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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 CO,. 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%° 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*® 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 CO, 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 CO, conversion. This research went on to apply the Cu nanowire arrays to the



electrochemical reduction of CO.. It was found that Cu nanowires tend to favour hydrogen evolution
reaction over CO; 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 CO; reduction for the first time. In aqueous electrolyte, non-flow-through Cu membranes gave very
high current densities, but produced only Hz, 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 Cu-
based ordered metal nanostructures, and apply them to various applications, such as sensing and

electrochemical reduction of CO,.
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Chapter 1

Introduction



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, CO; electroreduction is discussed, including the requirements for catalysts, and the

particular advantages of nanostructured metals and hybrid materials for this application are indicated.



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.
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Figure 1. The various methods for synthesis of metal nanostructures.



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 [29-
31], 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 light-
mediated 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 CO,, 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.
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Figure 2. Potential applications of metal nanostructures.



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 technigque 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,



resulting in significant SERS effect. Since the Raman scattering enhancement is proportional to |E[*, 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].



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



[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 co-
electrodeposit 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].



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 M for benzenethiol.
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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 (¢). f) TEM image of cross-
sectional 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].
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3.2. Electrochemical reduction of CO:

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 (CO5)
into our atmosphere annually. The pre-industrial level of CO; 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, CO; traps the sun’s heat and is mainly
responsible for causing various climate changes. Therefore, there is an urgent need to reduce the CO,
amount produced annually and to convert CO; into valuable fuels in order to develop our society in a
sustainable manner.

The ideal way of CO, conversion is to use renewable energy sources to reduce CO, produced in
refineries, power plants and petrochemical plants into useful chemicals [146, 147]. To achieve this goal
huge efforts have been devoted to investigating CO; reduction reaction using photochemical [148-150],
thermochemical [151-153], and electrochemical approaches over the past decades [154-156].

Among the photocatalytically active systems for CO; 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 CO; 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 CO; 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 CO,, 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 CO, 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 CO- reduction reaction

To improve the performance of CO; reduction requires a deep understanding of the underlying
mechanisms involved in the process. As the end final product of burning fossil fuels, CO; is

thermodynamically stable [166, 167]. It also imposes huge challenges to covert it kinetically, since it

requires a very high initial activation energy [168]. CO.*~, 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 CO; reduction reaction, such as CH4, CO, C;H., 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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Electrochemical thermodynamic Electrode potentials (V vs.

half-reactions SHE) under standard
conditions

COz(g)+4H" +4e~ — ((s)+2H,0 (1) 0.210
CO,(g)+2H,0(1)+4e~ — C(s)+40H- —0.627
CO2(g)+2H* +2e~ — HCOOH(I) —0.250
CO2(g)+2H20(1)+2e~ — HCOO~(aq)+OH~ —1.078
CO2(g)+2H" +2e~ — CO(g) +H20(1) —0.106
CO,(g)+2H,0(1)+2e~ — CO(g)+20H~ —0.934
COy(g)+4H* +4e~ — CH,0(1)+40H" —0.898
CO,(g)+6H* + 6e— — CH30H(1)+H,0(1) 0.016
CO,(g)+5H,0(1)+6e~ — CH30H(l)+60H- —0.812
CO2(g)+8H" +8e~ — CHy4(g) +H20(1) 0.169
CO2(g)+6H20(1)+8e~ — CHy(g)+80H™ —0.659
2C0O(g)+2H" +2e~ — H2C202(aq) —0.500
2C0y(g)+2e~ — (2042 ~(aq) —0.590
2C0y(g)+12H" +12e~ — CH,CHy(g) +4H,0(1) 0.064
2C0,(g)+8H,0(1)+12e~ — CHyCH3(g)+ 120H~ —0.764
2C0,(g)+12H* +12e~ — CH,CH,0H(1)+3H,0(1) 0.084
2C0;,(g)+9H,0(1) +12e~ — CH,CH,0H(1)+120H- —0.744

Table 1. The electrode potentials for numerous electrochemical CO2 reduction half-reactions in aqueous solution

at standard experimental conditions. Reproduced with permission from Ref. [178].

Generally speaking, CO; reduction in agueous 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 CO- efficiently and selectively a major
scientific challenge [183-189]. Therefore, ideal electrocatalysts for CO reduction should be able to

suppress HER, while driving CO; reduction at low overpotentials with high reaction rates [190-193].

3.2.2. Metal nanostructures for CO; reduction

As one of the most well studied metals, Ag is known for being capable of selectively converting CO-
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; 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 CO; to CO with a Faradaic efficiency of around 80% at -0.97 V versus the

reversible hydrogen electrode (RHE). H, and a trace amount of formate were the other products detected

[190]. The adsorption of CO.*~ 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):

CO,+e +* — *CO,~ (1)
*CO," +H" ,q) — *COOH (2)
*COOH+H" ,y+e~ — *CO+H,0 (3)
*CO — CO+* (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 H.. 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 CO, on a Ag surface

in aqueous media.
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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 CO- 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 cm2 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 CO, to CO,*~. 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 CO, 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 CO,
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 CO; 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 CO; 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 CO; 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 CO- 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 CO; 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
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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 CO; 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 CO; reduction [201]. Compared with polycrystalline Cu, a significant increase of FE of H, 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 CO, intermidiates (*CO- or *COOH) and
Hag, 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 CO- 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 CO, 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 °C 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 Cu! 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.
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Figure 7. a) SEM image of a polycrystalline Cu foil annealed at 500°C for 12h. b) The corresponding Faradaic
efficiencies for the production of CO and HCOzH 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 CO>*~ intermediate.

Sn has also attracted a lot of interest for CO, reduction. Bulk Sn is capable of reducing CO; primarily
to formate at relatively high overpotentials. Recently, Zhang el al. showed that by reducing SnO;
nanoparticles, the catalytic activity and selectivity to formate were enhanced [204]. The authors
concluded that the size of the SnO; particles had a big role in the surface-species binding energy, and a
maximum catalytic activity was achieved using 5 nm SnO; particles. Besides, Chen et al. also
investigated the performance of electrodeposited Sn/SnOx nanoclusters as catalysts for CO- reduction
[205]. In their study, they showed that compared with bulk Sn, the Sn/SnOy 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 CO- reduction. One study showed that at -1.1 V vs. NHE Ru-Pd catalyst was able to
convert CO; to formic acid with a current density of 80 mA cm and a FE of approximately 90% [206].
Rasul et al. synthesised Cu-In alloy catalysts and tested them for CO, reduction reaction [207]. The
authors concluded that the addition of In was able to suppress the HER and increase the efficiency of
CO; 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 CO;
reduction. The authors reported that at a very low overpotential (-0.4 V vs. RHE) the catalysts were
able to reduce CO- into formic acid with high efficiency (5 mA cm 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 CO; 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 CO- 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 CO."~ in the positive direction, which greatly decreases the activation
energy for the reduction of CO, 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-BF, 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/cm? to over 10 mA/cm?. 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 H,O in EMIM-BF,4
electrolyte promotes the CO- reduction reaction, as the hydrolysis of BF4s provides greater proton
availability. It also shows that EMIM cation is capable of inhibiting the HER even at very high water

concentrations.
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(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 CO; reduction in an IL
media [211]. The electrolyte they used was EMIM-BF, with 75 uM 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 CO- reduction reaction. In aqueous media, Bi was reported to be a good catalyst for formate

formation. However, DiMeglio et al. showed by conducting CO; 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.
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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-BF. 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 CO; 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 TiO, 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 CO- 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 cost-
effective 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 CO,. 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 CO- into a variety of hydrocarbons, and that both the size and structure of the
electrodes could have massive impacts on the CO; 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 CO; 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 CO.. 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 CO; 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 101 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 ** 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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Highly Ordered Ag/Cu Hybrid Nanostructure Arrays for
Ultrasensitive Surface-Enhanced Raman Spectroscopy

Kun Chen, Xinyi Zhang, Yongliang Zhang, Dang Yuan Lei, Haitao Li, Timothy Williams,

and Douglas R. MacFarlane*

Despite significant progress recently made in this field, the practical applica-
tion of surface-enhanced Raman spectroscopy (SERS) is frequently limited by
the lack of highly sensitive, reproducible, and cost-effective substrates. The
fabrication of SERS substrates with a consistently high density of hot-spots
is a key step to address this issue. Here, a simple approach is reported 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 get sub-5 nm gaps,
further field enhancement is enabled. A cascaded field enhancement has
been evidenced by the electromagnetic simulations. The Ag/Cu hybrid nano-
structure arrays exhibit a detection limit down to 107'% m for nonresonant

observation of an SERS effect on a rough-
ened silver electrode,l tremendous effort
has been devoted to developing various
nanostructures, such as nanospheres,”]
nanorods,® and nanocubes, as effective
SERS substrates. However, for applica-
tion purposes there remains a need to
develop simple and cheap methods to fab-
ricate uniform substrates with excellent
SERS sensitivity and reproducibility.’”
One promising approach to achieving
this goal is to fabricate ordered nanorod
arrays using a porous anodic aluminum
oxide (AAO) template."!l Compared
with other fabricaton methods, such as
lithography, ion track-etched methods, or
oblique angle deposition (OAD),"! the

molecules such as benzenethiol.

1. Introduction

Surface-enhanced Raman spectroscopy (SERS) is a powerful
spectroscopic technique that has potential single-molecule
sensitivity and has emerged as a useful tool in chemical and
biological sensing.!! The SERS sensitivity is dependent upon
the electromagnetic field enhancement generated from the
localized surface plasmon resonances close to the metal
surface!? The electromagnetic field enhancement is espe-
cially strong at inter-particle gaps,®l sharp corners or tips,*l
and nanopores,'*?° also known as hot spots. Since the first
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use of AAO membranes as the template to

fabricate SERS substrates has the advan-

tages of easy fabrication, modest cost, and

great reproducibility.™] Moreover, the size
and neighboring gap of the nanorods can be easily tuned by
changing the preparation conditions.

