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Abstract
Due to their unique physicochemical and plasmonic properties, metal nanostructures have attracted
great interest in various research fields. This thesis focuses on the fabrication of Cu-based ordered
nanostructures for applications in surface-enhanced Raman spectroscopy (SERS) and electrochemical
reduction of CO2. Surface-enhanced Raman spectroscopy is a powerful spectroscopic technique with
single molecule sensitivity and has emerged as a useful tool in chemical and biological sensing.
Previous research has shown that coinage metals (Au, Ag, Cu) normally generate much stronger SERS
enhancements than transition metals because the free-electrons in these metals can be effectively
excited by visible light. To futher understand this phenomenon and to synthesise SERS substrates with
strong SERS enhancement and excellent reproducibility, this research started on fabricating large-scale
and highly ordered Cu nanorod arrays as cost-effective SERS substrates. It was found that ordered Cu
nanorod arrays can be used as cheap and effective SERS substrates in their own right by effectively
tuning the gap size between neighboring nanorods to sub-10 nm and increasing the packing density of
nanorods, with a detection of benzenothiol as low as 10-10 M. By sputtering a very thin layer of Ag
nanoparticles on the surface of the Cu nanorod arrays, the detection limit of benzenethiol could be
further enhanced, achieving reproducible signals at concentrations as low as 10-15 M. This hybrid
configuration provides not only strong Raman-active sites over the whole substrate but also efficient
binding sites for the capture of analyte molecules at the “hot” spots.
For the first time, SERS nanotechnology has been applied for urea detection, an important molecule
in biological and medical fields. SERS substrate based Au/Cu hybrid nanostructure arrays were
synthesized. By effectively optimizing the gap size between neighbouring nanorods, a high density of
hot-spots was generated, enabling the substrates to detect urea signals at a concentration as low as 1
mM with great reproducibility.
Electrocatalytically converting CO2 to hydrocarbons is a very attractive way to use the excess
electricity generated from renewable energies. Cu has been considered as one of the most active
materials for CO2 conversion. This research went on to apply the Cu nanowire arrays to the

electrochemical reduction of CO2. It was found that Cu nanowires tend to favour hydrogen evolution
reaction over CO2 reduction. By sputter-coating a thin layer of Au on top, the current density as well as
Faradaic efficiency (FE) of CO were remarkably enhanced. At an overpotential of 540 mV with respect
to the formation of CO, the Au-coated Cu nanowires catalyse the formation of syngas, a very useful gas
mixture, with high efficiency and stability.
This research went on to synthesise ordered nanoporous Cu membranes and used them as electrodes
for CO2 reduction for the first time. In aqueous electrolyte, non-flow-through Cu membranes gave very
high current densities, but produced only H2, suggesting that the reaction was mass-transfer limited.
When ionic liquid was added to the electrolyte, these flow-through membranes could catalyse the
formation of CO at an overpotential as low as 90 mV. The combination of a flow-through Cu membrane
catalyst and ionic liquid in the electrolyte produced syngas with high efficiency and stability at an
overpotential of 390 mV.
Ultimately, this thesis was able to demonstrate various methods to synthesise different kinds of Cubased ordered metal nanostructures, and apply them to various applications, such as sensing and
electrochemical reduction of CO2.
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Introduction

1

Introduction
1. Metal nanostructures

In recent years, metal nanostructures have attracted great interest in various research fields because of
their unique physicochemical and plasmonic properties [1, 2]. Among them, Au, Ag, and Cu
nanostructures are of particular interest. These metal nanostructures have been widely used in
electronics and catalysis. Recently, the interaction between metal nanostructures and light —
plasmonics — has attracted much attention [3-7]. “Plasmonic” nanostructured metals have strong
interactions with incident light, and are capable of converting light into a localized electric field called
a localized surface plasmon [8]. By controlling the size and shape of the metal nanostructures, the
localized surface plasmon effect can be significantly enhanced [9]. Applications of plasmonic effects
include surface enhanced Raman spectroscopy (SERS), single molecule spectroscopy, super lenses,
nanoscale lasing, plasmon-enhanced fluorescence, enhancement of non-linear optical signals, plasmon
assisted photo lithography, quantum computing, light harvesting, photocatalysis, and biochemical
sensing, leading to particular interest in nanoplasmonics [10-24]. As well as this, plasmonic metallic
nanostructures are excellent candidates for photo- and electro- chemical catalysts; their advantages
include plasmon induced hot electrons, extremely high surface areas and good catalytic activities for a
variety of reactions.
This thesis focuses on preparation and characterization of metal nanostructures for two specific
application areas: sensing (through surface enhanced Raman scattering, SERS) and energy (as
electrodes for carbon dioxide reduction). This introduction firstly reviews methods used to produce
metal nanostructures, emphasising how the shapes and sizes of particles can be controlled. Then the
fundamentals of the SERS effect are introduced, followed by a brief review of nanostructured metals
for SERS. Finally, CO2 electroreduction is discussed, including the requirements for catalysts, and the
particular advantages of nanostructured metals and hybrid materials for this application are indicated.
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2. Preparation of metal nanostructures
Various methods have been developed to control the shape and size of synthesised nanostructures [25].
Much effort has also been devoted to making nanostructures that are cheap, environmentally friendly,
and efficient. Figure 1 summarizes the various preparation methods that have been used so far to
synthesise different types of metal nanostructures. Because Ag nanostructures have plasmon resonance
in the visible light range, leading to potential applications in a wide range of technologies, most of the
synthetic methods discussed below will be in reference to Ag.

Figure 1. The various methods for synthesis of metal nanostructures.
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2.1. Chemical and photochemical synthesis
The size and shape of metal nanostructures have a significant impact on their optical properties. Several
methods have been developed to prepare nanostructures with controlled size and shape [26-28]. For
example, one common method to synthesise Ag colloidal solutions is citrate reduction of Ag+ ions [2931], where a calculated amount of sodium citrate is added into an aqueous solution of silver nitrate and
heated. Through controlling the pH, spherical, triangular and rod like nanoparticles, with sizes between
20 and 500 nm, can be formed [32, 33]. Polyol synthesis is another well-known method to synthesise a
variety of Ag nanostructures with different sizes and shapes [27, 34-37]. Generally speaking, a Ag salt
precursor and capping agents are added into polyols for nucleation and growth of Ag nanostructures.
Reaction temperature and reactant concentrations are very important factors that have a strong impact
on the final reaction products. Other chemical and photochemical synthesis methods include lightmediated synthesis [38-45], electrolysis and pyrolysis [46, 47], and seed-mediated synthesis [48-51].
More complex nanostructures generally require the use of templates.

