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Abstract 

1D metal nanostructures are being actively researched as a component in next-generation 

electronic devices and as highly efficient electrocatalysts. 1D gold nanomaterials can be designed 

by controlling the aspect ratio and introducing multiple chemical elements in their structure. In 

this work, gold nanochains are self-assembled using electrostatic interactions by controlled 

addition of cations into a colloidal solution of citrate stabilized Au NPs. The UV-Vis spectrum 

shows the shift in the LSRP due to the assembly of the Au NPs into micrometer scale chains. The 

self-assembled chains have a gap of 1 to 2 nm between adjacent Au NPs. This gap can serve as a 

quantum tunneling barrier for the electrons transport between adjacent NPs. In part A, we study 

the gold chains with two kinds of morphologies: 1) the AuCa NCs with 1 to 2 nm gaps between 

adjacent Au NPs; 2) AuPt NWs with continuous structure and highly branched morphology. In 

Chapter 2, AuCa NCs are mainly investigated. The chains are used as building blocks to fabricate 

a range of flexible devices to monitor human physiology signals based on the modulation of the 

tunneling barrier, including temperature, artery pulsation, and ECG by simple filtration method.  

In Chapter 3, the two kinds of 1D Au nanomaterials are researched to understand the relationship 

between the morphology and conductivity under tensile strain. We develop an easy process to 

produce stretchable devices through a filtration and transfer process. During the transfer process, 

microcracks are introduced, which facilitate the transport pathway for electrons under strain. AuPt 

NWs devices with continuous structure can endure larger strain than AuCa NCs devices because 

of the extended wire-like continuous morphology. We also integrate AuPt NWs as electrodes with 

perovskite to produce photodetectors, which are highly bendable and stretchable.  

In part B, multiple elements are integrated into Au nanochains to explore their electrocatalytic 

performance for various applications. Stable bifunctional water splitting catalysts can simplify the 

development of alkaline medium electrolysers. In this work, a catalytic material with controlled 

nanoscale domains of Pt and Ni is formed by a self-assembly process at room temperature. The 

final structure of the catalyst is achieved through two stage transformation, first formation of Pt-

Ni nanoscale domains and then inducing Ni to higher oxidation states. The material has a nanowire 

like morphology at the macroscale, which ensures rapid kinetics and mass transfer. The results 

prove that the nanoscale domains of Pt, Ni and Ni2+ and Ni3+ with close interfacing are crucial for 
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the performance of the electrocatalyst and ensure the presence of Ni in a high oxidation state, 

leading to both HER and OER activity. The catalyst has a low overpotential and ultralow Tafel 

slope for both HER and OER, 13.7 mV dec-1 and 32 mV dec-1, respectively, crucial for high power 

applications.   

Similarly, in Chapter 5, Pt and Ni integrated gold chains are investigated as a dopamine sensor in 

neutral pH. The size of Pt and Ni domain can be tuned in the range of complete homogenous 

mixing to 2-3 nm size nanoscale domains. The AuNiAuPt-R sample with nanoscale domains 

shows the best detection performance with high sensitivity of 1279.3 μA mM-1 cm-2 in the 

dopamine concentration range of 0.1-36.5 μM.  

In Chapter 6, Ni and Cu integrated gold chains are designed as a glucose detector in 0.1 M NaOH. 

The AuNiAuCu-R sample with nanoscale domains demonstrates the highest sensitivity of 643.9 

μA mM-1 cm-2 with high stability, high selectivity, reproducibility, and low limit of detection 

(LoD). The detection range fits the glucose level in saliva, sweat, and blood, which is possible for 

the practical analytical application. The research in part B shows that nanometer scale elemental 

domains are critical for efficient electrocatalysis. 