Previous research has shown that coinage metals (Au, Ag,
and Cu) normally generate much stronger SERS enhancements
than transition metals because the free electrons in these
metals can be effectively excited by visible light."¥ Therefore,
nanostructured Au, Ag, and Cu are very important potential
substrate source for practical SERS applications. Cu is an attrac-
tive material choice because it is cheap and prevalent in the
electronics industry. However, in comparison with Au and Ag,
the SERS effect of nanostructured Cu is much less investigated.
This is mainly because the SERS signals from Cu are generally
weaker than those from Ag or Au.'?"| Recently, copper nanorod
arrays on polymer substrates fabricated by using a guided OAD
approach have exhibited a strong SERS enhancement and
excellent reproducibility.'?) The surface plasmon resonance of
Cu nanorod arrays prepared in ion track-etched polycarbonate
membranes has also been investigated, and the dipolar surface
plasmon resonance was found to be red-shifted with increased
diameter and decreased adjacent gaps of the Cu nanorods.1%
Interestingly, a very recent study has shown that the enhance-
ment factor (EF) of an all-copper plasmonic sandwich system
can be as high as 1.89 x 107, which is remarkably compa-
rable to the EF of Au. Since Cu can support surface plasmon
excitation by visible light,"* understanding the surface-induced
photoprocesses on Cu nanostructures would aid not only in the
design of new types of high performance SERS substrates, but
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also in the development of new optoelectronic devices.®l In this
work, we present a simple approach to fabricate large-scale and
highly ordered Cu nanorod arrays with controlled gap size and
packing density as cheap and effective SERS substrates. More
importantly, by sputtering a very thin layer of Ag nanoparticles
on the surface of the Cu nanorod arrays, we were able to fur-
ther enhance the detection limit of benzenethiol, achieving
reproducible signals at concentrations as low as 107 m.

2. Results and Discussion

2.1. Synthesis and Charac of Cu N d Arrays
Figure 1a shows the top-view scanning electron microscopy
(SEM) image of a hole-through AAO template. The diameter
of the holes and the wall thickness are =40 and 60 nm, respec-
tively. Highly ordered arrays of vertically aligned Cu nanorods
were achieved after a potentiostatic electrodeposition of Cu
inside the AAO membrane (Figure 1d-f, see also Figure S1
in the Supporting Information). The nanorod length can be
adjusted by controlling the electrical charge passed during
the electrodeposition process. After the AAO template has
been thoroughly dissolved, it can be seen that there are three
Cu peaks in the X-ray diffraction (XRD) spectra of the Cu
nanorod arrays, (111), (200), and (220) (Figure S2a, Supporting
Information).

2.2. SERS Sensitivity of Cu Nanostructure Arrays

The SERS performance was investigated by using ben-
zenethiol as a probe molecule. The length of the Cu nanorods

100nm
—

Al
Mo

and the gap distance between them were effectively adjusted
to generate the highest SERS signal intensity. According to
previous research, 200 nm is thought to be the optimal length
for metal nanorods to generate the highest SERS signal, and
the SERS intensity diminishes at lengths longer than this.['"l
This is so because with increasing the length of the nanorod
from 0 to 200 nm, the total surface area continues to increase,
thus significantly enhancing the SERS intensity. However,
when the length is larger than 200 nm, the electromagnetic
field generated at the bottom of the metal nanorods becomes
negligible. Therefore, the length of Cu nanorods in this exper-
iment was adjusted to around 200 nm (Figure S2b, Supporting
Information).

Cu nanorod arrays with different gaps between the neigh-
boring nanorods (Figure 1d-f) were prepared by tuning the
nanochannel diameter of the AAO template in diluted H;PO,
at 30 °C for different periods of time. When the gap distance
between neighboring nanorods was about 60 nm, the detec-
tion limit of benzenethiol was only 105 m. By decreasing the
gap distance, the SERS sensitivity was dramatically improved,
as shown in Figure 2a. When the gap was in the sub-10 nm
regime, the characteristic Raman peak at 996, 1022, and
1071 cm™! for benzenethiol could be observed at concentration
as low as 10°® m (Figure 2b).

The diameter of the nanorods also plays a critical role in the
overall SERS effect.*=!7] The fluorescence spectra of nanorod
solutions measured with an excitation wavelength of 450 nm
are displayed in Figure S3 (Supporting Information). An
increase in fluorescence intensity with decreasing nanorod
diameter was observed, which is probably due to the surface
plasmon excitation of smaller diameter nanorods.'® There-
fore, we explored the effect of the nanorod diameter on the
SERS sensitivity by using the AAOs prepared in sulfuric acid

100/Am 100nm
P—

Figure 1. SEM images of AAO membranes prepared in oxalic acid electrolyte with different pore sizes and corresponding Cu nanorod arrays: a) 40 nm
pore diameter and 60 nm wall thickness; b) 80 nm pore diameter and 20 nm wall thickness; ¢) 90 nm pore diameter and 10 nm wall thickness;
d-f) SEM images of Cu nanorod arrays made from AAO membranes shown in panels (a)—(c).
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Figure 2. a) SERS spectra of 107° m benzenethiol solution adsorbed onto
the Cu nanorod arrays with gap sizes of about 50, 30, 20, and 8 nm;
bB) Raran spectra of various benzenethiol concentrations adsorbed en
the Cu nanarods substrate with a diameter of about 90 nm and a gap
size of & nm.

electrolyte. As shown in Figure 3a—c, the holes are more closely
packed, and the distance between the centers of neighboring
pores is about 60 nm. By immersing the AAO membranes
in 5% H;PO, solution for different periods of time, we were
able to control the gap size between the neighboring nanorods
(Figure 3d,e). After 25 min pore enlarging, the wall thickness
was below 10 nm (inset in Figure 3c) and Cu nanorod arrays
with a gap size of about 6 nm were obtained using this AAO
membrane (inset in Figure 3e). The SERS intensity of Raman
shift at 996 cm™ as a function of benzenethiol concentration
with this nanorod array is plotted in Figure 54 (Supporting
Information). The detection limit of benzenethiol signal was as
low as 1071% v with this array (Figure 4) and the EF is estimated
to be 8 » 10* (Figure 56, Supporting Information). This detec-
tion limit is considerably lower than the previous reports using
pure Cu as the SERS material,[12019]
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The SERS enhancement factor can be approximated as
EF e (EfE,)*, where E and E; represent the local and incident
electromagnetic fields, respectively.l?” The enhanced electro-
magnetic field due to sharper tips and smaller gaps can thus
significantly increase the SERS enhancement factor. There
are several factors responsible for this enhanced SERS sen-
sitivity. The Cu nanorod arrays are highly ordered over large
area up to several square centimeters (Figure 57, Supporting
Information). The closely packed nanorods with small dia-
meters lead to larger number of narrow gaps per unit plane
area of the substrate. The sharper tips of the nanorods
also result in increased electromagnetic field at the tips.'”!
Besides, when the gaps become smaller, the plasmonic coup-
ling among the nanorods will become more pronounced.
Based on our calculation, the density of gaps on Cu nanorod
array with 6 nm inter-pore distance is estimated to be
10" em™ (Figure 51, Supporting Information). To the best
of our knowledge, this is the highest value ever reported for
a SERS substrate based on periodically arranged nanostruc-
tures.?!! The chemical stability of Cu SERS substrates was
further investigated. After the SERS experiment, the same
sample was tested again under identical conditions over time
and it was found that the intensity of the signal decreased
about 15% over 24 h and 60% over one week (Figure 58,
Supporting Information), which was further confirmed by
XRD (Figure 59, Supporting Information). However, when
the samples were immersed in ethanol solution for 10 days,
there is no discernable change, exhibiting a good stability in
ethanol.

2.3. SERS Sensitivity of Ag/Cu Hybrid Nanostructure Arrays

The SERS sensitivity was further enhanced by sputtering a very
thin layer of Ag on the top of the Cu nanorod arrays, as shown
in Figure 5. Cu nanorod arrays with a diameter of about 45 nm
and a gap distance of 15 nm (Figure 3d) were used as the base
material and subsequently adjusted the gap size by sputtering
Ag nanoparticles at a rate of about 15 nm min™. When the
sputtering time is 1 min, the Cu nanonods are capped with
discontinuous Ag nanoparticles and the intertip spacing is
reduced to around 12 nm (Figure 5a). The XRD and energy dis-
persive X-ray spectroscopy (EDS) measurements indicate that
the resultant nanorods contain both Cu and Ag (Figure 510,
Supporting Information), confirming that the nanorods are
indeed decorated with Ag nanoparticles. With an increase in
the Ag-sputtering duration, the Apg nanoparticles aggregate
and the tip of each nanorod is covered by a Ag particle layer,
as shown in Figure 5c. With 4 min Ag-sputtering time, the gap
between neighboring nanorods is as low as 4.6 nm (Figure 5d).
With further elongation of Ag-sputtering time, the number of
narrow gaps decreases due to the formation of a semicontin-
uous Ag nanoparticle film over the surface of the Cu substrate.
A typical transmission electron microscopy (TEM) image of
the side view of an Ag/Cu hybrid nanorod shows that the side
surface of the nanorod is dotted with many Ag nanoislands, as
confirmed by the diffraction pattern (Figure 5e,f). With elonga-
tion of the sputtering time, the size and density of the Ag nano-
islands increase accordingly.
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Figure 3. SEM images of AAO membranes prepared in sulfuric acid electrolyte with different pore size and corresponding Cu nanorod arrays: a—c) AAO
membranes with pore enlarging time of 0, 20, and 25 min, respectively; d,e) SEM images of Cu nanorod arrays made from AAO membranes of panels

(b) and (c); f) the distribution of 6 nm gaps in a unit cell.