2.2. Soft- and hard-template mediated synthesis
Template-based synthesis is a very versatile way of fabricating nanostructures. [52] Templates can be
either “soft” or “hard”. Normally, surfactants are used as soft templates, while porous anodic aluminium
oxide (AAO) membrane is a typical hard template. Many researchers have used template assisted
methods to synthesise metal nanostructures including nanowires,[52-55] nanorods,[56-58] and
nanoplates.[59-63] Advantages of template-assisted synthesis include good control of the size and shape
of the final products, and mild reaction conditions.[64-66]

2.3. Other synthetic methods
Assisted self-assembly process has also been used to make different metal nanostructures from
nanoparticles [67-69]. Compared with other methods, this process is able to generate large structures at
microscale. Another common way to make nanostructures is the hydrothermal process [70-72], which
usually requires high temperature for reactions to occur. Recently, living microorganisms such as fungi
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and bacteria were also used to synthesise different kinds of metal nanoparticles [73-78]. This biological
approach has great potential for large-scale applications since it provides good control over the size of
the nanostructures and is also environmentally friendly.

3. Potential applications of metal nanostructures
Metal nanostructures are promising materials for various potential applications. Recently many
advanced applications (such as super lenses, lasers, and phase changing materials[14, 79, 80]) are also
emerging. Figure 2 summarizes various potential applications of metal nanostructures. This chapter will
discuss in detail about two specific applications, namely surface-enhanced Raman spectroscopy (SERS)
and electrochemical reduction of CO2, which are the focus of this thesis. In the end of the chapter, a
brief introduction will be given to other potential applications of metal nanostructures.

Figure 2. Potential applications of metal nanostructures.
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3.1. Surface-enhanced Raman spectroscopy
The discovery of surface-enhanced Raman spectroscopy (SERS) nearly 40 years ago has sparked great
interest in the scientific community [81-83]. When light interacts with a molecule, some photons
undergo inelastic or Raman scattering [84]. Although most incident photons do not lose any energy
when scattered, a tiny portion of the scattered photons have different energies because of the energy
exchange involved in the scattering process. These energy changes reflect the characteristic energies of
the vibrational modes of a certain molecule. Because different functional groups have different
vibrational energies, Raman scattering is a very selective technique, making it extremely useful to
identify unknown molecules [85, 86]. However, due to the very weak signals, the application of Raman
scattering technique had been quite limited until the arrival of the SERS technique.
Because of the its huge advantages in diagnostic testing, sensing, counterterrorism, corrosion
monitoring and immunology, ever since the first discovery of SERS, tremendous efforts have been
devoted to understanding the underlying physical phenomenon responsible for the dramatic
enhancement of the intensity of the Raman signals [87-90]. Due to technical advances (such as
nanotechnology advancement and single-molecule detection) and social needs (health care, chemical
sensing), the scientific interest in SERS has been particularly strong recently [91, 92]. Most researchers
are using noble metals (Ag, Au, and Cu) as SERS substrates because they have plasmon resonance in
the visible spectrum. The main obstacle for practical applications of SERS-based sensors is the lack of
simple synthetic methods to make reproducible SERS substrates with high sensitivity and reliability.

3.1.1. Electromagnetic and chemical SERS enhancement
To improve the performance of SERS substrates requires a deep understanding the mechanisms of
SERS enhancement. After much debate, it has been widely accepted that there are two kinds of SERS
enhancements: electromagnetic and chemical enhancement. Electromagnetic enhancement accounts for
the major part of the SER enhancement, and the localized surface plasmon resonance (LSPR) generated
in the near-field of metallic nanostructures is responsible for the greatly enhanced Raman signals [9,
93-100]. Because of the excitation of the LSPR, the local electromagnetic field (|E|) is enhanced,
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resulting in significant SERS effect. Since the Raman scattering enhancement is proportional to |E|4, it
is possible to get a very high SER enhancement with only a modest increase in the electromagnetic field
intensity [101]. Nevertheless, the SERS enhancement effects are very localized. As the distance
between the analyte and metal nanoparticles increases, the SERS effects decay rapidly, making it a very
surface-sensitive technique [102]. Chemical effect is another mechanism responsible for the SER
enhancement. Due to the interaction with the metal nanoparticle, the electronic states of the analyte
molecule are either broadened or shifted, resulting in additional SER enhancement known as chemical
enhancement [101].

3.1.2. Electromagnetic enhancement of SERS effect by metal nanostructures
3.1.2.1. Size and Shape of the Metal Nanostructure
The SERS enhancement is highly dependent on the size, shape, surrounding environment, and nature
of the metal nanostructures [103-110]. It is necessary that the dimension of the metal nanostructures is
much smaller than the wavelength of the incident light. It has been found that most SERS-active systems
often have structures in the range of 5-100 nm, while a size of 20-70 nm usually gives the highest SERS
enhancements [111]. When the size is too small (less than 5 nm), the electronic scattering becomes the
dominant force, depleting the electrical conductivity and therefore the SERS effect [111].
The size of the nanoparticles can also cause shift in the plasmon resonance frequencies [112]. When
the source frequency is in resonance with the plasmon band, a maximum electric-field enhancement is
observed [113]. Xia et al. have carried out a series of experiments to test the SERS enhancement of
sharp Ag nanocubes [114]. They found out that larger particle size (around 100 nm) led to higher SER
enhancement, mainly due to the resonance between the laser source and the plasmon band. The exposed
crystal planes and shape of metal nanostructures also play a vital role in the SERS effects. Zhang and
co-workers found out that, compared with metal nanowires, metal nanoparticles show higher SER
enhancement, and the effects of crystal facets are even more dramatic [115].
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It has been generally accepted that the surface plasmon band for an elongated nanoparticle has two
components: longitudinal and transverse [116]. Thus, nanoparticles with sharp edges and corners
normally have higher SERS enhancement because of the optical antenna effect [114].

3.1.2.2. Distance dependence of SERS intensity
The distance dependence of the SERS effect is considered as the most important feature of this
technique. In the case of chemical enhancement, it is necessary for the analyte to be adsorbed to the
metal nanostructure surface for the electron transfer to occur. However, when it comes to the
electromagnetic enhancement, the mechanism is quite different. It is important to know that the fine
geometrical features of the metal nanostructures play a vital role in the distance dependence effect [117].
Besides, the coupling of plasmons lead to an amplified polarization, thereby significantly increasing the
SERS enhancement [118-121].
A lot of studies have been carried out to estimate the distance dependencies. Van et al. used atomic
layer deposition (ALD) as spacer layer between the substrate and the analyte molecules [122, 123]. The
authors concluded that the SERS intensity decreases by a factor of 10 with an increased distance of 2.8
nm. Some researchers also employed electron beam lithography (EBL) to investigate the distance
dependence of the plasmonic coupling [115, 124-126]. Su and co-workers demonstrated that there is an
exponential decay of the SERS intensity as a function of the interparticle distance [127].