This work presents two studies: first, research and understanding the electrical performance of two 

kinds of micron scale 1D gold nanomaterials by using a simple filtration method to fabricate their 

films and devices. Second, the synthesis process can control the spatial distribution of elements to 

design the materials for specific electrocatalytic applications. The work presents a simple method 

to prepare flexible and stretchable devices and a new facile self-assembly avenue for the use of 

electrical double layer as new composite catalysts. 
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Chapter 1 Introduction 

1 Introduction  

1.1 Nanomaterials    

Nanomaterials have attracted considerable interest today due to their unique physical, chemical, 

and biological properties compared to the bulk materials.1 They can be classified as zero-

dimensional (0D), one-dimensional (1D), two-dimensional (2D), and three-dimensional (3D) 

nanostructures (in Figure 1.1). 1D nanomaterials have been actively researched for various 

applications such as next-generation electronic devices because they can enhance electrical, optical, 

mechanical, and thermal properties.2 1D nanostructures are the smallest structures to efficiently 

transport electrical carriers, which can be used as wiring or device elements in the design of 

electronic devices. Due to their unique properties, 1D metal nanostructure has also been actively 

researched as highly active electrocatalysts and components in wearable devices, which is the 

focus of this research work in part B. 

 

 

Figure 1.1 Schematic images of nanoparticles in various dimensions.   
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1.2 Gold nanoparticles  

Gold is one of the widely studied noble metals for synthesizing and investigating 1D 

nanostructures, which possess high conductivity, high stability, chemical resistance, 

biocompatibility, etc. Furthermore, due to its intrinsic optical properties, tuning the length/aspect 

ratio of Au nanoparticles (Au NPs) can shift the surface plasmon resonance (SPR) peaks to enable 

optical monitoring, which is highly sensitive to the electronic coupling between particles (in Figure 

1.2).3 To obtain desired properties, 1D nanomaterials can be designed by controlling the aspect 

ratio (defined as the ratio of length to diameter) and including multiple chemical elements in their 

structure. 

 

Figure 1.2 Gold nanorods with various aspect ratios show intense color and shift in surface 

plasmon resonance.4,5 Copyright 2012, with permission from The Royal Society of Chemistry; 

Copyright 2010, with permission from Elsevier. 

 

A critical requirement for the development of 1D nanostructures in an aqueous medium is their 

stability. The colloidal stability is determined by combining two main forces: electrostatic 

interactions and the van der Waals forces. In previous studies, Au NPs have been stabilized with 

low molecular weight molecules such as citrate, Biotin,6 chitosan,7 cetyltrimethylammonium 

bromide (CTAB),8 siloxanesurfactant.9 Specifically, in colloidal solution for electrostatic 

stabilization, the Zeta potential is used to assess the stability and surface charges of NPs. In this 

work, Au NPs stabilized by citrate acid are used as the building blocks for making 1D structures. 
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These Au NPs have measured Zeta potential with a value of -44 mV, which suggests that the 10-

12 nm Au NPs are negatively charged and stable in water due to strong inter-particle repulsive 

forces from the citrate molecules.  

1.3 Self-assembled nanochains 

Various techniques for the synthesis of 1D metal nanomaterials have been reported, including one-

pot synthesis, oriented attachment, seed-mediated growth, self-assembly, and template-assisted 

growth.3 Anisotropic self-assembly of nanoparticles are widely used to synthesize 1D 

nanostructures, which facilitates the growth of materials in one direction.2 This is a low-cost and 

easy synthesis process driven by interactions such as chemical bonding, hydrogen bonding, van 

der Waals forces, electrostatic forces, and others. Self-assembled gold nanochains (Au NCs) as 1D 

structures are an important research area in nanotechnology due to their high aspect ratio, large 

surface area, high stability, conductivity, flexibility, and biocompatibility.3,10,11 Based on these 

features, self-assembled Au NCs have been used as building blocks for sensing devices in electrical, 

optical, catalytic, and biological areas, as shown in Figure 1.3.8,12 

 

Figure 1.3 Au NCs as building blocks for sensing devices in a) electrical,13 b) optical,14 c) 

catalytic,15 and d) biological applications.16 © 2020 WILEY‐VCH Verlag GmbH & Co. KGaA, 

Weinheim; Copyright © 2011 American Chemical Society; Copyright 2013, with permission from 

Elsevier; © 2021 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. 
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Wang et al. reported the self-assembly of negatively charged Au NPs in aqueous medium. In this 

report, the length of the Au chains could be controlled by regulating the interparticle electrostatic 

repulsion.17 The interactions between nanomaterials are typically described by the Derjaguin-

Landau-Verwey-Overbeek (DLVO) theory. According to the DLVO theory, the total interaction 

potential (VT) is expressed as the sum of the van der Waals attraction potential (VvdW), the 

electrostatic repulsion potential (Velec), the dipolar interaction potential (Vdipole), and the charge-

dipole interaction potential (Vcharge-dipole).  

