (200)
0.231 CuO (111)
0.246 Cu20 (111)
0.251 CuO (002)
0.302 Cu20 (200)
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3.4 Application of Pt@Cu20 Nanocubes

In recent years noble metal@Cu.O nanoparticles, in particular Pt based nanoparticles
have been shown to exhibit excellent electrocatalytic activity toward glucose oxidation and
hydrogen peroxide and oxygen reduction, resulting from the electronic and structural effects
between core and shell.’® Au@Cu,O nanoparticles have also been effective in gas sensor
application,’® these gas sensing applications can also be achieved using Ag@Cu20 and
Pd@Cu.0 nanoparticles.?> Au@Cu.O nanoparticles also have proven effective as non-
enzymatic glucose sensors,? similar to that of the Pt@Cu20 nanocubes synthesized in this
project. The Pt@Cu.O nanocubes were tested for glucose sensing applications.
Electrochemical glucose testing of the substrates was carried out by Dr. Vuslat J. Buk at
Tyndall National Institute. The results shown in Figure 3.15 that the core-shell cubic
nanostructures have potential for applications in glucose sensing as in Figure 3.15 a) the
substrates reaction to glucose within an alkaline environment is shown and demonstrates the
cycle of oxidation and reduction that the Cu undergoes. The samples further demonstrate their
suitability to glucose sensing in comparison to the blank substrate which can be seen in Figure
3.15 c). These nanoparticles were further tested to produce a calibration curve and to

demonstrate the substrate’s reproducibility which can be seen Figure 3.16.
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Figure 3.16: a) Cyclic voltammetry response towards increased conc. of glucose, b) calibration

study with chronoamperometry c) corresponding calibration curve and d) reproducibility of

substrates.

These results demonstrate that each addition of glucose into the electrochemical cell
showed an increase in the current levels. The calibration curve shown in Figure 3.16 c) has a
linear increase corresponding to the increase in glucose within the electrochemical cell. The
linear range for the samples is found to be 0.01 — 24.55 mM, with a sensitivity of 236.4 pA/mM
cm? and a detection limit of 10 pM. The electrochemical analysis demonstrates that these
PtCu@Cu20 nanocubes supported on Cu substrates are highly suitable to be used as a glucose

sensing probe.
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The final aspect studied in this work was the potential to extend the solid state formation
of Pt@Cu20 core shell nanostructures to other systems. Following the same procedure using
the DAD SAM, citrate stabilized gold (Au) nanoparticles were used instead of the PtNP.
AuCu20 hybrid core—shell nanoparticles not only combine the optical signatures of Cu.O
nanoshells and the plasmonic properties of Au nanoparticles but exhibit further enhanced and
expanded plasmonic tunability as well due to the dielectric properties of the Cu2O shells
surrounding the Au cores.?? To date the most commonly used method to synthesis they core
shell nanostructures is through solution based methods, therefore, the ability to synthesis via a
solid state process would be highly beneficial. Figure 3.17 shows the spherical Au
nanoparticles both before and after the annealing process. It is clear to see that these particles
possess a cubic morphology after being annealed at the higher temperature of 450°C in

comparison to the 350°C annealing temperature used for the Pt counterparts.

Figure 3.17: SEM images of Au nanoparticles supported on Cu substrates a) unannealed and

b) annealed.

The results produced using the Au nanoparticles in place of the Pt highlight not only
more dense coverage of the underlying Cu substrate but distinctive faceted structures which
have a large surface area. The large surface area would contribute to the particles applications
in catalysis. However, this work is currently being conducted and will require further

investigation.
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These preliminary results are very promising and show strong potential for the
application of the solid state process developed in this work to be extended to other metal-

semiconductor systems.