3.1.2.3. Complex metal nanostructures
Ever since the report on single-molecule SERS experiments [12, 99], tremendous effects have been
devoted to investigating the origin of the very high enhancement factor (EF) and developing novel metal
nanostructures with high sensitivity and reproducibility [128, 129].
Although the EBL method is a versatile way of fabricating nanostructures with desired dimensions,
the high cost makes it unsuitable for large scale applications. Therefore, a significant amount of
attention has been focused on developing various methods (such as colloidal lithography[130-132],
block copolymer lithography[133, 134], electron beam lithography [135, 136], nanoimprint lithography
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[137, 138], and laser interference lithography [139-142]) to make complex nanostructures for SERS
applications.
Young et al. successfully used a reactive ion etching method to make glass nanopillar arrays with
silver nanoislands as SERS substrate. They concluded that their SERS substrate has a much higher EF
(over 107) and greater signal reproducibility than previous studies [143]. Meng and colleagues show
that by making highly ordered core/shell nanoporous Au/Au nanorod arrays as substrate, the SERS
sensitivity could be further enhanced [144]. They used a porous AAO template-assisted method to coelectrodeposit Au-Ag alloy nanorods inside the nanochannels of the AAO template (as shown in Figure
3a). The porous Au nanorods were achieved by carefully dealloying the Ag using a concentrated HNO3
solution (Figure 3b). After electrodepositing an ultrathin layer of Ag on the porous Au nanorods,
core/shell nanoporous Au/Ag nanorod arrays were successfully synthesised (Figure 3c). They
demonstrated that their SERS substrate was able to detect R6G and PCBs with extremely high
sensitivities and great reproducibility.

Figure 3. Structural characterizations of the nanorods after different fabrication steps. (a-c) SEM observations and
enlarged views (insets) of the solid Au−Ag alloy nanorod arrays, the nanoporous Au nanorod arrays and the
core@shell nanoporous Au@Ag nanorod arrays, respectively. (d−f) TEM images of the corresponding individual
nanorods shown in (a−c). Reproduced with permission from Ref. [144].
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Apart from nanorods based SERS substrates, Zhang et al. demonstrated that hierarchical porous
plasmonic metamaterials are also great substrates for SERS applications [145]. They used AAO and
poly (methyl methacrylate) (PMMA) as templates to make the desired ordered porous metal
nanostructure, as shown in Figure 4a. By using lyotropic liquid-crystal (LLC) phases as mesostructure
templates, they successfully synthesised hierarchical porous Au membrane as powerful SER substrate,
which has a detection limit of 10-13 M for benzenethiol.

Figure 4. Fabrication and characterization of hierarchically ordered porous metamaterials. a) Schematic
illustration of the preparation procedures. b,c) SEM images of oblique (b) and plain (c) views of an as-prepared
membrane and d,e) its high-resolution images of plain (d) and cross-sectional views (e). f) TEM image of crosssectional view of the membrane and its corresponding electronic diffraction pattern (inset). g) TEM image of the
region indicated in (f) with the HRTEM image of a single mesopore shown in the inset. Reproduced with
permission from Ref. [145].

10

3.2. Electrochemical reduction of CO2

To satisfy human kind’s insatiable appetite for energy, fossil fuels including petroleum, coal and natural
gas are being burned at an alarming rate, which releases over 30 billion tons of carbon dioxide (CO2)
into our atmosphere annually. The pre-industrial level of CO2 level was only about 270 ppm, but now
the number has climbed up to 400 ppm. This kind of dramatic increase poses a huge threat to the delicate
ecosystem of our planet. As a well-known greenhouse gas, CO2 traps the sun’s heat and is mainly
responsible for causing various climate changes. Therefore, there is an urgent need to reduce the CO 2
amount produced annually and to convert CO2 into valuable fuels in order to develop our society in a
sustainable manner.
The ideal way of CO2 conversion is to use renewable energy sources to reduce CO2 produced in
refineries, power plants and petrochemical plants into useful chemicals [146, 147]. To achieve this goal
huge efforts have been devoted to investigating CO2 reduction reaction using photochemical [148-150],
thermochemical [151-153], and electrochemical approaches over the past decades [154-156].
Among the photocatalytically active systems for CO2 reduction that have been reported so far, they
all suffer from the problem of low selectivity and production rate, and are therefore not economically
viable [157]. The thermochemical CO2 conversion often requires high pressures and temperatures. An
equivalent amount of hydrogen is also necessary to proceed the reaction, which means it can be
energetically problematic to implement on a large scale [158].
On the contrary, the electrochemical reduction of CO2 has attracted most of the attention of the
scientific community. The main advantages of this process include the ambient reaction conditions, the
controllable reaction rates, and the easy separation of the products [159].
Among potential electrocatalysts for electrochemical reduction of CO2, bulk metals have been
studied extensively over the past decades. Hori has written a detailed review about the different
properties of bulk metallic catalysts for CO2 reduction [160]. Recently, nanostructured metallic
electrocatalysts have attracted particular attention due to some of their clear advantages over their bulky
counterparts. One obvious advantage is that nanostructured materials usually have much bigger surface
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areas, which in turn provide many more active surface sites. It has been generally accepted that the
catalytic activity of heterogeneous catalysts is proportional to the amount of surface active sites they
have, making it an effective way of boosting the catalytic performance by simply nanostructuring the
materials. Moreover, some reports also show that nanostructured electrocatalysts tend to have improved
catalytic stability [161, 162]. The main reason for this enhanced performance is due to the fact that
increased surface area gives the electrocatalysts a high tolerance to the heavy metal impurities in the
electrolyte, which often leads to a gradual decrease of the catalytic activity of the electrocatalysts [163].
While bulk catalysts are susceptible to even a ppm level of impurities, nanostructured electrocatalysts
are better posed to deal with the impurities problem due to their much increased surface area. In addition,
edge and low-coordinated sites are ubiquitous among nanostructured catalysts, which give them very
different catalytic properties [164, 165].