VT = VvdW + Velec + Vdipole + Vcharge-dipole 

The assembly process is affected by concentrations of reagents, pH, and ionic strength of the 

solution and the interactions between molecules located at the colloidal interfaces. These involve 

the intermolecular forces, such as dipole-dipole interactions, hydrogen bonding, 

hydrophobic/hydrophilic interactions, or π-π stacking, etc.18 Template-free self-assembly process 

can be triggered by adding destabilizing species (e.g., crosslinking molecules, salt, or solvent) or 

applying external force (thermal, electric field, or magnetic field).9 For example, Li et al. added 

mercaptoethanol (MEA) into citrate capped Au NPs, resulting in a chain-like structure by 

producing an electrical dipole on the nanoparticle surfaces.19 Neutral MEA was used to partially 

exchange with the surface citrate ions to induce the electric dipole-dipole interactions, which 

resulted in the growth of an anisotropic chain. The chains can maintain colloidal stability by 

balancing the attractive van der Waals forces, the hydrogen bond between MEA molecules, and 

the electrostatic repulsions between citrate acid.  

Self-assembly of Au NPs with the negative surface charge by adding cations is a scalable and cost-

efficient strategy for the fabrication of 1D nanochains with potential applications in 

electrocatalysis and wearable devices. As reported, increasing the ionic strength of the solution 

decreases the interparticle distance of citrate capped Au NPs resulting in a color transition due to 

a shift of the surface plasmon resonance.20 Jia et al. reported that adding less than 10 mM of KCl 

leads to the formation of gold nanochains, while a higher concentration of KCl leads to 

agglomerated clusters.9 This can be explained as the lower concentrations of the salt will not fully 

neutralize the surface charges (from citrate) on the Au NPs, hence will not cause aggregation of 

the NPs. Under this condition, the lower electrostatic repulsion between NPs leads to the formation 
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of nanochains. On the other hand, at higher salt concentrations, cations can fully neutralize surface 

potential resulting in tightly bounded aggregates.9 Therefore, the ionic strength provides a simple 

method to control the assembly of the charged gold nanoparticles. 

As mentioned previously, the growth of the gold nanochains can be triggered and controlled by 

adding salt. The mechanism is the anisotropic dipole-dipole interaction between the Au NPs. The 

combined effect of the short-range dipole-dipole attraction and the long-range electrostatic charge 

repulsion between particles play a crucial role in the process of 1D nanoparticle assembly.9 

It has been well studied that the spherical Au NPs’ surface is enclosed by several facets, like (111), 

(200), (220), and (311), and citrate molecules are adsorbed on Au(111), Au(110), and Au(100) 

surfaces. However, citrate adsorption is more favored on Au(111) than on other facets.9,21,22 Due 

to the differential distribution of surface charges, the Au NPs possess a slight polarity. The addition 

of divalent (or higher valent) cations affects the electrostatic force and causes two Au NPs to link 

together to form an ‘island’. As the cations partially neutralize the surface charge on the Au NP’s 

by binding to the citrate ions, the electrostatic double layer of this ‘island’ is rearranged. Then, due 

to the asymmetrical distribution of the charges, the electrostatic repulsion at both ends of the island 

is weaker than the side.23,24,25 These leads to the aggregation of Au NPs to form gold chains, as the 

island can attract another Au NP at the end by using the cation as a linking bridge. Again, the Au 

NP linked to the end of the chain experiences a weaker electrostatic repulsion than a side one, 

which enforces the anisotropic self‐assembly process.23,24,25 Based on the ionic strength, the 

solution reaches a stable state with the formation of nanochains of specific length. The Zeta 

potential of the Au chains is ~-30 mV, representing that they are still negatively charged due to 

uncompensated citrate ions on the surface. The chains are therefore stabilized by electrostatic 

repulsion force.9 

1.3.1 Optical properties  

Surface plasmon resonance (SPR) is a particular intrinsic optical property of gold nanomaterials 

that has attracted extensive interest from different fields of nanotechnology. These fields include 

photodynamic therapy, photothermal therapy, cancer diagnosis, drug delivery, imaging, pollutant 

detection, and surface-enhanced Raman spectroscopy (SERS).11,26,27,28,29 The basic mechanism of 

SPR occurs when the nanoparticle diameter is smaller than the wavelength of the incident light. 
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The electric field of the incident light, as a result, excites the free surface electrons in Au NPs to 

drive their collective oscillation, referred to as localized surface plasmon (LSPR), as shown in 

Figure 1.4.30,31,32 

 

Figure 1.4 Schematic representation of a dipolar plasmon oscillation in a gold nanoparticle.30 

Copyright 2008, with permission from The Royal Society of Chemistry. 