3.5 Exploring the reaction parameters leading to the formation of the Pt@Cu20 nanocubes

3.5.1 The influence of the DAD SAM as a structure directing agent

It is well known that the morphology of Cu20 plays a vital role in their physical and
chemical properties so being able control this parameter is very useful. Shape controlled Cu,O
nanocrystals are predominantly prepared by solution-based methods. Typically, a copper
precursor salt in the presence of a capping ligand that acts as a structure directing agent and a
reducing agent, results in the formation of shape-controlled nanostructures. Zhang et al.
demonstrated selective surface stabilization using PVP on {111} facets to obtain different
Cu20 morphologies.?® Using cetyltrimethylammonium (CTAB) as the surfactant, Gou and
Murphy fabricated regular oxide Cu,O nanocubes.?* Amines are a commonly used capping
ligand in the shape controlled synthesis of various metal and metal oxide nanoparticles.?>?
Therefore, the role of the DAD SAM on the Cu substrate and its influence on the formation of
the cubic nanostructures was further studied. While XPS analysis confirmed no N 1s peak
indicating that the SAM is removed during the thermal anneal, the amine may play a role as a
structure-directing agent in earlier stages of the annealing process.

The role of the DAD SAM on the immobilisation of the PtNP were first evaluated using
Cul. A clean, oxide-free Cu substrate was immersed in a solution of the PtNP. A Cu substrate,
modified with a DAD SAM, was immersed in the same solution of PtNP for the same amount
of time. Figure 3.18 shows SEM images of as-received Cu, Cu + PtNP in the absence of a

SAM and Cu + PtNP in the presence of a SAM. It is clear that when the SAM is not present
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there is little or no adsorption of PtNP on the Cu substrate indicating its importance in

immobilising the PtNP.

a)

Figure 3.18: SEM of a) as-received Cul b) Cul with no SAM but with PtNPs and c) Cul
with SAM + PtNPs.

The role of the DAD ligand to act as a structure-directing agent was then evaluated.
Figure 3.19 a) shows a SEM image of a Cu substrate that was functionalised with DAD (no
NPs present). The substrate was then annealed at 350°C under the flow of forming gas and
cooled in a sealed reactor cell. These conditions produced faceted structures. Figure 3.19 b)
shows an as-received substrate that hasn’t been treated with DAD. This doesn’t show any signs
of faceted structures after being annealed under the same conditions demonstrating the role of

DAD as a structure-directing agent.

200 nm

Figure 3.19: SEM image of Cu wafer after annealing a) with DAD SAM b) with no DAD

SAM
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3.5.2 Influence of the Annealing Environment

Under normal synthesis conditions the substrates are annealed under a flow of
forming gas (5% H2/Ar) at 350°C for 40 min after which time the cell taps are closed, during
the cooling phase, to seal the cell. In order to evaluate the importance of the ambient during
the heating and cooling phase a number of conditions where tested as summarised in Table
3.5. Annealing condition 1 used the standard synthesis conditions where annealing was
carried out under a flow of Hz/Ar and the cooling was carried out in a sealed cell. As shown
in the SEM images in Figure 3.20 the Cul, Cu2 and Cu3 substrates formed facetted
nanostructures, but the Cul and Cu2 had the most well-defined nanocubic structures. We
hypothesized that the cubic nanostructures may form from the presence of oxygen in the cell
at some stage in the process as the composition of the shell material was determined to the
Cu20. Annealing condition 2 involved annealing and cooling the substrates in air, which led
to considerable oxidation of the surface substrate, as to be expected, which is also indicated
in the SEM images in Figure 3.20. Annealing condition 3 involved annealing the substrates
under a flow of Hz/Ar and maintaining the flow of H2/Ar during the cooling period. SEM
analysis, shown in Figure 3.20, demonstrates that under these conditions no cubic
nanostructures were formed on the Cul, Cu2 or Cu3 substrates, with the PtNP retaining their
spherical morphology. This result suggests that the continual flow of Ho/Ar prevented the
morphology change which was likely induced by oxidation. The exact source of this oxygen
is unclear; in principle the Hz/Ar atmosphere should be maintained in the sealed cell, the
lower pressure of the sealed cell upon cooling may facilitate leaking air into the cell from the

surrounding ambient.
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Table 3.5: Results of Cu substrates annealed under different environments.