3.2.1. Thermodynamics and kinetics of the CO2 reduction reaction
To improve the performance of CO2 reduction requires a deep understanding of the underlying
mechanisms involved in the process. As the end final product of burning fossil fuels, CO2 is
thermodynamically stable [166, 167]. It also imposes huge challenges to covert it kinetically, since it
requires a very high initial activation energy [168]. CO2, a key intermediate species, requires a
potential as negative as -1.9 V versus the standard hydrogen electrode (SHE) to make the reaction
happen in aqueous media (pH=7) [147, 169, 170]. However, several proton-assisted multiple-electron
process are much easier to occur at relatively more positive potentials [160]. Various C1 and C2
products of CO2 reduction reaction, such as CH4, CO, C2H4, have been identified by using different
catalysts and electrolytes [171-177]. Table 1 shows the thermodynamic redox potentials for different
products [178]. These half-reaction potentials only show the minimum thermodynamic potential needed
to push the reaction forward and are also dependent on the electrolyte used [179-182]. The
thermodynamic potentials alone cannot possibly predict the reaction kinetics, including the reaction
energy and pathway.
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Table 1. The electrode potentials for numerous electrochemical CO 2 reduction half-reactions in aqueous solution
at standard experimental conditions. Reproduced with permission from Ref. [178].

Generally speaking, CO2 reduction in aqueous media competes with hydrogen evolution reaction
(HER), which occurs at a similar thermodynamic potential (0 V vs. SHE) but requires a much lower
overpotential [159]. This competing reaction makes converting CO2 efficiently and selectively a major
scientific challenge [183-189]. Therefore, ideal electrocatalysts for CO2 reduction should be able to
suppress HER, while driving CO2 reduction at low overpotentials with high reaction rates [190-193].

3.2.2. Metal nanostructures for CO2 reduction
As one of the most well studied metals, Ag is known for being capable of selectively converting CO2
into CO in an aqueous media. More importantly, compared with other metal surfaces, it only requires a
relatively small overpotential to push the reaction forward. One possible reason why CO 2 reduction
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reaction is more favourable on the Ag surface is that it possesses appropriate binding energy to CO and
COOH- [194]. Another factor is that the Ag surface’s binding energy to atomic H is so low that the
competing HER is suppressed [195]. According to Hori’s report in 1994, polycrystalline Ag surface
is capable of reducing CO2 to CO with a Faradaic efficiency of around 80% at -0.97 V versus the
reversible hydrogen electrode (RHE). H2 and a trace amount of formate were the other products detected
[190]. The adsorption of CO2 in different electrolytic media and product selectivity were investigated
extensively by the authors, and they subsequently proposed a reaction scheme as shown in Equations
(1)-(4):

In those equations * represents either a vacant catalytically active site or a surface-bound species. More
recently, with the help of a highly sensitive custom reactor, Hatsukade et al. completed a more
comprehensive evaluation of polycrystalline Ag surface at room temperature in aqueous electrolyte, as
shown in Figure 5 [196]. Their results indicate that the optimal potential window is around -1.0 to
-1.2 V versus RHE, when the driving force is large enough for the reaction, but not too big as to produce
significant amount of H2. Notably, they also reported the formation of methanol and ethanol on an Ag
surface for the first time. This work forms the baseline for subsequent studies of CO2 on a Ag surface
in aqueous media.
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Figure 5. a) Tafel plot of the partial current density to each product. Indications for the low-, intermediate-, and
high-overpotential regions are shown above the plot. b) Faradaic efficiency for each product as a function of
potential. Reproduced with permission from Ref. [196].
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Due to the good performance of Ag surface for CO2 reduction, it becomes quite natural to test the
catalytic performance of nanostructured Ag materials. Lu et al. used a de-alloy procedure to fabricate a
nanoporous Ag catalyst with curved inner surfaces [162]. The resulting catalyst was able to achieve a
significantly high current density of 20 mA cm-2 under a relatively low overpotentail (-0.6 V vs. RHE).
According to this study, the intrinsic activity of nanoporous Ag surface is more than 20 times higher
than that of the polycrystalline surface. The main reason for this increased activity is that on a highly
curved nanoporous Ag surface, Ag (110) and Ag (221) are more prevalent. Those low-coordinated Ag
atoms are capable of reducing the activation energy required to convert CO2 to CO2. Notably, the
experimental study conducted by Hoshi et al. also supports this theory [197].
Au is known as one of the best performing catalysts to convert CO2 to CO selectively.
Understandably, the extremely high price remains a big obstacle for Au to be applied on a large scale.
Nevertheless, due to its stable electrochemical properties and high catalytic activity, Au is an ideal
material for fundamental study. Zhu et al. synthesised a series of Au nanoparticles with different sizes
of 4, 6, 8 and 10 nm and demonstrated that the edges sites on the Au nanoparticle surface favours CO2
reduction while the corners sites favours the HER [198]. They concluded that the 8 nm Au nanoparticles
provide an optimum number of edge sites to reduce CO2 into CO while minimise the number of corner
sites that favour HER.
To this day, metallic Cu is the best known material that is capable of converting CO2 into a variety
of hydrocarbons [199]. Although due to its low catalytic activity and poor selectivity, Cu has not been
considered as an ideal catalyst for CO2 reduction, it is still worthwhile to have a deep understanding of
the unique ability of Cu to catalyse hydrocarbon formation, which would provide invaluable aid to the
design of future catalysts for CO2 reduction. With the help of a highly sensitive electrochemical cell
and modern characterization techniques, Kual et al. recently re-evaluated the catalytic performance of
polycrystalline Cu for CO2 reduction, providing a better mechanistic understanding of the reaction [200].
According to their study, only four major products ( CO, methane, ethylene, and formate) are observed
in the low overpotential region ( -0.6 to -0.8 V vs. RHE). But when the overpotential becomes higher
(-0.9 to -1.15 V vs. RHE), more C1-C3 hydrocarbon products are produced. Besides, at very high

16

overpotential region (over -1.15 V vs RHE), all products but methane are suppressed while HER is
promoted. To explain the phenomenon, the authors proposed several plausible pathways for to generate
C2 and C3 products. However, further experimental work is certainly needed to give a better
understanding of the reduction mechanism on polycrystalline Cu surface.
Interestingly, some studies have shown that by making nanostructured Cu eletrocatalysts, their ability
to reduce CO2 was significantly reduced, while the HER was greatly promoted [201, 202]. Reske and
colleagues studied the catalytic performance of Cu nanoparticles with different particle sizes (2-15 nm)
for CO2 reduction [201]. Compared with polycrystalline Cu, a significant increase of FE of H2 can be
clearly observed. After conducting a modelling study, the authors proposed that due to the presence of
low-coordinated atoms, there is a stronger surface binding to CO2 intermidiates (*CO2 or *COOH) and
Haq, which facilitates the H-H bond formation and makes HER the dominant pathway. Nevertheless,
more studies are required to fully understand the size-dependent mechanism.
Similar phenomena were also observed in other Cu nanostructures. Sen et al. have synthesised a
nanofoam with nanoscale dendritic walls for CO2 reduction [202]. Their results show that as in the case
of Cu nanoparticles, HER is greatly enhanced compared with a bulk Cu surface. As for the production
of hydrocarbons, only trace amounts of C1-C3 products were detected (shown in Figure 6).
Making nanostructured Cu catalyst is clearly not a trivial thing, however currently the relationship
between material dimensions and the CO2 reduction mechanism is not well understood yet. Further
experimental modelling is still needed to provide deep insights into the mechanism.
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Figure 6. a) SEM image of a Cu foam deposited electrochemically. b) The corresponding product distribution as
a function of applied potential. Reproduced with permission from Ref. [202].