In order to obtain an optimal SERS effect, the Ag/Cu
hybrid arrays with different Ag-sputtering durations were
tested by using a 10°!* m benzenethiol solution (Figure 6a). It
can be observed that the SERS intensities increase with the
Ag-sputtering duration for the first 4 min and then decrease
with longer sputtering duration. These results indicate that
the coupling of the localized surface plasmons between
neighboring Ag nanoparticles and neighboring nanorods
can be tailored by simply controlling the Ag-sputtering time.
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Figure 4. Raman spectra of various benzenethiol concentrations
adsorbed onto copper nanorod substrate with a diameter of about 54 nm
and an inter-pore distance of about 6 nm.
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Under the current experimental conditions, a Ag-sputtering
time of 4 min produces the optimal SERS substrate with
the highest SERS sensitivity. To probe the limit of detection
of this optimal substrate, the SERS spectra as a function of
concentration is shown in Figure 6b. The spectral features
of benzenethiol can be identified clearly even at a concentra-
tion as low as 107> m (the EF is estimated to be 1.0 x 10%°
(Figure S6, Supporting Information)), demonstrating the
highest sensitivity for the SERS detection. SERS intensity of
Raman shift at 996 cm™ as a function of benzenethiol con-
centration is plotted in Figure S5 in the Supporting Infor-
mation. The mechanism of the Ag-based Raman enhance-
ment can be explained as follows. First, compared with Cu,
the effective SERS cross section of Ag is much larger, which
significantly increases the SERS sensitivity.[*l In addition, by
sputtering Ag nanoparticles, the gaps between neighboring
nanorods can be tailored into the sub-5 nm regime, which
is beneficial to the improvement of the SERS sensitivity.!!%
Finally, the plasmonic coupling among Ag nano-islands on
each nanorod (Figure Se) can also contribute to the SERS
enhancement.

To gain a deeper insight into the strong SERS enhance-
ment of the Ag-coated Cu nanorods, we have carried out a set
of finite-difference time domain simulations. The structures
used in simulations are schematically shown in Figure 7a
for Ag/Cu hybrid nanostructure arrays, which can be mod-
eled as a plasmonic crystal slab of triangular lattice with a
rectangle unit cell in the xy plane (see the rectangle in panel
(b)). The incident light has a polarization along the x direc-
tion. Other simulation details can be found in our previous
paper.?% Figure 7b,c compares the electric field intensity
enhancement profile at a surface 1 nm above the arrays of

Adv. Mater. interfaces 2016, 3, 1600115
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Figure 5. Top-view SEM images of Ag/Cu hybrid nanostructure arrays with different Ag-sputtering durations of a) 1 min, b) 2 min, ¢) 3 min, and
d) 4 min. e) TEM image and f) corresponding selected-area diffraction pattern of the side surface of the Ag/Cu hybrid nanorod.

Ag and Cu nanorods, respectively. The results show that Ag
has higher SERS sensitivity than Cu, which is consistent with
literature.’*) Figure 7d depicts the field intensity enhance-
ment distribution for Cu nanorods randomly decorated with
3 nm diameter Ag nanoparticles. For reasons of simplicity,
here we have included only five Ag nanoparticles that are
randomly attached at the top surface of the nanorods. Com-
pared with pure Cu nanorods, the presence of Ag nano-
particles generates additional hot spots (white dashed circles
in Figure 7d) at the edges of Cu nanorods and also increases
the field intensity enhancement factor from 70 for pure Cu
rods to 110 due to the reduction in the effective gap distance
between neighboring nanorods. Moreover, the side views of
the electric field distribution in the xz for Cu and Ag/Cu
hybrid nanorods are shown in Figure S11 in the Supporting
Information. It is very interesting that considerable field
enhancements are observed in the bottom of the nanorods
for both structures, which is in agreement with the experi-
mental results.

2.4. SERS Signal Reproducibility of Ag/Cu Hybrid Nanostructure
Arrays

In order to examine the reproducibility of the synthesized
Ag/Cu hybrid substrates, we undertook a thorough statistical
analysis to quantify the variation in the SERS signal inten-
sity at different locations on one substrate (spot-to-spot varia-
tion) and between different substrates (substrate-to-substrate
variation). Figure 8a shows the spot-to-spot variation distri-
bution of the captured Raman intensities at the 996 cm™!
peak for a randomly selected Ag/Cu hybrid nanostructure
substrate. It can be seen that the average signal intensity for

Adv. Mater. Interfaces 2016, 3, 1600115
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the hybrid structure is about 12300 counts with a coefficient
of variation of 14.3%, exhibiting excellent signal reproduci-
bility. To test the substrate-to-substrate SERS reproducibility,
five Ag/Cu hybrid nanostructure substrates with the same
nominal geometric parameters were loaded with 10712 M
benzenethiol and a series of Raman spectra were measured
at ten different spots of each substrate to obtain an average
Raman intensity. Figure 8b compares the substrate-to-sub-
strate variation at 996 cm™! in the Raman spectra for the five
substrates, and the coefficient of variation is calculated as
7.6%.

3. Conclusion

In summary, we have presented a simple method to fabri-
cate highly ordered Cu nanorod arrays over a large area. By
effectively tuning the gap size between neighboring nanorods
and the density of nanorods, we demonstrate that ordered
Cu nanrod arrays can be used as effective SERS substrates in
their own right. At the optimal condition the detection limit
of benzenethiol is 107'° m. The Cu nanorod arrays can be fur-
ther functionalized through sputtering a thin layer of Ag nano-
particles. The integration of Ag nanoparticles into the periodic
array of the copper nanorods generates a landscape of plasmon
modes and offers a multiscale electromagentic field enhance-
ment both at the edges of the nanorods and at the interstitial
gaps between the nanorods. This hybrid configuration provides
not only strong Raman-active sites over the whole substrate
but also efficient binding sites for the capture of analyte mol-
ecules at the “hot” spots. The Ag functionalized Cu nanorod
arrays with a detection limit as low as 10" v exhibit strong
SERS activities in comparison with other types of substrates
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Figure 6. a) SERS spectra of 107'* w benzenethiol solution adsorbed
onto the Ag-capped Cu nanorod arrays with different Ag sputtering
periods. b) SERS spectra of benzenethiol with different concentrations
adsorbed on the Ag/Cu hybrid nanestructure arrays with Ag sputtering
for 4 min.

1200

in terms of both signal intensity and reproducibility for the
detection of benzenethiol. 2% The electromagnetic simulations
provide the physical interpretation for our experimental results
and clearly evidence a significant field enhancement on the
Ag/Cu hybrid nanostructures. Thus, this hybrid nanostruc-
ture shows promise as a cheap and reliable SERS substrate for
ultrasensitive detection. A broader range of molecules may be
selectively detected by functionalization of the surface and this
is the subject of ongoing research in our laboratory.

4. Experimental Section

Synthesis of Cu ond CufAg Hybrid Nanostructure Arrays: The
porous AAO templates used in this work were prepared by a

wileyonlinelibrary.com
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Figure 7. a) Schematic side view of an array of Cu nanorods (yellow)
decorated with 2 nm diameter Ag nanoparticles (blue). The rectangle rep-
resents a unit cell of the periedic nanored array. Simulated field intensity
enhancement |E/E* profile at a surface 1 nm above the b) Ag, ¢) Cu
nanorod arrays, and d) Ag/Cu hybrid nanostructure arrays. Here, the
wavelength is 633 nm, corresponding to the SERS excitation wavelength
used in the experiment. In panel (d), the dashed circles represent new
plasmonic hot spots due to the presence of Ag.

two-step anodization process, as described previously®'! High-
purity (99.999%) aluminum foil of about 0.5 mm thickness was
used as the starting material. An aqueous bath containing 0.2 m
CuSO, and 0.1 m H;BO, was used to prepare Cu nanorod arrays.
The pH of the solution was adjusted to about 4.5 by adding 0.1 m
H,50, solution. The electrodeposition was carried out at a constant
potential of 0.1 V (vs AgfAgCl) with platinum wire serving as the
counter electrode at room temperature. The length of the nanorods
was effectively adjusted by controlling the charge passed. After
electrodeposition, the samples were washed with deionized water
and the backside of the AAO membranes was electrodeposited
with a thick layer of Cu to prevent the nanorods from falling apart
after the removal of the AAO template, as shown schematically in
Figure S1 (Supporting Information). Finally, the AAO template was
fully removed by immersing the samples in 5% H:PO, at 30 °C for
2 h. Ag nanoparticles were decorated onto the Cu nanorods using
a Q-150TS sputtering machine at a current density of 40 mA. Ag
sputtering was performed for different periods of time to tailor the
gaps between neighboring nanorods for the SERS experiment. All
chemical reagents used in this study were of analytical grade and
were supplied by Sigma-Aldrich (Australia).