Annealing Environment Effects on the Cu Wafer
Conditions Annealing Cooling CMP PVD CCAD
1 FG Sealed FG Cubes Faceted Faceted

Structures Structures

2 Air Sealed Air  Oxidation Oxidation Oxidation
3 FG Flowing FG  No Change Faceted No Change
Structures

FG = forming gas (5% H2/Ar)

Figure 3.20: a) Cul b) Cu2 and c) Cu3 wafer after being annealed under conditions 1. d) Cul,
e) Cu2 and f) Cu3 wafer after being annealed under conditions 2. g) Cul, h) Cu2 and i) Cu3

condition after being annealed under conditions 3.
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3.6 Exploring Surface Roughness: NP coverage and Annealing Temperatures for Thin Film

Development

The initial purpose of this research was to make Pt thin films on a Cu substrate by
exploiting the melting point depression of PtNP. In order to determine this melting point
depression the PtNP were annealed at higher temperatures. The effects of the surface roughness

on the NP coverage was also explored.

3.6.1 Influence of the Annealing Temperature

Cubic core-shell nanostructures were formed when the Cul substrates decorated with
PtNP were annealed at 350°C. As previously mentioned, the initial aim of this work was to
achieve a uniform coverage of PtNP on a Cu substrate, which on annealing would form a Pt
film. The process exploits the melting point depression of nanoparticles, which is the reduced
melting temperature of a substance compared to the bulk, as dimensions of a material decrease
towards the atomic scale. Nanoparticles have significantly greater surface area to volume ratios
compared to bulk materials and this dramatically alters their thermodynamic properties. For
example, experimental studies have shown that the melting point of 4.3 nm Ni nanoparticles
was found to be 925°C, with bulk Ni having a melting point of 1455°C.%" Theoretical studies
have predicted that PtNP with a diameter of 2 nm could melt at temperatures as low as 500°C.%
This is relevant to the PtNP used in this work as they have a dendritic structure consisting of
small Pt crystallites with a diameter of ~2 nm. The influence of annealing the substrate at a
higher temperature was evaluated for the Cul, Cu2 and Cu3 wafers and is summarised in Table

3.6. Annealing temperatures of 450°C, 550°C and 650°C was evaluated.
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Table 3.6: Annealing temperatures of the different substrates.

Annealing Effects on the Cu Wafer
Temperature Cul Cu2 Cu3
450°C Nanoparticles visible  Partial De-wetting of Cu Nanoparticles visible
550°C Film-like Structure De-wetting of Substrate  De-wetting of Substrate

650°C De-wetting of Substrate  De-wetting of Substrate  De-wetting of Substrate

A key issue encountered on annealing the substrates at higher temperatures was de-
wetting of the Cu, which is evident from the SEM analysis in Figure 3.21. De-wetting was
most pronounced for the Cu2 wafer which was attributed to the relatively thin layer of Cu (30

nm) on the surface.

De-wetting of the Cu2 substrate was apparent at 450, 550 and 650°C, as shown in
Figure 3.21 (a-c). Figure 3.21 (d-f) show the Cul substrate after annealing at 450°C, 550°C
and 650°C. At 450°C, nanoparticles are visible on the surface. At 550°C, the surface is
relatively smooth with no nanoparticles observed by SEM analysis. It is possible that at 550°C,
the PtNP melted to form a Pt film or CuPt film on the surface, however further analysis would
be required to confirm this finding. At 650°C, de-wetting of the Cul substrate is clearly
observed. The Cu3 water, which has the thickest layer of Cu but a considerably rougher surface
than the Cul or Cu2 substrates are shown in Figure 3.21 (g-i). At an anneal temperature of
450°C, distinct nanoparticles are visible on the surface, however at the higher temperature of
550°C significant de-wetting occurs, which is in contrast to the Cul where the surface remained

smooth at 550°C.
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Figure 3.21: Cu2 wafer after annealing at a) 450°C, b) 550°C and c) 650°C. Cul wafer after
annealing at d) 450°C, e) 550°C and f) 650°C. Cu3 wafer after annealing at g) 450°C, h)

550°C and i) 650°C.