One of the most successful measures employed recently to improve the catalytic performance of
metallic catalysts was the oxidation and subsequent reduction of bulk metals. This process is capable
of modifying the catalytic surface and creating more active sites. It was first proposed by Frese whose
results showed increased methanol production [183]. More recently, by using much higher oxidation
temperatures, Li et al. demonstrated much enhanced catalytic activity and stability of oxidized
polycrystalline Cu foils [161]. After heating a Cu foil at 500 oC for 12 h in the oven, the resulting
catalyst had a very rough surface structure and produced mainly CO and formate at much lower
overpotentials than the untreated counterpart, as shown in Figure 7. According to the authors, the main
reason for this significant improvement might be the presence of Cu1 and surface defect sites, which
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are likely to improve the formation of CO2 intermediates while suppressing the HER. Nevertheless,
it is difficult to draw conclusions about the improved catalytic activity per site, since the increase in the
surface area is much larger than the improvement of its catalytic activity.

Figure 7. a) SEM image of a polycrystalline Cu foil annealed at 500 oC for 12h. b) The corresponding Faradaic
efficiencies for the production of CO and HCO2H as a function of applied potentials. Reproduced with permission
from Ref. [161].
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The same technique has also been successfully applied to polycrystalline Au foils. Chen et al. showed
that by intentionally oxidizing and reducing Au foils, the catalytic activity was significantly enhanced
[203]. The resulting Au catalyst showed much higher CO production at much lower overpotentials
compared with bulk Au. This enhanced performance is due to the increase of surface area and improved
stabilization of CO2 intermediate.
Sn has also attracted a lot of interest for CO2 reduction. Bulk Sn is capable of reducing CO2 primarily
to formate at relatively high overpotentials. Recently, Zhang el al. showed that by reducing SnO2
nanoparticles, the catalytic activity and selectivity to formate were enhanced [204]. The authors
concluded that the size of the SnO2 particles had a big role in the surface-species binding energy, and a
maximum catalytic activity was achieved using 5 nm SnO2 particles. Besides, Chen et al. also
investigated the performance of electrodeposited Sn/SnOx nanoclusters as catalysts for CO2 reduction
[205]. In their study, they showed that compared with bulk Sn, the Sn/SnOx sites were capable of
improving the catalytic performance with high efficiency and selectivity.

3.2.3. Hybrid metallic catalysts
Atoms nearby can also have a significant impact on the electronic properties of individual atoms. In the
case of monoatomic catalyst, this phenomenon is not very evident since all atoms have very similar
electronic properties. However, when it comes to bimetallic catalysts, the interaction of the two
elements can have a major impact on the catalytic activity of the surface. Because of this, these kinds
of hybrid metallic catalysts have been extensively investigated in order to improve the efficiency and
selectivity of CO2 reduction. One study showed that at -1.1 V vs. NHE Ru-Pd catalyst was able to
convert CO2 to formic acid with a current density of 80 mA cm-2 and a FE of approximately 90% [206].
Rasul et al. synthesised Cu-In alloy catalysts and tested them for CO2 reduction reaction [207]. The
authors concluded that the addition of In was able to suppress the HER and increase the efficiency of
CO2 reduction. At -0.5 V vs. RHE, the FE of CO formation exceeded 90%, higher than In or Cu alone.
In another work, Au-Cu hybrid catalysts were investigated by controlling the alloy composition [208].
The results revealed that the FE of methane and ethylene increased with the increase in the Cu content.
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To explain this phenomenon, the authors proposed that synergistic geometric and electronic effects
might had played important roles. Kortlever et al. have also synthesised Pd-Pt hybrid catalysts for CO2
reduction. The authors reported that at a very low overpotential (-0.4 V vs. RHE) the catalysts were
able to reduce CO2 into formic acid with high efficiency ( 5 mA cm-2 current density ) and selectivity
(88% FE) [209].

3.2.4. Nanostructured electrocatalysis in ionic liquids
Another way to reduce the energy barrier and increase the efficiency for CO2 reduction is to add certain
ionic liquids (ILs) to the electrolyte. Rosen et al. demonstrated that by forming a complex with the
CO2 intermediate, certain IL ions are be able to reduce the energy barrier of CO2 reduction [168].
According to this reference, the CO2 can form a complex with the ionic liquid anion and move the
potential for the formation of CO2 in the positive direction, which greatly decreases the activation
energy for the reduction of CO2 to CO. The authors investigated the catalytic behaviour of Ag
nanoparticles in an 18 mol % 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIM-BF4) solution. At
an overpotential as low as 0.17 V (1.5 V in applied voltage), the reaction started to occur, with a Faradaic
efficiency close to 100% for the production of CO. Figure 8 shows how the free energy of the system
changes during the reaction.
Rosen et al. also examined the relationship between the water content in the EMIM-BF4 solution and
the catalytic performance [210]. In nearly dry IL electrolyte, the Faradaic efficiency of CO was very
low. But when the water content was increased to around 90 mol %, The FE of CO increased to almost
100%, and the total current density increased from around 2 mA/cm2 to over 10 mA/cm2. Further
increasing the water content only led to a rapid promotion of HER, causing the decrease of both
currency density and FE of CO. This result indicates that an appropriate amount of H2O in EMIM-BF4
electrolyte promotes the CO2 reduction reaction, as the hydrolysis of BF4- provides greater proton
availability. It also shows that EMIM cation is capable of inhibiting the HER even at very high water
concentrations.

21

Figure 8. A schematic of how the free energy of the system changes during the reaction in water or acetonitrile
(solid line) or EMIM-BF4 (dashed line). Reproduced with permission from Ref. [168].