Characterization: The structure and morphology of the samples
were characterized by SEM (Mova 450), EDS, TEM (Tecnai T20),
and XRD (BRUKER D8-ADVANCE PXRD). The SERS measurements
were conducted using benzenethiol as a typical analyte. Following the
literature methadology,?® the analyte was adsorbed onto the surface
from a fixed volume of solution (3 mL) for various periods of time.
Thus, the prepared substrates were immersed in ethanol selution
of varied benzenethiol concentrations and times."**# The volume
of benzenethiol solution and immersion time influence the amount
of benzenethiol adsorbed on the substrate (Figures S12 and 513,
Supporting Information). To ensure that adsorption equilibrium is
reached on the substrate, the samples were immersed for 12 h unless
otherwise indicated. Then the samples were thoroughly rinsed with
deionized water and ethanol to remove any unbound benzenethiol
molecules and dried in air prior te the SERS measurement. SERS spectra
were measured using a confocal Raman spectrometer (RENISHAW Invia
Raman Microscope) and all the Raman spectra were collected from a
1 pm? area of the samples excited at 633 nm (laser power 1.7 mW).
The exposure time for benzenethiol detection was 20 s using 10% of the
laser power.
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Figure 8. a) Histogram of spot-to-spot Raman intensity variation at
996 cm' for the Ag/Cu hybrid nanostructure arrays. b) Substrate-to-
substrate Raman intensity variation at 996 em™' measured for five Ag/
Cu hybrid substrates. Each intensity value (and error bar) represents the
average (and standard deviation) of ten independently measured results
at different spots. For all the measurements in panels (a) and (b}, the
benzenethiol concentration and loading time are 1 x 102 mand 12 h,
respectively.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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S1. Calculation of density of 6nm gaps

In the hexagonally close-packed structure, there are 6 gaps of such structure around each Cu

nanorod. Therefore, the number (n) of gaps around each nanorod is: n = 6 X % = 3. Suppose

the center-to-center distance of the nanorods is 2d, the area of the hexagon (A) is 2v/3d2.
Based on the SEM images, d is about 30 nm, so A is 3 about 3 X 107! ¢cm?

Therefore, the density of the sub-10 nm gaps (D) can be given as:

n 3
D=-—

d = W =1x10"cm™?
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Figure S1. Schematic for the fabrication of Cu/Ag hybrid nanostructure arrays
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Figure S2. (a) XRD pattern of the Cu nanorod arrays; (b) Cross sectional view of the Cu

nanorod arrays.
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Figure S3. The fluorescence spectra of different diameter nanorods solutions (1.0* 10° %)

measured with an excitation wavelength of 450 nm.
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Figure S4. Raman intensity of benzenethiol adsorbed on Cu nanorod arrays (gap size about

6nm) at peak of 996 cm'as a function of benzenethiol concentration (in logarithmic scale).
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Figure S5. Raman intensity of benzenethiol adsorbed on Ag/Cu hybrid nanostructure arrays
(gap size about 4.6 nm) at peak of 996 cm'as a function of benzenethiol concentration (in

logarithmic scale).

Figure S4 and S5 show that the Raman intensities of the benzenethiol decrease with
decreasing the loading concentration and that the benzenethiol loading follows the first-order
adsorption kinetics, indicating that both the Cu nanorods substrate and Ag/Cu hybrid substrate

offer sufficient binding sites for the efficient capture of the ananlyte from the loading solution.
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Figure S6. Spectra of benzenethiol. Curve a, SERS at 107" M benzenethiol; Curve b, 107" M

benzenethiol solution as a reference.

According to previous papers,'” the enhancement factor (EF) can be defined by the
expression EF=(Isyface/ Isolution)X(Nisolution/Nsurface), Where Isyface and Isolution stand for the signal
intensities of the SERS substrate and reference solution, and Ngyface @and Ngoution are the
numbers of benzenethiol molecules probed on the SERS substrate and in the reference
solution, respectively.

Figure S6 shows the Raman Spectra result of 10" M reference solution, and of 10'°M
benzenethiol solution adsorbed on Cu nanorods substrate. The characteristic band at 996 cm’
was chosen for the EF estimation. The SERS intensity (Luface) Was about 2485 for reference
solution, and 1658 for Cu nanorods substrate. Because the SERS substrates with the size of
about 1 mm? were immersed in benzenethiol solution for 12 h, it is assumed that after such a
long time most of the benzenethiol molecules were adsorbed on the substrates. So about
1.8x10® benezenethiol molecules were adsorbed within a 1 umz area, which is the excitation
area of the laser. In comparison, Raman spectra of 10" M benzenethiol solution were
measured using a laser intensity of 1.7 mW, which has the effective excitation volume of 400
um3 , to give Nyopution Of 2.4x10'°. In this way, the EF of Cu nanorod arrays can be estimated as
8x10°. Similarly, the Raman spectra result of 10"° M benzenethiol adsorbed on the Ag/Cu
hybrid nanostructure arrays was chosen for EF calculation (Figure 8b), and the value is

1.0x10" according to the method mentioned above.



Figure S7. SEM image of Cu nanorod arrays.
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Figure S8. Raman signal variations over time.
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Figure S9. XRD spectra of Cu substrate over time.

XRD results (Figure S9) show that after one day there is no difference in XRD signals. After
one week, there is a tiny peak of CuO, which means the substrate is partially oxidized. After
one month, the substrate was severely oxidized, indicating that the synthesized Cu substrates

are relatively stable only in a short period of time.
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Figure S10. (a-b) XRD and EDS of Ag/Cu hybrid nanostructure arrays.
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Figure S11. The side views of the electric field distribution in the xz for Cu (a) and Ag/Cu (b)

hybrid nanorods.
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Figure S12. Variation of SERS intensity of Ag/Cu hybrid nanostructure arrays in 10™° M

benzenethiol solution with different immersion time.
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Figure S13. Variation of SERS intensity of Ag/Cu hybrid nanostructure arrays in different

volumes of 10™* M benzenethiol solution.

Figure S12 shows that the SERS intensity increases with longer immersion time until the
system reaches equilibrium after 6 h, which justifies our use of longer immersion time. Figure
S13 indicates that even using 12 h immersion time, when the volume is increased, the SERS
intensity also increases accordingly, which proves that most of the benzenethiol molecules in

the solution are actually adsorbed on the surface of the substrate.

[1] F. Chen, Q. Zhang, Y. Zhan, D. Ma, K. Xu, Y. Zhao, ACS appl. mater. interfaces 2015, 7,
5725-5735.
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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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We report a simple approach to fabricate cost-effective and highly
sensitive surface-enhanced Raman scattering substrates based on
Auf/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.

Urea is an important compound both in the metabolism of
nitrogen-containing compounds as well as in many applications
in agriculture, medicine and the chemical industry.'® The
detection of urea is crucial in clinical analysis since it can reveal
hidden risks.* It can be analysed and quantified by a number
of different methods, including colorimetric methods and the
Berthelot reaction.™*® Colorimetric analysis is by far the most
common, but requires reagent mixing and multiple incubation
steps, rendering it unsuitable for rapid monitoring.® Hence
there is a strong interest in developing a fast and cost-effective
approach to the detection of urea.

Surface-enhanced Raman Spectroscopy (SERS) has attracted
attention in biological, chemical, and environmental fields
because of its ultrasensitive fingerprint identification of
chemieals.**® It is widely accepted that the high sensitivity of
the substrates can be mainly attributed to the much enhanced
local electromagnetic fields resulting from nano-scaled gaps
(also known as “hot spots”) between neighbouring noble-metal
nanostructures.'®'” Therefore, significant effort has been focused
on making ultra-sensitive SERS nanostructures including Ag
microflowers, Ag nanocubes, and Au nanodimer arrays.'® >’
Although the sensitivity of these synthesised nanostructures are
generally very good, the random distribution of these nano-
structures makes it very difficult to achieve highly reproducible
SERS signals.*” Also, noble metals such as Au and Ag make
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these nanostructures unsuitable for large-scale fabrication.
Thus the main challenge in this field is to fabricate SERS
substrates in a cost-effective way while maintaining high sensitivity
and excellent reproducibility.*"**

The porous anodie aluminium oxide (AAO) template method
is well known in the fabrication of highly uniform nano-
structures.”*** The thickness of the pore walls can be readily
adjusted by chemical etching. When the gap between resulting
neighbouring nanorods is in the sub-20 nm regime, Raman
signals can be exponentially increased due to the much
enhanced electromagnetic field excited by the localized surface
plasmon coupling between them.'? However, to lower the
thickness of the wall to below 10 nm is challenging because
the resultant template is too fragile to use and the corresponding
nanorod arrays are not very ordered. Therefore, many researchers
chose to use Ag or Au sputtering to adjust the gap size to the sub-
10 nm regime.*** This method significantly increases the SERS
sensitivity, not only by decreasing the gap size between adjacent
nanorods, but also by using the best SERS active materials.”

Although the SERS sensitivities of Ag and Au substrates are
generally the best, Cu is also an interesting and lower cost SERS
material.*® A recent study has shown that the enhancement
factor (EF) of an all-copper plasmonic sandwich system can be
as high as 1.9 x 107, which is remarkable comparable to the EF
of Aw.*® Qur recent work also confirms that ordered Cu nanorod
arrays can be used as cheap and effective SERS substrates with a
detection limit of 107 M for benzenethiol.*”

Considering the importance of urea detection, it is very
worthwhile to employ SERS active substrates for this application.
Choi and his colleagues used Ag-coated nanodome structures to
monitor the urea concentration in a flow cell. However, their
detection limit of urea (about 25 mM) is higher than the lower
limit of urea coneentration in the human body.” The gap between
adjacent nanodomes was usually more than 20 nm, rendering
their material not sufficiently SERS active.**” In this research, we
use highly ordered Au/Cu nanostructure arrays as a SERS substrate
for urea detection (Fig. 1a). By effectively tuning the gap size
between neighbouring nanorods via Au sputtering coating, the
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300 nm

Fig. 1 {a) An overview of the SERS experiment; (b and c) SEM images of ordered Cu nanorod arrays (b} Au/Cu hybrid nanostructure arrays (c); {d and e}

TEM images of Au/Cu hybrid nanostructure arrays.

number of “hot spots” were increased, thus significantly enhancing
the SERS detection limit. We demonstrate that by using our Au/Cu
hybrid nanostructure arrays, the detection limit of urea can be as
low as 1 mM.