XRD was carried on the Cul sample that was annealed at 550°C, Figure 3.21 e) to
determine the composition of the smooth surface produced. An as-received Cul wafer was also
analysed to be used as a control to compare to the changes that occurred on the surface of the

treated sample as a result of annealing. The results of this analysis can be seen in Figure 3.22.
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Figure 3.22 shows the XRD analysis of a bare Cu substrate and the substrate after
PtNP deposition followed by annealing at 550°C. Both XRD patterns are similar and show
the metallic Cu (111) diffraction peak at 43.4 and the Cu20 (200) peak at 42.3. Notably there
Is an intense peak centred at 37.5. Magnification of this peak (Figure 3.22 inset) shows a
highly unsymmetrical baseline. A shoulder peak is visible to the left side of this peak and is
attributed to the Cu2O (111) peak. The main dominate peak was absent in previous XRD
analysis and this peak may be attributed to the TaN adhesion layer, which is in excellent
agreement with the location of the TaN(111) diffraction peak.?® The presence of this peak

may be due to damage of the Cu overlayer e.g. from tweezers etc. XRD analysis can often
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by useful in evaluating alloy formation.*® Due to the dendritic nature of the PtNPs which are
composed of very small Pt crystallites, clear diffraction peaks associated the PtNPs were not
observed. It is interesting to note that an upward shift in the Cu (200) diffraction peak is
observed after annealing the Pt decorated substrates. This upward shift in the Cu(200)
refection is characteristic of alloy formation due to lattice contraction.®! Further analysis such
as EDX mapping would be required to evaluate the surface composition and confirm the
presence of a CuPt alloy.
The XRD results shown in Figure 3.22 indicate that the smooth surface seen in Figure
3.21 e) was not a Pt/Cu alloy or a Pt film. The results suggest that the smooth surface primarily
consists of Cu20 that has formed a film-like structure on the surface. As no Pt or Pt/Cu was
detected on the annealed surface and the peaks for both the substrate as received and the
substrate that was treated were almost identical it strongly indicates that the surface was mainly

Cu20. Further analysis such as XPS should be done to confirm these findings.

3.6.2 Influence of Cu Substrate and Surface Roughness

The nature of the Cu substrate including Cu thickness and surface roughness was then
investigated. Three Cu substrates with different thicknesses of Cu and varying roughness were
used. All substrates consisted of Cu deposited onto a Si wafer with a tantalum nitride adhesion
layer. The work reported thus far was carried out on a chemically mechanically polished (CMP)

wafer. Table 3.1 summarises the properties of each Cu substrate.

Figure 3.23 shows AFM images and SEM images of the Cu substrates. Both the Cul
and Cu2 substrates have relatively smooth surfaces while the Cu3 substrate is characterised by

a high degree of roughness (Rq > 5 nm).
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Figure 3.23: Scanning electron microscopy image of a) Cul, b) Cu2 and c) Cu3 as-received

(inset is the atomic force microscopy image of each substrate).

The effect of substrate surface roughness on PtNP deposition was evaluated by

measuring the time taken to reach saturation coverage after immersion into the PtNP solution.

Figure 3.24 shows a plot of nanoparticle coverage versus deposition time for the Cul
and Cu3 wafer. The nanoparticle coverage begins to plateau after ~30 min immersion time. As
the PtNP solution was slightly acidic due to the presence of citrate, immersion times longer
than 32 min were not carried out due to etching of the Cu substrate. The maximum coverage
recorded for the Cul wafer was 2700 nanoparticles per 1.36 pm? after 32 min. There was only
a modest increase in coverage from 15 min to 32 min, so consequently 15 min was taken as the
optimal time for nanoparticle deposition while preventing any etching of the Cu substrate.
Figure 3.24 also shows the nanoparticle coverage versus time for the Cu3 wafer. PtNP
deposition onto the Cu3 wafer under the same conditions as the Cul wafer has a different
profile as clearly evident from comparison of the plots. The rate of nanoparticle deposition is
considerably slower on the Cu3 substrate compared to the Cul substrate. Nanoparticle
deposition on the Cu3 wafer shows a linear profile in the first 32 min as demonstrated in Figure