Salehi-Khojin et al. examined the effect of the size of the Ag nanoparticles in CO2 reduction in an IL
media [211]. The electrolyte they used was EMIM-BF4 with 75 M of water content. As the particle
size decreased from 200 to 5 nm, there was a significant increase in the current density, which was
expected because a smaller particle size means a larger surface area and more active sites. Nevertheless,
when the particle size decreased further to 1 nm, there was a dramatic decrease in the current density.
The authors proposed that a change of binding energy to certain intermediates is likely to be the cause
of this observed abnormality.
According to some studies, IL electrolytes are also capable of changing the selectivity of product in
the CO2 reduction reaction. In aqueous media, Bi was reported to be a good catalyst for formate
formation. However, DiMeglio et al. showed by conducting CO2 reduction in an IL electrolyte, their Bi
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film became CO selective [212]. This change of activity after the introduction of IL can be clearly
observed in Figure 9.

Figure 9. a) SEM image of a Bi thin film deposited on a GCE. b) CV traces recorded for Bi-deposited and bare
GCEs in MeCN that contained 20 mm EMIM-BF4. Inset: Bi-deposited GCE in MeCN without the IL. Reproduced
with permission from Ref. [212].
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3.3. Other applications
3.3.1. Photo catalysis
Due to their unique optical, catalytic, electronic and mechanical properties, novel functional
nanomaterials have attracted great attention recently. The world is currently combating against many
environmental and energy problems, which makes it of particular interest to develop novel catalysts
that can catalyse desirable chemical formations using light. Plasmonic metal nanostructures often have
very large surface areas, leading to increased catalytic activity. Using a green renewable energy source
such as solar energy to convert CO2 and N2 into useful organic products in the presence of cheap and
effective photocatalysts has been considered as the most desirable solution to the energy crisis we are
likely to face [213].
Based on the nature of photocatalysis, it can be divided into two types, namely homogeneous
photocatalysis and heterogeneous photocatalysis. A desirable photocatalytic system normal requires a
big band gap, large surface area, suitable morphology, good stability and reusability [214-216]. Metal
oxides, such as oxides of chromium, titanium, zinc and vanadium, are among the best known
photocatalysts. The combination of light absorption properties, electronic structure, and excited
lifetimes of metal oxides means they are good candidates for photocatalysts. Nevertheless, it remains
extremely difficult to find a stable system with a desirable band for visible absorption. Although a lot
of research has been carried out on metal oxide such as TiO2 and ZnO, the wide band gap means their
potential as photocatalysts is relatively limited since UV light only accounts for around 4% of the whole
solar spectrum [217].

3.3.2. Surface-enhanced Fluorescence (SEF)
Fluorescence technique is widely applied in various fields such as optical devices, microscopy imaging,
and medical diagnosis. Scientists are showing great interest in using SEF when it comes to the detection
of single molecule. Surface modes and near field coupling between excited fluorophores are two main
factors affecting the performance of SEF [218, 219]. It is worth pointing out that surfaces of plasmonic
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nanostructure with localized surface plasmons are excellent substrates for efficient SEF. Similar to
SERS, molecular distance from plasmonic nanostructures also has a great impact on the SEF
experiments [220, 221].

3.3.3. Surface based electronic devices
Surface plasmons are also very important in transmitting information on computer chips. Plasmonic
nanostructures are capable of supporting very high frequencies (over 100 THz), while the conventional
wires can only hold 10 GHz. Due to this unique feature of extremely high frequency, plasmonic
nanostructures are very useful to the development of various electronics like plasmonsters [222].
Lithographic techniques are often employed to develop different kinds of electronic devices due to their
advantages in overcoming the problems involving geometry, location, and orientation [223, 224].
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4. Aims of this project and structure of thesis
The general aim of this project is to develop novel metal nanostructures based on Cu for different kinds
of applications. Cu was chosen for this investigation because it is relatively cheap and it has been
demonstrated to be an active material for sensing and CO2 reduction.
This thesis is divided into 6 chapters, as follows:

Chapter 1: Introduction.

Chapter 2: This chapter focuses on the fabrication of Cu nanorod arrays as well as Ag/Cu hybrid
nanostructure arrays as highly sensitive and cost-effective substrates for SERS application. Coinage
metals (Au, Ag, Cu) normally generate much stronger SERS enhancements than transition metals
because the free-electrons in these metals can be effectively excited by visible light. So far, only a few
studies have probed the performance of Cu nanostructures for SERS applications. In this chapter, the
effects of the distance between neighbouring Cu nanorods as well as Ag sputtering coating are studied
and the conditions will be optimized to achieve the highest SERS sensitivity.

Chapter 3: This chapter investigates the performance of Au/Cu hybrid nanostructure arrays as costeffective and highly sensitive surface-enhanced Raman scattering substrates for the detection of urea,
an important molecule in biological and medical fields. Colorimetric method is by far the most common
method used for urea detection, but it requires reagent mixing and multiple incubation steps, rendering
it unsuitable for quick monitoring. So it is important to have an alternative way to detect the urea
concentration. In this chapter, SERS technique is employed to detect the concentration of urea solution
with high sensitivity and reproducibility.

Chapter 4: This chapter studies the performance of Cu based nanowire arrays for the electrochemical
reduction of CO2. As one of the main end products of combustion, carbon dioxide is considered as the
primary cause of global warming. Considering the fact that metallic Cu is the only known material that
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is capable of converting CO2 into a variety of hydrocarbons, and that both the size and structure of the
electrodes could have massive impacts on the CO2 reduction paths, it is worthwhile to explore the
catalytic activity of three-dimensional nanostructured Cu electrode. This chapter examines for the first
time the reduction of CO2 on Cu/Au core-shell nanowire arrays.

Chapter 5: This chapter discusses the synthesis of ordered Cu nanoporous and examines the
performance of the Cu membranes as electrodes for the electrochemical reduction of CO2. In order to
suppress the hydrogen reduction reaction, ionic liquids have been introduced as electrolytes for the
reaction. The performance of flow-through porous Cu membranes for CO2 reduction in an ionic liquid
medium has been investigated and evaluated.