The scanning electron micrograph (SEM) and transmission
electron micrographs (TEM) and X-ray diffraction (XRD) pattern
of the obtained nanostructures are shown in Fig. 1 and Fig. S1
and S2 (ESIT). Highly ordered Cu nanorod arrays were achieved
after a potentiostatic electro-deposition process inside the
nanochannels of the AAO template (Fig. 1b). The length of
the nanorods can be controlled by adjusting the total electrical
charge passed during the process. In this case, 200 nm length
was chosen to get high SERS sensitivity while the whole structure
still remains highly ordered.'* The ordered Cu nanorod arrays
were subsequently sputter-coated with a layer of Au to enhance
the SERS sensitivity. As previous research has shown,*?” the
smaller the gap size, the higher the sensitivity. So a 5 min Au
sputter coating at a rate of 15 nm min™" was used to effectively
adjust to gap size below 10 nm, as shown in Fig. 1c. Further
coating results in the blocking of the nanogaps, thus reducing
the SERS sensitivity of the substrates. Fig. 1d shows the TEM
images of a Au coated Cu nanorod, the lattice pattern of Au can
be clearly observed in Fig. 1e. EDS reveals that the surface has
indeed been coated with a layer of gold (Fig. 3, ESIT).

The SERS performance of the nanostructured Cu arrays was
measured and only a very weak Raman peak was detected when
using 0.1 M urea as an analyte (Fig. S4, ESIf). As shown in

Chem. Commun.

. #000

30000

20000

10000

a

Raman Intensity {(counts)

80 800 1000 1200 1400 1600 1800
Raman Shift (em™)

Fig. 2 SERS spectra of Au/Cu hybrid nanostructure arrays loaded with
urea with concentration ranging from 0.3 M to 1 mM.

Fig. 2, the synthesized Au/Cu hybrid nanostructure arrays were
able to detect urea at a concentration of 1 mM, which is well
below the clinically relevant value. As many as 5 characteristic
Raman peaks of urea can be observed in the spectra, while in
the previous research, the detection limit of urea was 25 mM
and only one Raman peak could be observed.” The intensity of the
Raman signal at 1000 em ™' as a function of urea concentration is
plotted in Fig. 3. A linear fit with R* value of 0.995 was obtained,
which clearly demonstrates that the synthesized Au/Cu hybrid
nanostructure arrays can be used to reliably detect these con-
centrations of urea.

This journal is ® The Royal Society of Chemistry 2017
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Fig. 3 Raman intensity at 1000 cm * of urea adsorbed on Au/Cu hybrid
nanostructure arrays as a function of urea concentration.

This enhanced sensitivity of urea detection can be attributed
to several factors. First, due to the small diameter of the
nanorods (about 50 nm), the density of nanogaps is very high,
which increases the density of hot spots. Second, when the
nanogaps become smaller, the plasmonic coupling among
the neighbouring nanorods become more pronounced, thus
increasing the SERS sensitivity.** Besides, Au is a much better
material for SERS application than Cu,*® therefore by coating a
thin layer of Au on top of the Cu substrates, the SERS sensitivity
is enhanced.

The reusability and chemical stability of the Au/Cu hybrid
nanostructure arrays were measured and evaluated. After the
SERS measurement, the substrate was washed with deionized
water for 1 min and immersed in water for 10 min before being
dried in an oven at 50 °C for 15 min. Fig. S5 (ESIT) shows that
no Raman signal could be observed after this. When using this
recycled substrate for urea detection again, it can be observed
that most of the Raman signals are again observable, demon-
strating good reusability of the substrates.

After the SERS measurement, the sample was put in a glove
box for 15 days and then retested under the same conditions,
and it was found that the intensity of the signal remained at
about 85%, exhibiting a good stability. Even when the sample
was kept in the air for 15 days, 75% of the signal intensity was
retained, as shown in Fig. S6 (ESIT).

A statistical analysis was carried out to examine the SERS
intensity variation at different spots on one substrate [spot-to-
spot) and different substrates (substrate-to-substrate). Fig. 4a
shows the spot-to-spot variation of Raman intensities at 1000 cm ™"
for a randomly selected Au/Cu hybrid nanostructure substrate.
The standard variation is 9.5%, exhibiting remarkable SERS
reproducibility. Five separate Au/Cu hybrid nanostructure
substrates were used to test the substrate-to-substrate SERS
reproducibility. The substrates were loaded with 10 pL of 1 mM
urea solution and SERS measurements were carried out at
10 different spots on each substrate to obtain an average Raman
intensity. Fig. 4b shows the substrate-to-substrate variation at
1000 em ' in the Raman spectra for the 5 substrates with a
coefficient of variation of 5.6%.

This joumal s © The Royal Society of Chemistry 2017
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Fig. 4 (a) Histogram of spot-to-spot Raman intensity variation at 1000 =

fior the Au/Cu hybrid nanostructure arrays. (b) Substrate-to-substrate Raman
intensity variation at 1000 cm * measured for 5 Au/Cu hybrid substrates. Each
intensity value represents the average {and standard deviation) of 10 indepen-
dently measured results at different spots. For all the measurements in (a) and (bl
the urea concentration and loading volurne are 1 mM and 10 pl, respectively.

In summary, we have demonstrated the potential of using a
highly ordered Au/Cu hybrid nanostructure as a new platform
for fast and reliable detection of urea with concentration as low
as 1 mM. 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. The work demonstrated here represents a
novel proof-of-concept approach of SERS substrates for medical
and clinical applications.
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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

E-mail: douglas.macfarlane@monash.edu
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 two-
step anodization process.! The starting material used is 0.5 mm thick aluminum foil with ultra-
high 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 % H3PO4
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 CuSQg, 0.1
M H2SO4 and 0.1 M H3BOz3. 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% H3PO, at
30°C 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 Sigma-
Aldrich (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.? Then the substrates were put in the oven at
50°C 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 pm? 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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analyte. This concentration was chosen because it gives relatively strong signals while all peaks

can be observed.
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Chapter 4

Syngas production through
electrochemical reduction of CO; on

Au-coated Cu nanowires
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Chapter Overview

The following chapter is a paper titled “Syngas production through electrochemical reduction of CO>
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 CO; 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 H 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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Electrocatalytically converting COz to hydrocarbons s a very attractive way Lo use the excess electricity
generated from renewable energies, In this paper, we report the electrochemical reduction of CO; based
on Cu nanowire arrays, The Cu nanostructured electrode shows much higher current density than
polyerystalline Cu. By sputter coating a thin layer of Au on the Cu nanowires, the Faradaic efficiency (FE)
of CO can exceed 302 AL an overpotential of 340 mV with respect to the formation of CO, the CujAu core-
shell nanowire array electrode catalyses the formation of syngas, a very useful gas mixture, with a stable

© 2017 Elsevier Lid. All rights reserved.

1. Introduction

As one of the main end products of combustion, carbon dioxide
is considered as the primary cause of global warming. The
concentration of atmospheric CO; has reached unprecedented
levels due to the increased use of fossil fuels [1-6). If unstopped, it
is projected to inflict catastrophic impacts on the world climate,
causing irrevocable damages [7). In view of the inevitable
depletion of fossil fuels, it is therefore essential to have a future
energy source that is safe and CO;-neutral. Solar, wind and
geothermal energies are all very promising energy sources. But
currently the transportation and storage of these green energies is
still a huge challenge. One possible solution to this problem is to
electrocatalytically convert CO, to hydrocarbon fuels to store
excess electricity generated from renewable energies, which could
not only provide valuable energy sources in a sustainable manner,
but also help mitigate the global warming effect caused by rising
atmospheric CO; levels [8-10).

Over the past few decades, various materials have been studied
for electrochemical conversion of €Oz However, none is efficient
and selective enough for practical application. The primary reason
is that COy is extremely stable and the hydrogen evolution reaction
(HER]) usually prewvails over CO; reduction in agueous solutions
[11,12]. To date, the majority of the CO; reduction studies have been

* Corresponding authar.

E-mail acdress: | G - 2 a0

http:f/dxdoiorg/10.1016 electacta. 201 7.04.019
0013-4686/& 2017 Elsevier Led. All rights reserved.

focused on Cu electrodes because Cu is capable of producing
hydrocarbons (methane and ethylene), which are much more
valuable than CO [13|. Recent research indicates that the
morphology and roughness of the Cu electrode surface play a
significant role in the catalytic activity and product selectivity of
the electrodes [14-18]. Li et al. demonstrated that by reduction of
thick Cuz;0D films, the owerpotentials for C0; reduction are
significantly reduced [15]. Reske and colleagues reported that
the size of Cu nanoparticles has a dramatic influence on the COs
reduction path [16]. Ma et al. show that CuO-derived Cu nanowires
could selectively reduce CO; to CO [19].

Among the materials being tested, Au has also attracted
particular interest due to the fact that it can selectively convert
C0; to CO under very low overpotentials [11.20]. Recent research
has shown that the catalytic activity for €0 reduction can be
further enhanced through controlling the structure of metallic
nanocrystals [21-28]. Among them, the Cu/Au core-shell nano-
particles are of great interest, which give insights into the
intermidiate binding and geometric effect of bimetallic nano-
structures in COz reduction [29-31]. Considering the importance of
Cu electrodes for OOz reduction and the fact that both the size and
structure of the electrodes could have massive impacts on the COy
reduction path, it is worthwhile to explore the catalytic activity of
three-dimensional nanostructured Cu electrodes. In this study, we
show for the first time the reduction of CO; on Cu/Au core-shell
nanowire arrays. Compared with polycrystalline Cu, the current
density of the electrochemical reduction of CO» on Cu nanowire
arrays is dramatically increased. By sputter coating a thin layer of
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Fig. 1. SEM images of AAD membrane prepared in oxalic acid electrolyte and corresponding Cu nanwires.