3.18 ¢), with a 7-fold decrease in coverage compared to the Cul, after that time. Nanoparticle
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coverage of the Cu3 substrate increased with longer immersion times, and began to plateau

~120 min, with coverage at 1050 nanoparticles per 1.36 um?2.
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Figure 3.24: Time Deposition study on a) Cul wafer, b) Cu3 wafer and ¢) Cu3 wafer

reaction after 300 min.

With a longer immersion time etching of the substrate was also apparent from SEM.
Figure 3.25 a) and b) show the Cu3 substrate after 128 min and 256 min, respectively. De-

wetting of some parts of the substrate was clearly evident by SEM analysis and longer
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immersion times in the nanoparticle solution also results in the deposition of agglomerates of
nanoparticles. The optimal time to achieve the highest coverage on the Cu3 substrates while
minimising damage to the wafer is 120 min, however the maximum coverage obtainable is still
2.5 times lower than that achievable on the Cul wafer. While rough surfaces are characterised
by higher surface area which can be beneficial for many applications such as sensing and
catalysis, this study demonstrated that surface roughness has a clear negative impact on the

PtNP loading which is an important finding for potential applications.

.'.. ~.'

200 nm

Figure 3.25: Cu3 wafer with PtNP deposition time of a) 128 min and b) 256 min.
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3.7 Conclusions

Characterising these Pt@Cu20 nanocubes involved a range of analytical techniques in
order to determine the factors that effected their formation. It was determined that the PtNPs
were dendritic and that through their synthesis and subsequent size selection uniform particles
of ~30 nm were synthesised. Further analysis determined that the ideal temperature in which
to anneal these substrates was 350°C for 30 min using a furnace with a heating rate of

32°C/min.

XPS analysis demonstrated that the native oxide removal step in the synthesis was
successful as only trace amounts of surface oxide were present in the Pt decorated samples.
This analysis also indicated that the nanocubes were core-shell in structure as the Pt peaks
observed in the unannealed sample were not present in their annealed counterpart. This
demonstrated that the Pt had been encapsulated within a Cu,O shell which was shown in the
Cu LMM Auger peak. XPS analysis was also able to demonstrate the suitability of the SAM
used as its peaks decreased when protonation of the terminal amine group had occurred by the
citrate stabilised PtNP. The XRD analysis performed corroborated the finding of the XPS

analysis.

Confirmation of the core-shell structure of these nanoparticles was achieved through
XTEM. The results of this analysis clearly demonstrated the presence of a dense core consisting
of Pt as well as the underlying copper and adhesion layer. The d spacing of the shell was
calculated to be 0.247 nm, which is in agreement with the lattice spacing of Cu20O. The finding

obtained from XTEM strongly agree with the findings from the XPS and XRD analysis.
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Conclusions and Future Work
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4.1 Conclusions and Future Work

This work developed a solid state synthesis to PtCu@Cu20 nanocubes immobilized on
Cu substrates. The nanocubes synthesized by this method are significantly smaller than those
synthesized by solid-state methods reported in the literature to date. In fact, the size and
morphology control obtainable in our synthesis method rivals that of solution based methods.
While solution based methods can enable exceptional control of nanoparticle size, shape and
composition, it usually requires the use of stabilizing ligands during the synthesis and
consequently the surfaces of the resultant nanoparticles are modified with these capping
ligands. Complete removal of capping ligands without compromising the nanoparticles is not
trivial and remains a key challenge in the application of nanoparticles. Therefore, a major
benefit of the solid state approach is that the nanoparticle surfaces are not passivated by capping
ligands, which is a significant advantage in the application of catalysis, electrocatalysis and
sensing. Preliminary measurements have demonstrated the use of the PtCu@Cu20 substrates
in glucose sensing applications. Further work would be need to develop this, particularly in the

application of selective detection.