Chapter 6: General conclusions from chapter 2-5 and future work.
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Chapter Overview
The following chapter is a paper titled “Highly Ordered Ag/Cu Hybrid Nanostructure Arrays for
Ultrasensitive Surface-Enhanced Raman Spectroscopy” published in Advanced materials interfaces in
2016. In this chapter, the SERS performances of ordered Cu nanorod arrays as well as Ag/Cu hybrid
nanostructure arrays were studied. A two-step anodization process was used to make the porous AAO
templates. Then electrodeposition of Cu nanorods was carried out inside the nanochannels of the AAO
templates. After the removal of the AAO template, Cu nanorod arrays substrates were successfully
synthesised. The length and the gap of the nanopores were effectively adjusted to generate the highest
SERS performance.
The materials were then used as an analytical platform using benzenethiol as an example analyte. At
the optimum condition, the detection limit of benzenethiol was as low as 10-10 M. By sputter coating a
very thin layer of Ag on top of the Cu nanorod arrays, the detection limit of benzenethiol was further
enhanced to 10

-15

M. This is because, compared with Cu, the effective SERS cross section of Ag is

much larger, which significantly increases the SERS sensitivity. In addition, by sputtering Ag
nanoparticles, the gaps between neighbouring nanorods can be tailored into the sub-5 nm regime, which
is beneficial to the improvement of the SERS sensitivity
This hybrid nanostructure shows promise as a cheap and reliable SERS substrate for ultrasensitive
detection. A broader range of molecules may be selectively detected in the future by functionalization
of the surface.
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Chapter 3

Ultrasensitive surface-enhanced Raman
scattering detection of urea by highly
ordered Au/Cu hybrid nanostructure
arrays
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Chapter Overview

The following chapter is a paper titled “Ultrasensitive surface-enhanced Raman scattering detection of
urea by highly ordered Au/Cu hybrid nanostructure arrays” published in Chemical Communication in
2017. In this chapter, the nanostructure developed in chapter 2 was used for a real world medical
application. Because Au is similarly SERS sensitive as Ag but is much more stable, an Au coating was
employed in this study.
A drop method was used to load to urea samples onto the substrates. By effectively adjusting the gap
size between neighbouring nanorods into the sub-10 nm regime, a high density of hot-spots was
generated, enabling the substrates to detect urea signals at a concentration as low as 1 mM with great
reproducibility. This chapter demonstrates the potential of using a highly ordered Au/Cu hybrid
nanostructure as a new platform for fast and reliable detection of urea. This SERS substrate has the
advantage of low cost, easy fabrication, and excellent reproducibility. Besides, these substrates can be
recycled easily and remain SERS active for a long period of time.
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Ultrasensitive surface-enhanced Raman scattering
detection of urea by highly ordered Au/Cu hybrid
nanostructure arrays
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a. School of Chemistry, Monash University, Clayton, Victoria, 3800, Australia
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b. Monash Centre for Electron Microscopy, Monash University, VIC 3800, Australia

Materials and methods
The porous AAO templates used in this work were fabricated by employing a well-known twostep anodization process.1 The starting material used is 0.5 mm thick aluminum foil with ultrahigh purity (99.999%). The thickness of the walls and the diameter of the nanochannels are
about 40 and 20 nm, respectively. By simply immersing the AAO templates in a 5 % H 3PO4
for a certain amount of time, the diameter of the nanochannels can be easily adjusted. In this
work, 15 mins of immersion time was used to make the diameter of the nanochannels around
45 nm. The Cu nanorod arrays were made using an aqueous bath containing 0.2 M CuSO4, 0.1
M H2SO4 and 0.1 M H3BO3. The pH of the solution was about 4.5. The electrodepostion of
Cu was carried out at a constant potential of 0.1 V (vs Ag/AgCl) at room temperature. A
platinum wire was used as the counter electrode. By controlling the charged passed, the length
of the nanorods can be adjusted. When the electro-deposition was done, the samples were
cleaned with deionized water and ethanol. After that, a very thick layer of copper was
deposited on the backside of the samples to prevent the Cu nanorods from disintegrating after
the full removal of the AAO membrane. Finally, the samples were immersed in 5% H3PO4 at
30oC for 2h to completely remove the AAO membrane. A Q-150TS sputtering machine was
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employed to coat Au nanoparticles on top of the Cu nanorod arrays. By controlling the
sputtering coating time, the gap size beteween neighbouring nanorods was effectively adjusted.
All chemical reagents used in this study were of analytical grade and were supplied by SigmaAldrich (Australia).
The structure and morphology of the samples were characterized by scanning electron
microscopy (SEM, Nova 450), energy dispersive X-ray spectroscopy (EDS), X-ray diffraction
(XRD, BRUKER D8-ADVANCE PXRD) and transmission electron microscopy (TEM,
Tecnai T20), The SERS measurements were conducted using urea as the analyte. Following
the literature methodology, 10 ul of the analyte of different concentrations was dropped on the
surface of the Au/Cu hybrid nanostructure arrays.2 Then the substrates were put in the oven at
50oC for 20 mins to dry the substrates prior to the SERS measurement. A confocal Raman
spectrometer (RENISHAW Invia Raman Microscope) was employed to detect the SERS
spectra. All the Raman spectra were collected from a 1 μm2 area of the samples excited at 532
nm with a laser power of 1.7 mW. The exposure time for urea detection was 10 s.
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Fig. S1 SEM images of AAO membranes prepared in sulfuric acid electrolyte with different
pore sizes.
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Fig. S2 XRD pattern of the Cu nanorod arrays.
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Fig. S3 EDS of the Au/Cu hybrid nanorod arrays.
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Chapter 4

Syngas production through
electrochemical reduction of CO2 on
Au-coated Cu nanowires
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Chapter Overview

The following chapter is a paper titled “Syngas production through electrochemical reduction of CO2
on Au-coated Cu nanowires” published in Electrochemica Acta in 2017. In this chapter, the Cu nanorod
arrays synthesised in chapter 2 were tested for CO2 reduction. The results show that the current density
of the Cu nanowires electrode was much higher, due to the much-enhanced surface area. But the
synthesised Cu nanowires tended to favour H2 evolution a lot. By sputtering coating a layer of Au on
top of the Cu nanowires, the FE of CO was increased. At an overpotential of 540 mV, the catalyst was
capable of producing syngas with high efficiency and stability. The much higher current density was
attributed to the surface morphology of the catalyst, while the thin layer of Au coating was responsible
for increasing the CO Faradaic efficiency. The Au-coated Cu nanowires electrode may pave a way for
producing syngas efficiently.
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Figure S2. Linear sweep analysis of Cu nanowires with different lengths with a scan rate of 50
mV/s.
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Figure S3. SEM image of Cu nanowires with a length of 10 m.
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Figure S4. Vatiation of the Faradaic efficiencies of the products in electrochemical reduction
of CO2 in 0.1 M KHCO3 solution.
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Figure S5. EDS of the Au-coated Cu nanowires.
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Figure S6. TEM image of Au coated Cu nanowire.
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Figure S7. Linear sweep voltammetry of Au coated Cu nanowire arrays in CO2-saturated
and N2-saturated aqueous 0.5 M KHCO3 solution at a scan rate of 50 mV/s.
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Figure S8. Cyclic voltametric (CV) of Au coated Cu nanowire arrays in CO2-saturated
and N2-saturated aqueous 0.5 M KHCO3 solution at a scan rate of 50 mV/s.
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Figure S9. Current density vs. time curve during electrolysis at -0.65 V vs. RHE.
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Figure S10. SEM image of core-shell Cu/Au nanostructure arrays after 24h of electrolysis
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Chapter 5
Electrochemical production of syngas
from CO2 on nanoporous flow-through
Cu membranes in ionic liquid electrolyte
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Chapter Overview