Au on top of the Cu nanowires, we demonstrate that the current
density can be further increased, as is the FE of CO production. At
—0.65V RHE, the molar ratio of CO and H; in the product is about
1:2, which is the composition of syngas. Therefore, the synthesized
gas mixture can be readily used as a source gas for the Fischer-
Tropsch process [32], which is an essential gas-to-fuel technology
used to produce various liquid hydrocarbon fuels.

2. Experimental

The porous AAD templates used in this work were fabricated by
employing a well-known two-step anodization process [33]. The
starting material used is 0.5 mm thick aluminum foil with ultra-
high purity (99.999%). A thin layer of Au (around 10nm) was
sputter coated onto the back side of the AAD membrane to make it
conductive. An aqueous bath was prepared with 0.2 M CuS04 and
0.1 M H3BO4. 0.1 M H250, solution was used to adjust the pH of the
solution to around 4.5, Cu nanowires were electrodeposited into
the nanochannels of the AAQ membrane under a constant current
of 1 mA with a platinum wire serving as the counter electrode. The
length of the Cu nanowires can be readily controlled by simply
changing the electrodeposition time. After electrodeposition, the
AAD membrane was thoroughly washed with deionized water.
Then the backside was electrodeposited with a very thick layer of
Cu in order to produce the electrode for the CO,, reduction reaction.
After that, the sample was immersed in a 5% HyPO, solution at
30+C for 1.5h to fully remove the AAD membrane. Then the back
side of the Cu nanowires was soldered together with a copper
conductor and subsequently sealed with glue. The surface area of
the electrode is around 0.8 cm®. A Q- 150TS sputtering machine was
employed to coat a thin layer of Au on top of the Cu nanowires at a
current density of 40 mA.

Scanning electron microscopic (SEM) images and energy
dispersive spectra (ED5) were obtained from a FEl Nona NanoSEM
450 FEG SEM Instrument equipped with a Bruker Quantax 400 X-
ray analysis system. Transmission electron microscopic (TEM)
images were collected on a FEl Tecnai G2 T20 TWIN TEM
Instrument. X-ray diffraction (XRD) data was collected on a Philip
X-ray power diffractometer. An Agilent 7820 A gas chromatogra-
phy (GC) systermn equipped with a HP-plot molesieve [5A) column
was employed for GC measurements. Helium (99.99%) and
nitrogen (99.99%) were used as carrier gas for CO and Hj analysis
respectively. All the electrochemical experiments were carried
out on a Gamry Electrochemical Instrument under ambient
temperature and pressure. C0, electrolysis experiments were

carried out in a gas-tight two-compartment electrochemical cell
with a glass frit serving as the separator. Each compartment had
15mL electrolyte and around 15mL headspace. A platinum wire
and an Ag/AgCl (3M KCl} were used as counter and reference
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Fig. 2. Current density (a) and FE of CO [2) of Cu nanowires and polycrystalline Cu
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electrodes respectively. Linear sweep voltammetry analysis was
carried out in a 0.5M KHCO, solution saturated with CO, in a
conventional three-electrode cell with a platinum wire serving as
the counter electrode. The electrolyte (0.5 M KHCO3) was purged
with a constant flow of CO: for 30 minutes before electrolysis. The
Ohmic resistance between the reference and working electrodes
was measured to be around 2 {), and the Ohmic drop was about
20mV at -0.65V (vs RHE), so the effect of Ohmic drop is almost
negligible. During the electrolysis, the electrolytes in both
compartments were stirred vigorously. After the electrolysis, a
gas-tight syringe was used to get 200 p.L gas sample from the
cell's head space and subsequently analysed by GC. All potentials
were converted to a reversible hydrogen electrode (RHE)
reference scale. All chemicals used in this study were purchased
from Sigma-Aldrich Australia and were used without further
purification.

3. Results and Discussion
3.1. Synthesis and characterization of Cu nanowire arrays

A typical SEM image of the AAO membrane is shown in Fig. 1a.
The diameter of the nanoholes is around 60 nm with a 40 nm gap
between them. Ordered Cu nanowires were fabricated after the
electrodeposition of Cu inside the AAO membrane. After full
removal of the AAO membrane, ordered Cu nanowires can be
clearly observed, as shown in Fig. 1 b. The XRD analysis confirms the
face centred cubic crystal structure of the Cu nanowires with
dominant (111) facets (Fig. S1).

3.2. COz reduction performance of Cu nanowire arrays

Fig. S2 shows the linear sweep analysis of Cu nanowires with
different lengths. The 1 .m Cu nanowires show a higher current
density in a linear scan compared with 10 um and 50 um Cu
nanowires. This is probably because when the nanowires become
too long they tend to aggregate (as shown in Fig. $3), thus making it
very difficult for eletrolyte to enter the bottom part of the

nanowires hence decrease availability of the inner surface. Besides,
due to the small diameter of the nanowires (around 60 nm), when
they are too long, the conductivity also becomes an issue.
Therefore, Cu nanowires with a length of around 1pm were
chosen to carry out the CO2z reduction experiment in this work.

Fig. 2a shows that compared with the polycrystalline Cu
electrode, the current density of our Cu nanowires electrode is
much higher, which is due to the much increased surface area. But
the synthesized Cu nanowires tend to favour H; evolution. From
~-0.4V to -0.7V, no other product except H; could be detected, as
shown in Fig. 2b. At -0.8V and -0.9V, CO was detected, but the
amount was very low. Although the current density of polycrys-
talline Cu electrode is quite low, the FE of CO is much higher than
the Cu nanowire electrode. Besides, formate, methane and
ethylene were also detected when using the polycrystalline Cu
electrode, as shown in Fig. S4. For the Cu nanowires electrode,
apart from H; and CO, no other product could be detected at a
potential of ~0.9V. Only when the potential was further decreased
to - 1.1V, atiny amount (around 1%) of methane was detected. One
possible explanation is that due to small gap size, large surface
area, and high current density the reaction is likely to be mass
transfer limited. Therefore, HER (hydrogen evolution reaction) is
dominant and the FE of hydrogen production is relatively high
since the kinetics of HER are considerably faster than CO,
reduction [15].

3.3. CO, reduction performance of Au coated Cu nanowire arrays

In order to fully utilize the large surface area of the Cu
nanowires, a thin layer of Au was sputter coated on top of the
nanowires. Various previous studies have shown that Au is capable
of converting CO; to CO with high efficiency and great selectivity.
So by controlling the thickness of Au coating, we aimed to raise the
ratio of CO in the gas product to make syngas. Fig. 3a shows the
SEM image of the Au coated Cu nanowires. [t can be observed that
the surface became rough after coating a layer of Au. EDS (Fig. S5)
reveals that the surface is indeed covered with a layer of Au. TEM
images prove that the side surface is also quite rough (Fig. 3b), and

50 nm

Fig. 3. SEM (a), TEM (b.c), diffraction pattern {d), and elemental mapping (e.f) of Au coated Cu nanowire.
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covered with a very thin layer of Au (Fig. S6), as confirmed by the
lattice pattern (Fig. 3c) and diffraction pattern (Fig. 3d). Elemental
mapping further demonstrates that the Cu nanowire surface is
indeed coated with a very thin layer of Au (Fig. 3e, f). Fig. 57 shows
the linear sweep voltammetry of core-shell CufAu nanostructure
arrays in COz-saturated and Wa-saturated aqueous 0.5 M KHCO,
solution at a scan rate of 50 mV/s. The cyclic voltametric (CV) result
is provided in Fig. 58.

Fig. 4a shows that by coating a thin layer of Au onto the
nanowires, the current density was slightly increased, which is
consistent with the literature, as Au electrodes tend to generate
higher current than Cu-based ones [19,24]. Although there is only a
minor increase in the current density, the FE of CO was increased
dramatically, as shown in Fig. 4b. The results show that CO and H;
are the only products that could be detected, with a combined FE of
around 100%. The FE of CO is highly dependent on the potential
applied. At an applied potential of —0.5V (an over-potential of
0.39V for CO formation), H; is the dominant product with a FE of
C0O of around 11%. As the overpotential increases, the FE of CO also
becomes higher, reaching a maximum of 33% at a potential of
—0.65 V. Further increase of the overpotential only leads to the
decrease of FE of CO. This phenomenon was also observed in
various previous reports using Au, Ag, and Cu as catalysts [24 ). This
is because when the overpotential is very low, HER is kinetically
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g
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Fig. 5. Faradaic efficiency of H; and CO. Potentiostatic electrolysis at —0U65 Y in C0y-
saturated 0.5M agqueous KHCOO: solution.

and thermodynamically more favourable than CO formation [34].
When the over-potential is in the intermediate range, HER is
hindered because of the low desorption of CO from the active sites,
thus increasing the FE of CO [35]. When the overpotential is very
high, HER becomes dominant again due to the fact that H'® is much
more abundant and readily available in the KHCO; solution.
Therefore, the FE of CO starts to decrease after a certain value of
overpotential [36,37].

‘What is especially worth mentioning is that when the applied
potential is —0,65V, the molar ratio of CO and H: is around 1:2,
which is the composition of syngas. Therefore, this gas mixture can
be readily used as the source gas for the Fischer-Tropsch process,
which is widely employed in industries to produce various liquid
fuels [32]. Although many other catalysts can generate higher FE of
CO with lower overpotentials [24], to the be best of our knowledge,
none of the Cu based ones was capable of generating such a high
current density (around 14 mAj/cm?) at an applied potential of
—0.65 V. This is probably due to the fact that the dimensions of
most other metal catalysts are at the microscale, while the
dimension of our catalyst is at the nanoscale, thus significantly
increasing the current density [24). According to previous studies,
Au electrodes normally lead to maximum FE of CO much higher
than 33% (as high as 98% in some cases) [24], The extremely small
gap size and the local pH effects within the gaps are possible
explanations for the observed low FE of CO [14,15]. The presence of
the Cu nanowires under the Au coating might be another factor
facilitating the HER. Au coating cannot cover the whole surface of
the nanowires, especially the bottomn part. Therefore, Cu still plays
a very important role in the reaction, generating a lot of Ha gas,
thereby decreasing the CO/H; ratio produced by the thin Au layer
coating.