 

LSPR only occurs when the wavelength of the incoming light is greater than the size of 

nanoparticles.33 Crystal defects cause light scattering, which adds resistance to the electron motion. 

The Mie theory describes the LSPR by Maxwell’s equations. As for a spherical particle, the 

extinction coefficient, E(𝜆), including absorption and scattering, of the incident light, can be 

expressed as: 

𝐸(𝜆) =
24𝜋𝑁𝐴𝑅

3ℰ𝑚
3/2

𝜆𝑙𝑛(10)
[ 𝑖

( 𝑖+2 𝑚)2+ 𝑖
2]    

where 𝑁𝐴 is the areal density of the nanoparticles, R is the radius of the gold particle, λ is the 

incident wavelength, 휀𝑚 is the dielectric constant of the surrounding medium, and 휀𝑟 and 휀𝑖are 

the real and imaginary parts of the dielectric function of the particle material, respectively. The 

interaction between the incident light and a metal nanoparticle strongly depends on the dielectric 

function of the material and the medium.34  

In this work, Au NCs are synthesized by self-assembly process in aqueous media, which is a low-

cost and scalable approach requiring no specialized equipment. The LSPR frequency of various 

gold nanomaterials is determined by the shape and size of the charge distribution and the local 

dielectric environment.31,35 The electrons absorb photon energy at the resonance frequency 

forming a strong absorption band in the UV-Vis spectrum. The effect of shape is observed on 
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LSPR, where Au NCs spectrum shows a red-shift of the absorption wavelength due to the larger 

aspect ratio (the aspect ratio of Au NPs is ~1).31 This shift can be explained by the Au NCs having 

a longer length than the initial size of Au NPs (10 nm), leading to interparticle plasmon coupling, 

which depends on the chains’ length and the separation between the NP’s in the chains.30 The 

resonance condition of Au NCs is satisfied at wavelengths in the visible region of light. Based on 

the intrinsic properties, we can monitor the change in the length of Au NCs by using UV-Vis. The 

absorption wavelength can be described as:35 

𝜆2 = 𝜆𝑝
2 (휀𝑜 + 휀𝑚 (

1

𝑃
− 1)) 

𝜆𝑝 = √
4𝜋2𝑐2𝑚휀0

𝑁𝑒2
 

where 𝜆 is the location of absorption peak, 𝜆𝑝 is the plasma wavelength, P is the depolarization 

factor, N is the electron density, m is the effective mass of electrons, and 휀0  is the dielectric 

constant of vacuum. As for the gold nanochains, the increased aspect ratio could cause a red-shift 

for 𝜆 by changing the depolarization factor. As for the 1D morphology, the depolarization factor, 

P, can be expressed by three axes x, y, z (where x>y=z) and aspect ratio, 𝛼, as: 

𝑃𝑥 =
1 − 𝑒2

𝑒2
[
1

2𝑒
ln (

1 + 𝑒

1 − 𝑒
) − 1] 

𝑃𝑦 = 𝑃𝑧 =
1 − 𝑃𝑥
2

 

𝑒2 = 1 − 𝛼−2 

Therefore, the coupling or assembly of Au NPs in solution is easily observed by the change of 

color based on LSPR. Furthermore, the materials’ surface modification and surrounding 

environment can also tune the wavelength. Thus, the plasmon resonance depends strongly on the 

particle’s shape, while the absorption peak has a red-shift as the particle becomes more oblate.32 

The color can be tuned from red to dark blue, as the Au NCs length changes from 10 to 300 nm. 

UV‐Vis spectra show that the LSPR absorbance peak of Au NPs at 525 nm red shifts to 630 nm 
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with a broad shoulder peak at 525 nm on assembly of 10 nm Au NPs into Au NC’s with a length 

of 250 nm.19 

These Au NCs can act as good 1D nanomaterials with high stability. They have tunable properties 

based on changing the linking ions and further surface modification. This combination of stability 

and tunability is applied to develop applications in the areas of electronic devices, sensing, and 

electrocatalysis, and is reported in the following chapters. 