The following chapter is a paper titled “Electrochemical production of syngas from CO2 on nanoporous
flow-through Cu membranes in ionic liquid electrolyte” submitted to PCCP. In this chapter, the effects
of membrane configuration and electrolyte on the electrocatalytic performance of nanostructured Cu
membranes for CO2 reduction was investigated. The non-flow-through Cu membrane was able to
produce a very high current density, but the product was almost entirely H2, implying that the reaction
was mass-transfer limited. When ionic liquid was used as the electrolyte, this Cu membrane catalysed
formation of CO at an overpotential as low as 90 mV. By making the flow-through Cu membrane, with
pores open at both ends, and using ionic liquid electrolyte, the catalyst was able to produce syngas with
high efficiency and stability at an overpotential of 390 mV. This novel system may pave a way for
producing syngas efficiently
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Figure S1. Schematic diagrams for the fabrication procedure of hole-through Cu membrane.
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Figure S2. Schematic diagrams of the flow through cell.
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Figure S3. EDS of an ordered nanoporous Cu membrane.
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Figure S4. XRD of ordered nanoporous Cu membrane.
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Figure S5. Front (a) and cross-section (b) SEM images of the commercial AAO membrane.
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Figure S6. EDS of the ordered nanoporous Cu membrane with bigger pore size.
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Figure S7. Cross-section SEM image of the hole-through Cu membrane.
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Chapter 6

Conclusions and Future Work
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6.1. Conclusions
This thesis has discussed the fabrication of Cu-based ordered nanostructures as well as their applications
in surface-enhanced Raman spectroscopy (SERS) and electrochemical reduction of CO2. Chapter 2
demonstrated a simple approach for the fabrication of Ag/Cu hybrid nanostructure arrays as highly
sensitive and cost-effective substrates for SERS application. By effectively tuning the gap size between
neighboring nanorods to sub-10 nm and increasing the packing density of nanorods, ordered Cu nanorod
arrays can be used as cheap and effective SERS substrates in their own right. After sputtering a very
thin layer of Ag nanoparticles on the surface of the Cu nanorods to achieve sub-5 nm gaps, further field
enhancement is enabled. The Ag/Cu hybrid nanostructure arrays exhibit a detection limit down to 10-15
M for non-resonant molecules such as benzenethiol.
Chapter 3 presented a paper published in Chemical Communication to demonstrate that SERS can
be used in real world medical applications. In this paper, a simple approach was explored to fabricate
cost-effective and highly sensitive surface-enhanced Raman scattering substrates based on Au/Cu
hybrid nanostructure arrays for the detection of urea, an important molecule in biological and medical
fields. By effectively adjusting the gap size between neighbouring nanorods into the sub-10 nm regime,
a high density of hot-spots was generated, enabling the substrates to detect urea signals at a
concentration as low as 1 mM with great reproducibility.
Electrocatalytically converting CO2 to hydrocarbons is a very attractive way to use the excess
electricity generated from renewable energies. In chapter 4, Cu nanowires fabricated with an anodic
aluminium oxide (AAO) membrane were used as the electrode CO2 reduction for the first time. By
sputter coating a thin layer of Au on top, the current density as well as Faradaic efficiency (FE) of CO
were further enhanced. At an overpotential of 540 mV with respect to the formation of CO, the Aucoated Cu nanowires catalysed the formation of syngas, a very useful gas mixture, with high efficiency
and stability.
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In Chapter 5 ordered nanoporous Cu membranes were synthesised to improve the performance of
CO2 reduction. The Cu membrane was able to produce a very high current density, but the main product
was H2 since the reaction was likely to be mass transfer limited. When ionic liquid was used as the
electrolyte, the Cu membrane was capable of catalysing the formation of CO at an overpotential as low
as 90 mV. By making the Cu membrane flow-through and using ionic liquid as electrolyte, the catalyst
was able to produce syngas with high efficiency and stability at an overpotential of 390 mV.

6.2. Future work
There are a number of research pathways that will expand upon the work presented in this thesis in a
meaningful way. In the following sections, several suggestions for future work will be presented.

6.2.1. Ordered nanoporous Fe membranes for N2 reduction
The fabrication method developed in chapter 5 is highly versatile. The same method can also be applied
to synthesise Fe membranes. Fe is known to be a very good catalyst for N2 reduction reaction. To the
best of my knowledge, nobody has investigated ordered nanoporous Fe membranes in ionic liquid
media for N2 reduction yet. Considering the very large surface area of the Fe membrane and the great
value of N2 reduction, it is worth exploring this field. Ideally, this would create a catalyst with low
overpotential and high efficiency to convert N2 into ammonia, an important ingredient for fertilizer.

6.2.2. Hybrid metal membranes for the electrochemical reduction of CO2
Although the study in chapter 5 shows that Cu membrane is not a particularly good structure for CO2
reduction, the hole-through metal membrane structure still has many advantages due to its extremely
large surface area. So in future work, hybrid metallic metal membranes could be synthesised to improve
the performance of CO2 reduction.
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6.2.3. Cu membranes for water splitting
The Cu membranes have a current density comparable to other catalysts for hydrogen evolution in water
splitting. The main issue for water splitting is that the Nafion membrane used to separate the electrodes
is extremely expensive. It might be possible to use our Cu membrane to separate the gas products,
getting rid of the expensive organic membrane in the middle all together. If successful, this could
significantly bring down the cost of water electrolysis cells.

6.2.4. nanostructured metal oxide for photo catalysis
The nanostructures developed in this thesis have very large surface area and good catalytic activity.
Therefore, cheap and effective photo-catalysts can be potentially be made to convert CO2 and N2 into
useful organic products by using a renewable energy source such as solar energy.

6.2.5. Flow-through metal membranes as molecular sieves
The diameters of many biological molecules are in the range of 20-300 nm. Therefore, the flow-through
nanostructure developed in Chapter 5 can be potentially be used as a molecular sieve to separate
molecules of different size, which is a vital process in many biological procedures
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