3.4. Durability of the Au coated Cu nanowires

The long term stability of CO/H, ratio was tested under the
applied potential of —0.65V, which is the potential to produce the
highest FE of CO. As shown in Fig. 5, the FE of CO and H, remains
highly stable over a three-hour period of electrolysis. Even after
24h of electrolysis, the CO/H; ratio is still around 1:2, although
there is an observable decrease in the overall current density.
Therefore, our Au coated Cu nanowires have great potential to be
used as a cost-effective catalyst for syngas synthesis for the
Fischer-Tropsch process. Besides, the long term stability of current
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density was also studied under the potential of —0.65V, as shown
in Fig. 59. Although an initial decay of current can be clearly
observed during the first three hours of electrolysis, which cannot
be simply attributed to adsorption of gaseous products or double
layer charging process, this kind of decay is also reported in other
Cu electrodes due to the deactivation of catalytic activity of the
catalyst [15,17]. But the current density of our catalyst becomes
quite stable after three hours. Even after 24 hours, the current
density is still around & mAjcm” at an applied potential of —0.65V,
much higher than most metal based electrodes [24]. More
importantly, even though the current is decreased, the FE of CO
remains quite constant (Fig. 5}, which means that the deactivation
of the catalyst is evenly distributed among Cu and Au in our
electrode. Fig. 510 shows that after 24h of electrolysis, no
discernible structure change can be observed, demonstrating the
stability of the Au coating layer.

4. Conclusions

In summary, we have synthesized an Au-coated Cu nanowires
electrode and used it for electrocatalytic reduction of CO; to CO'in
€0, saturated KHCO; solution. To the best of our knowledge, this
kind of core-shell nanostructure has never been reported for
syngas production. The results show that much increased surface
area can dramatically enhance the current density of the electrode.
At an overpotential of 540 mV, our catalyst is capable of producing
syngas with high efficiency and stability. The much higher current
density is attributed to the surface morphology of our catalyst,
while the thin layer of Au coating is responsible for producing CO.
Our Au-coated Cu nanowires electrode may pave a way for
producing syngas efficiently.
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Figure S3. SEM image of Cu nanowires with a length of 10 um.

88



100

— 80 |

x

; —— H2
c=> 60

o o
© B
[

L 40- v HCOOH'
g -4 C2H4
® 20-

©

-1.2 -11 -10 -09 -0.8 -0.7 -0.6
Potential / V vs. RHE

Figure S4. Vatiation of the Faradaic efficiencies of the products in electrochemical reduction

of CO2in 0.1 M KHCOs solution.

89



cps/eV

| Au Cu Au

Cu

Mg.txt

Au

keV

Figure S5. EDS of the Au-coated Cu nanowires.

10

90



Figure S6. TEM image of Au coated Cu nanowire.
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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 CO; reduction was investigated. The non-flow-through Cu membrane was able to
produce a very high current density, but the product was almost entirely Hz, 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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densities, but produced only H;, suggesting that the reaction was mass-transfer limited.When ionic liquid was added to the

electrolyte, these flow-through membranes could catalyse 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.

1 Introduction

Global warming has become one of the biggest worldwide
concerns. With the CO, concentration in the atmosphere rising
to a record high level, actions are urgently needed to tackle
this problem. One promising approach is to use renewable
electricity to reduce CO; into h'.f'drocarbons.,l'5 as a means of
replacing use of fossil fuels.

Over the past few decades, various electrocatalysts have
been tested for the electrochemical reduction of €0,.5°
Among them, Cu is of particular interest, because it is the only
material known to be capable of producing hydrocarbons.™
Although huge efforts have been devoted to using Cu for CO,
reduction, none of the reported electrocatalysts is selective or
efficient enough for practical applications.'*” Besides this,
because of the various paths involved in the CO, reduction
process, the wunderlying mechanisms are also not fully
understood.”®*® Synthesizing novel Cu structures with high
efficiency and selectivity for CO, reduction is critical, from both
practical and fundamental viewpoints.

Ordered nanoporous Cu membranes are promising
candidates for this purpose. Zhang et al. made highly ordered
metal nanostructures via a double-template method.*! Using a
similar method for Cu could allow the preparation of
membranes with very large surface areas, greatly increasing
the current density. Metal nanostructures often have very
different catalytic activity compared with that of their bulk
counterparts,”’ due to the presence of may edge and corner
sites so the nanoporous Cu membrane might also have better
product selectivity. Nanoporous membranes may also be used

a. School of Chemistry, Monash University, Clayton, Victoria, 3800, Australia
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Electronic Supplementary Information (ESI) available: [details of any
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in a flow-through configuration, which would make CO; more
readily available to the catalyst surface, and further enhance
the reduction process.

Previous research has also demonstrated that adding
ethylmethylimidazolium tetrafluoroborate (EMIM-BF,) ionic
liquid (IL) into the electrolyte tends to reduce the energy
barrier and increase the efficiency for CO, reduction.” Rosen
et al. revealed that the EMIM cation is also capable of
inhibiting the competing hydrogen evolution reaction (HER),
even at very high water concentrations.”® Thus, by adding ionic
liquid into the electrolyte, it is possible to increase the
efficiency and selectivity of the Cu catalyst.

Therefore, in this study, ordered nanoporous Cu membranes
were synthesised and applied to CO: reduction for the first
time. Mon-flow-through Cu membranes sustained very high
current densities, but yielded largely Hs, probably because the
reaction was mass transfer limited. In contrast, a flow-through
copper membrane with an ionic-liquid containing electrolyte
yielded some CO at overpotentials as low as 90 mV. At an
overpotential of 390 mV with respect to the formation of CO,
syngas, a very useful industrial gas mixture with a stable CO/H,
ratio, was formed.

2 Experimental
2.1 Fabrication of Nanoporous Cu Membranes

Anodic aluminium oxide (AAO) membranes were fabricated in
0.3 M oxalic acid solution by using an established two-step
anodization process.”* Aluminium foil (99.999%, 0.5 mm thick)
was the starting material. Then, a Au layer, around 10 nm
thick, was sputter-coated onto one side of the AAO membrane
to make it conductive. A reverse porous poly (methyl
methacrylate) (PMMA) replica of the AAD membrane was then
prepared by immersing the AAO membrane in a solution of 5

J. Name., 2013, 00, 1-3 | 1
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wt% benzoyl peroxide in methyl methacrylate monomer.?* The
monomer-impregnated sample was polymerized by heating at
60 °C for 12 h. A concentrated NaOH solution was then used to
fully remove the AAO membrane, leaving behind a negative
replica PMMA template. Cu electrodeposition was carried out
at room temperature, in an electrolyte containing 0.2 M CuSO,
and 0.1 M H3BO;, adjusted to pH 4.5 with H,50,. A constant
current of -3 mA was used, and the counterelectrode was a
platinum wire. Two different electrodeposition times were
used: around 3 hours gave a mechanically robust electrode,
with pores closed on one end (non-flow-through membrane),
while around 10 minutes gave a far thinner membrane with
open pores (flow-through membrane). After electrodeposition,
the membranes were immersed in CHCl; to fully dissolve the
PMMA. Figure S1 shows a schematic of the procedures
involved in fabricating the porous Cu membranes. For
comparison, a non-flow-through membrane with larger pores
was also prepared in a similar way, starting with commercial
AAD from Whatman as the template.

2.2 Characterization

An FEl Nova NanoSEM 450 FEG SEM instrument was used to
collect scanning electron microscopic (SEM) images and energy
dispersive spectra (EDS). A Philips X-ray power diffractometer
was used to collect X-ray diffraction (XRD) data. Gas
chromatography (GC) was performed on an Agilent 7820 A GC
system equipped with a thermal conductivity detector and an
HP-plot molesieve (5A) column. Helium (99.99%) was used as
the carrier gas for CO analyses, while the carrier gas for Ha
detection was nitrogen (99.99%). The retention times were
compared with compounds. The
electrochemical experiments were conducted on a CHI 760E
electrochemical workstation (CH Instruments, Austin, Texas,
USA) at room temperature.

Copper conductors were soldered onto the non-porous faces
of the non-flow-through membranes, and subsequently sealed
with glue. The surface areas of the non-flow-through and flow-
through electrodes were around 0.5 cm?® CO, electrolysis
experiments for these membranes were carried out in a gas-
tight two-compartment electrochemical cell with a glass frit
serving as the separator. Each compartment had 15 mL
electrolyte and around 15 mL headspace. Counter and
reference electrodes were platinum wire and Ag/AgCl (3 M
KCl), respectively. The electrolyte {0.5 M KHCO, for initial tests,
EMIM-BF, solutions in later tests) was purged with a constant
flow of CO, for 30 minutes before electrolysis. During the
electrolysis, the electrolytes in both compartments were
stirred vigorously. After electrolysis, a gas-tight syringe was
used to take 100 ul gas samples from the cell’s head space for
subsequent analysis by GC.

A different cell (shown in Figure S2), was fabricated to test
the flow-through Cu membrane. The flow rate of CO, was 0.3
mL/min. After 10 mins of reaction, around 3 mL of the gas
product was collected and analysed by GC.

those of known
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In this study, all potentials were converted to a reversible
hydrogen electrode (RHE) reference scale. EMIM-BF, was
purchased from Proionic. All other chemicals in this study were
purchased from Sigma-Aldrich Australia and were used
without further purification.