Alternative applications for these unique particles could also be further investigated. Pt
based nanoparticles have a range of applications such as catalysis, water splitting and fuel cells.
123 As the core shell nanocubes are supported on a Cu substrate they, would be best suited to
a fuel cell that operated in an alkaline or aqueous environment such as the methanol oxidation
reaction (MOR).* The high density of nanoparticles with strong adhesion to the substrate would

be very beneficial for such applications.

This work focused on the immobilisation of Pt nanoparticles onto Cu substrates,
however a vast variety of other transition metal nanoparticles could be evaluated. Preliminary

tests were carried out using citrate stabilised Au nanoparticles and confirm that our solid state
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synthesis method is transferable to other metal nanoparticles. A high density of Au
nanoparticles could be immobilised on the Cu substrates with the aid of the diamine self-
assembled monolayer. Cubic nanostructures formed when annealed using a slightly higher
temperature of 450°C instead of 350°C used for the Pt nanoparticles. Further work is required
to optimise the synthesis parameters and also characterise the cubic nanostructures obtained in

the Au-Cu substrate system to compare with those obtained using the Pt-Cu substrate system.

In addition to changing the nanoparticle, this method could also be used with a different
substrate metal, such as nickel (Ni). Studies have shown that the combination of Pt and Ni are
effective in the hydrogen evolution reaction.>® PtNi nanoparticles have been proven to be
effective in ORR, and have a greater affinity for the reaction over Pt and PtCo,® so further
studies could be done in this area using Ni as a substrate in place of its Cu counterpart. Similar
to the Cu substrate the Ni surface functionalisation would need to be optimised to deposit a
high density of Pt nanoparticles. Annealing the substrates is likely to give rise to nanostructure
morphologies different to those observed on Cu substrates, however may yield substrates for
potential applications in fuel cells. Ni-Pt systems have received considerable interest in recent

years and have been shown to be one of high preforming systems for fuel cell applications.
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A.1 Introduction:

The layered material molybdenum (1V) disulphide (MoSz) is a transition-metal
dichalcogenide (TMD) which is similar to the 2D material graphene. It’s similarities with
graphene mean that this materials layers stack together as a layered crystal.> These layered
materials can be exfoliated into layers/nanosheets using a range of techniques which include,
physical methods of mechanical exfoliation and laser thinning as well as chemical methods of
liquid phase exfoliation (LPE)! and chemical vapour deposition.? However, some of the
available methods come with disadvantages which include, inability to scale up, time
consuming and sensitivity of the environmental conditions.® Finding the right method that is
both cost effective and can be scaled up is of great importance for both academic and

commercial use.

LPE satisfies the need for a scalable cost-effective method and as a result is the main
method used to produce 2D materials in large quantities with a good balance between cost and
quantity,* as well as having a simple methodology.® This mechanism of exfoliation is effective
due to the force of the sonication applied and its success lies in using the correct solvent in
which to sonicate the TMD. The most common solvent used to separate the MoS: into its layers
is N-methyl-pyrrolidone (NMP)3%-8 due to its stabilising abilities. However, there are other
solvents available that will exfoliate MoS; including some of the following, isopropyl alcohol
(IPA),2"8 N-cyclo-2-pyrrolidone, dimethyl sulfoxide (DMSO), dimethylforamamide (DMF),

sodium cholate hydride (SCH)? as well as a water and ethanol mixture.”

Layered MoS, comes in three crystal forms, each with its own suited application. These
crystal structures are 1T (Dsg group, AA stack), 2H (Dsn group, ABAB stack) and 3R (C°sy
group, ABCABC stack) and are applicable in catalysis and 2H-MoS; has a bandgap suitable
for electronic and optical applications requiring semiconductor characteristics, including gas

sensors.? Similar to exfoliated graphene, MoS; can also be used as additives in lubricants,°
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phototransistors, memory devices® as well as photodiodes® and organic photovoltaics.®> Using
the LPE method to exfoliate the MoS2 crystals is very effective as it enables the exfoliated

layers to be used across a vast range of applications in different areas.
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A.2 Experimental:

The liquid exfoliation methodology of MoS; was taken from Backes et al.2 MoS; was
used in two forms for these experiments. The first was the crystal form of the compound and
the second was the powder form of the compound. Both forms required their own solvents for

the exfoliation procedure.