3 Experimental Results and Discussion

3.1. Non-flow-through Cu membrane with 70 nm pore size

Figure 1 shows the SEM image of an ordered nanoporous Cu
membrane made using home-made AAO as the template. The
nanopores are around 70 nm in diameter, and the walls are
around 10 nm thick. The order within this membrane structure
is clearly apparent. EDS confirmed that the membrane is
indeed made of Cu, as shown in Figure S3. XRD (Figure 54)
reveals three preaks in the spectra, namely (111), (200}, and
(220).

Figure 1. SEM image of an ordered nanoporous Cu membrane
with 70 nm pore size.

Figure 2a shows that the nanoporous Cu membrane could
sustain a similar current density to that produced by the Cu
nanowire arrays investigated in our previous work.” However,
the Faradaic Efficiency (FE) for CO production on the
nanoporous Cu membrane had slightly better performance,
but the overall efficiency was still extremely low. The highest
FE of CO was only around 5%, as shown in Figure 2b, with the
remaining product being H,. Compared with Hori’s results on
polycrystalline Cu foil, the FE of CO is much lower. Besides,
formate, methane and ethylene were also detected when the
bulk Cu electrode was used.”

One possible explanation for this poor performance is that
because of the extremely small size of the nanopores and the
high current density, the reaction is mass transfer limited.
since H' is much more abundant and readily available in the
electrolyte, the HER becomes dominant over CO, reduction.
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Besides, study on density functional (DFT)
calculation indicates that the (111) surface of Cu is more likely
to be involved in the HER than in the CO, reduction reaction.*
Since Cu (111) dominates the structure of the Cu membrane
(as shown in Figure S4), the production of various CO,
reduction products is severely suppressed while the HER gets
promoted.
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Figure 2. Current density (a) and FE of CO (b) of non-flow-
through Cu membrane and Cu nanowires under different
potentials.

3.2. Performance of Cu membranes with 200 nm pores

Since it is possible that the poor performance of the non-flow-
through Cu membrane for CO, reduction is caused by the small
size of the nanopores, non-flow-through Cu membranes with
larger pores were also tested. In this case, commercially
available AAO membranes were used as templates.

A typical SEM image of the commercial AAO membrane is
shown in Figure S5. The diameter of the nanopores is around
200 nm and the thickness of the pore wall is about 40 nm. The
overall membrane thickness is around 50 um (Figure S5b).

Figure 3 shows the SEM image of this Cu membrane after
removal of the polymer. EDS confirms that the main composite
of the membrane is Cu, as shown in Figure S6. The membrane
was then made into an electrode, as previously described.
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Figure 3. SEM image of non-flow-through Cu membrane with
bigger pores.
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Figure 4. Current density (a) and FE of CO (b) of non-flow-
through Cu membranes with different pore sizes at different
potentials.
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Figure 4a shows that the magnitude of the current density
obtained with this porous Cu membrane is considerably higher
than that obtained with the membrane with smaller pores. At
-0.5 V vs. RHE, CO was first detected, but the amount was very
low, as shown in Figure 4b. At a potential range of -0.6 to -1V
vs. RHE, the majority of the product was H, with less than 8%
of CO detected. At that potential range, no other product
apart from CO and H; could be detected. One possible reason
for this poor performance is that even though the nanopores
in this membrane were much bigger than those in the previous
Cu membrane, it is quite possible that they were still too small
for the electrolyte to move freely during the experiment,
meaning that the reaction might still be mass transfer limited,
and therefore dominated by the HER. Since HER is kinetically
faster, H, became the main product of the reaction.

3.3. Effect of EMIM-BF, addition on CO; reduction

Previous research has demonstrated that it is possible to
reduce the energy barrier and increase the efficiency for CO,
reduction by simply adding EMIM-BF, ionic liquid (IL) into the
electrolyte.”? So EMIM-BF, mixed with deionized water was
used as the electrolyte for CO: reduction. Because 50 vol %
EMIM-BF, has been suggested to have the highest
conductivity, this electrolyte composition was first examined.”
The electrolyte was purged with CO, before use, as described
for the aqueous electrolyte.

As shown in Figure 5a, the magnitude of the current density
produced by the non-flow-through Cu membrane in 50 vol %
EMIM-BF, electrolyte was very high. At -1 V wvs RHE, the
current density was around 50 mA/ cm’, even higher than seen
in the agueous electrolyte. When the concentration of EMIM-
BF; was raised to 75 vol %, the current density remained
relatively high. But, at 95 vol %, the current density dropped
dramatically. This is mainly because when the concentration of
EMIM-BF, becomes higher, the conductivity of the electrolyte
decreases, thus reducing the overall current density.

Figure 5b shows the FE of CO at different concentrations of
EMIM-BF,. At 50 vol %, the Cu membrane started to catalyse
the formation of CO at a potential of -0.2 V, corresponding to
90 mV overpotential for this product. This increased activity is
mainly due to the presence of the ionic liquid, which
significantly reduces the energy barrier. A peak FE of around
12 % for CO production is obtained at potential of -0.5 V RHE.
When the IL concentration was increased to 75 vol %, the peak
FE for CO became 18%. At a concentration of 95 vol %, the
peak FE for CO was as high as 50 %.
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Figure 5. Current density (a) and FE of CO (b) of non-flow-
through Cu membrane with smaller pores, obtained with
different concentrations of EMIM-BF4 in the electrolyte, under
different potentials.

This result demonstrates that the presence of ionic liquid
significantly reduces the overpotential for CO production.
However, EMIM-BF, does not dramatically suppress the HER.
In an ionic liquid electrolyte, Hz remains the dominant product.

3.4. CO; reduction by flow-through Cu membranes in
aqueous medium

To increase the mass transfer efficiency, a flow-through
chemical cell was specially designed and manufactured, as
shown in Figure 52. The flow-through Cu membrane was
fabricated by using a much shorter electrodeposition time.
Figure 6 shows SEM images of both faces of the flow-through
Cu membrane. The nanopore diameter is around 200 nm.
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Figure 6. (a, b) SEM images of both faces of the Cu membrane.
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Figure 7. Current density (a) and FE of CO (b) of flow-through
and non-flow-through Cu membranes under different
potentials in aqueous medium.

Figure 57 shows the cross-sectional SEM image of the flow-

through Cu membrane, demonstrating that pores extend
through the Cu membrane. The performance of the flow-

This journal is © The Royal Society of Chemistry 20xx
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through membrane is shown in Figure 7. The current density
sustained by the flow-through membrane was lower than that
for the non-flow-through Cu membrane. This is because the
flow-through membrane is much thinner, and thus has a
smaller surface area, leading to a reduced current density. The
flow-through Cu membrane had a much higher FE of CO than
its non-flow-through counterpart, presumably because CO; is
more readily available in the flow-through configuration,
facilitating the CO, reduction reaction. But the highest FE of
CO that could be achieved was still only about 15%, with the
remainder being H,. No other products could be detected
under the potentials tested.

3.5. CO; reduction performance of
membranes in ionic liquid medium

To further increase the FE of CO, the performance of the flow-
through Cu membrane was investigated in water-ionic liquid
mixture electrolytes. Figure 8a shows that the current density
of the flow-through Cu membrane in 80 vol % EMIM-BF,
electrolyte is much lower than that obtained in the agqueous
medium. This can again be attributed to the lower conductivity
of the electrolyte. Figure 8b shows that the flow-through Cu
membrane started to catalyse the formation of CO at a
potential of -0.2 V, corresponding to 90 mV overpotential for
this product, demonstrating the high catalytic activity of the
membrane in ionic liquid medium. As the potential increases,
the FE of CO also becomes higher, reaching a peak value of
around 34% at a potential of -0.5 V RHE. Further increase of in
potential slightly decreases the FE of CO.

As can be clearly observed from Figure 8b, when the applied
potential was -0.5 V, the molar ratio of CO/H; was about 1:2,
which is the composition of syngas. This gas mixture is of
particular interest because it can be readily used as the source
gas for the Fischer-Tropsch process, a widely used industrial
technique to produce many types of fuel.” Besides, even at
such a modest overpotential, the current density was over 2
mA/cmz, higher than most reported wvalues for Cu
electrodes.’™**® This high current density is mainly due to the
large true surface area of the nanoporous Cu membrane.

A potential of -0.5 V was used to investigate the long-term
stability of the CO/H; ratio. After 6 hours of electrolysis, the
ratio remained quite stable (as shown in Figure B8c),
demonstrating the high stability of the catalyst. Besides, the
long-term stability of the current was also studied under an
applied potential of -0.5 V. Figure 8d shows, that apart from
the initial drop, the current density remained quite stable
during 24 h of electrolysis. This long-term stability can be
attributed to the very solid nanostructure as well as the large
surface area of the nanoporous Cu membrane.

flow-through Cu
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with 80 vol% EMIM-BF,, 20 vol% water used as electrolyte.

4 Conclusions

In conclusion, ordered nanoporous Cu membranes were
synthesised and used as electrodes in CO, reduction for the
first time. The non-flow-through Cu membrane was able to
produce a very high current density, but product was almost
entirely H,, 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 380 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 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 CO,. 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 hanorods, 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%°
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 CO, 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 (AAQO) membrane were used as the electrode CO, 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 Au-
coated 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
CO; reduction. The Cu membrane was able to produce a very high current density, but the main product
was H; 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 N, 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 N 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 N reduction, it is worth exploring this field. Ideally, this would create a catalyst with low

overpotential and high efficiency to convert N, into ammonia, an important ingredient for fertilizer.

6.2.2. Hybrid metal membranes for the electrochemical reduction of CO;

Although the study in chapter 5 shows that Cu membrane is not a particularly good structure for CO;
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 CO, 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 CO; 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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