A.2.1 MoS; Crystal

A piece was of MoS crystal was removed using a pair of tweezers and was placed into
a 50 mL sealed Schlenk flask along with 1 mL of the organic solvent, NMP. The Schlenk flask
was placed into a beaker of water and sonicated using a bath sonicator for a period of 6-8 hrs.
In order to maintain the temperature at ~20-30°C in the sonicator ice was added when required
to lower the temperature of the bath. The contents of the flask was monitored throughout the

experiment.

A.2.2 MoS, Powder

A spatula tip of MoS; powder and 1 mL of NMP were placed into the Schlenk flask and
sonicated under the same condition as described in section A.2.1. An additional sonication
procedure was carried out using the MoS, powder, taken from Backes et al.® In this case an
aqueous solvent was used instead of NMP. Sodium cholate hydrate (SCH) was used as the
solvent. Into a 50 mL Schlenk flask 0.5 g of SCH was added to 10 mL of deionised water
making up the solvent and 0.35 g of MoS; powder was added forming a dark navy solution.
This solution was sonicated as before for a time of 72 min. The initial 72 mins sonication was

considered as a washing step of the MoS; powder.
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Once completed the solution was removed from the Schlenk flask and centrifuged at
5000 g (6236 rpm) for 25 mins. The supernatant was decanted and replaced with another 0.5 g
of SCH in 10 mL of deionised water. This new solution was sonicated as before for 6 hrs while
maintaining the temperature of the bath using ice as previously described. It was observed that

the solution changed colour throughout the sonication period from dark navy to deep green.

A.2.3 Size Separation of Exfoliated MoS,

The deep green solution produced from sonication was placed into a centrifuge tube
and washed at 4500 rpm for a period of 2 h to separate the larger sheets. This is labelled as
Wash 1 in Table A.1. The dry tube was weighed before centrifugation and again after once the
supernatant was removed and the plug dried. The tube was placed into a drying oven at 60°C

until the plug was completely dry before reweighing.

The green supernatant was placed into a second pre-weighed centrifuge tube and
centrifuged at 6500 rpm for 2 h to separate the larger sheets. This was labelled as Wash 2 in
Table A.1.. The supernatant was removed after centrifugation and the plug was placed in a

60°C oven until dry. This tube was then weighed a second time, as described in Table A.1.
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A.3 Results:

A.3.1 MoS; Crystal:

The crystal showed signs of exfoliation after 2.5 hrs of sonication as smaller pieces of
the crystal could be seen in the flask. After 6 hrs of sonication the original piece of crystal
remained predominantly intact with the exception of a few smaller pieces of the crystal in the
NMP solution. Although partial exfoliation of the crystal occurred, powder was deemed the
more appropriate option for exfoliation due to its smaller size. In order to better exfoliate the

crystal a more powerful sonication such as a probe sonicator would have been more suitable.

A.3.2 MoS, Powder:

The solution before sonication occurred was dark navy in colour and after 6 hrs of
sonication no change had occurred in relation to the solution colour. This indicated that the
MoS: powder had not been oxidised. As the powder was smaller in size in relation to the crystal
but still not showing signs of exfoliation after a long period of sonication, the exfoliation was

carried out using a different solvent other than NMP.

Similar to the powder sonication with NMP, the initial solution colour of the SCH
solvent and MoS; powder was dark navy. However, 4 hrs into the 6 hrs sonication process the
solution began to change colour to eventually becoming dark green. This can be seen in Figure
A.1. The dark green colour is a poignant indication that the MoS powder had been oxidised
and therefore exfoliated into layers as desired. As this combination of MoS, powder and

aqueous SCH solvent was successful, it was used for all subsequent experiments.
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Figure A.1: a) Dark navy MoS; solution before sonication, b) Deep green MoS; solution after

sonication

A.3.3 Size Separation of Exfoliated MoS>

The results demonstrating the recovery of the MoS; from the size separation can be seen
in the Table A.1. This experiment was carried out using four batches labelled A-D made using
SCH as a solvent and MoSz powder. The mass of exfoliated product obtained after Wash 1 and
Wash 2 procedures are shown. Batch C had low recovery due to an unknown error in the
process and as a result was not included in the average concentration or concentration range

calculations.
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Table A.1: Concentrations and amounts recovered from Batches A-D after size separation

Batch  Product Mass after Product Mass after ~ Total Product % Recovery

Wash 1 Wash 2 Retrieved
4500 rpm, 2 hrs 6500 rpm, 2 hrs

A 0.315 g/10 mL 0.010 g/10 mL 0.326 ¢ 93.1

B 0.285 g/10 mL 0.183 g/10 mL 0.303 ¢ 86.6

C 0.095 g/10 mL 0.005 g/10 mL 0.100 g 28.6

D 0.304 g/10 mL 0.015 g/10 mL 0.319¢ 91.1
Conc. 0.285-0.315 ¢g/10 0.015-0.183 g/10 0.303 -0.326 86.6 — 93.1%
Range mL mL g/10 mL

Average

Conc. 0.232 g/10 mL 0.066 g/10 mL 0.316 g/10 mL 90.3%

From the table it is evident that the separation process recovered up to 93% of the MoS;
powder initially added at the start of the reaction. This demonstrates that the MoS; exfoliated
into layers of different sizes as the both the slower speed of 4500 rpm and the faster speed of
6500 rpm both produced product. The majority of exfoliated product 90% is obtained in Wash
1. Although not conducted here, using lower rpm values during centrifuge could further refine
the size selective precipitation of exfoliated MoSz. The exfoliated product was deposited onto

a Si wafer and analysed using SEM. The results of which can be seen in Figure A.2.
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Figure A.2: a) and b) SEM images of the exfoliated MoS; powder.

Itis clear from Figure A.2 that the vast majority of the MoS, powder had been partially
exfoliated as there was evidence of layered species on the substrate. However, there was almost
no evidence of single exfoliated layers present on the Si substrate under the microscope. Figure
A.2 a) demonstrates the different size particles that the exfoliation produced while Figure A.2
b) highlights the smaller, fragmented layers that are present and more evident on the larger
layers that made up the majority of the sample. These images suggest that although exfoliation
of MoS; took place, a longer sonication time may be needed to produce single layers of the
compound or alternatively a stronger exfoliation technique such as probe sonication may be
more effective in achieving single layers. Further experimentation would be needed to confirm

the best technique for this time of liquid phase exfoliation.
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A.4 Conclusion:

LPE was very effective at separating the MoS: layers in this experiment, especially in
its powdered form. However, even though NMP has been proven to be an effective solvent for
this solute with this type of separation, it was not effective here. Its ineffectiveness could be a
result of the type of sonication used. Probe sonication may have worked better with both the
crystalline MoS; as well as the powder MoS: due to the higher power obtainable under probe
sonication. Longer sonication times beyond 6 h may be required to exfoliate the MoS; or the

addition of a washing step.

The SCH however, proved to be a superior solvent for the exploitation of MoSz and the
colour change from dark navy to deep green was a strong indication of this success. Bath
sonication seemed to be more suited to this mixture of solvent and solute. The size separation
of the exfoliated MoS> was also successful as the recovery percentage ranged from 86.6-93.1%
However, it is possible that the remainder of the product could be retrieved if the supernatant
from the second wash was centrifuged. This method of LPE was successful and this was due
in part, to choosing the best pairing of MoS; and solvent. However, further improvement in

terms of producing individual layers of MoS, may be possible using probe sonication.
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