1.3.2 Tunneling effect  

Tunneling effect is a quantum phenomenon observed in nanomaterials. The self-assembled Au 

NCs with several hundred nanometers in length show a nonlinear current-voltage response with 

Coulomb blockade behavior caused by the gaps between adjacent particles, as shown in Figure 

1.5. The gaps serve as quantum tunneling barriers for the electrons to transport across neighboring 

Au NPs, the conductors. The basic model for this system is hence a series of conducting islands 

separated by energy barriers. The electrons possess wave-particle duality, behaving as waves, and 

exhibit the ability to tunnel through an energy barrier under applied external bias or thermal 

energy.36,37,38   

In tunneling, the probability of electrons crossing an energy barrier is limited by the energy of 

electrons, external forces (like applied bias), and the width of tunneling junctions. As in electronic 

devices, there is a threshold bias, VT, required to allow the current flow, which is called Coulomb 

blockade.39 The current response initially follows a nonlinear relationship with voltage at room 

temperature because more electrons can tunnel through the barrier with increasing bias, as shown 

in the Figure 1.5.13,36,40,41 
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Figure 1.5 a) The FESEM image of sparse deposition of the chains across the two Au electrodes; 

b) The current-voltage response of the chains related to Figure 1.5 a. The current fits a typical 

power law with an exponent of 2.67, typical for a 2D array with defects, shown in red color. The 

inset is the plot of differential conductance.13 © 2020 WILEY‐VCH Verlag GmbH & Co. KGaA, 

Weinheim.  

 

As mentioned before, the ability of an electron to transport in the nanochains depends on its energy 

and the width of the tunneling gap. Thus, for example, external force or energy-induced (such as 

pressure and temperature) change of gap width between neighboring nanomaterials can alter the 

tunneling resistance for nanomaterials. This change will be observed in the output signals as, for 

example, modulation in current observed at a constant voltage.37 The tunneling current density can 

be expressed by:  

𝐽 = 𝐴0𝑒𝑥𝑝(−
𝐸𝑐
𝐸
) 

where 𝐸𝑐  is the critical electric field, E is the external electric field, and A0 is the total electron 

density before tunneling.  

The relationship between conductivity (𝜎) and temperature (T), interparticle distance (𝛿), and 

particle size (r, the radius of nanoparticles) is described as:42 

(1)                                     𝜎(𝛿, 𝑇) = 𝜎𝑜 exp(−𝛽𝛿) exp(
−𝐸𝐴

𝑅𝑇
) 

(2) 𝐸𝐴 =
𝑒2

8𝜋 0
(
1

𝑟
−

1

𝑟+𝛿
) 

(3)      𝜎0 = 𝑛𝑒𝜇 
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where EA is the activation energy, R is the universal gas constant,  is the electron coupling term, 

0 is the intrinsic conductivity, 0 is the permittivity constant,  is the relative permittivity, n is the 

number of charge carriers,  is the mobility of the charge carriers, and e is the charge of an electron. 

From equation 1, the increase of temperature and the decrease of interparticle distance will cause 

an increase in conductivity. Therefore, an Au chains-based tunneling sensor will be presented in 

this work, which works on the principle that the output current signal reflects external modulation 

at a particular applied bias. Specifically, the gaps between adjacent Au NPs serve as quantum 

tunneling barriers. Their modulation is the basis of signal sensing in these devices to monitor 

temperature, artery pulsation, and electrocardiogram, ECG, signals (more details in Chapter 2). 

The sensitivity of the devices is related to the tunneling in terms of the magnitude of barrier energy 

and its width.13,36  

1.3.3 Conductivity and Flexibility 

Gold-based nanostructures are important research subjects in electronic devices. The 1D Au 

nanomaterials can act as building blocks such as circuit wires and the active layer in nanodevices, 

as shown in Figure 1.6. Au NCs exhibit a high aspect ratio (defined as the ratio of length to 

diameter) are chemically inert, biocompatible and have a threshold charging energy (the Coulomb 

blockade threshold for a typical ~10 nm NP is ~60 meV, for NC is ~ 1.5 eV).36,40 In addition, the 

conductivity is sensitive to the mechanical force, surface potential, and temperature by modulating 

the interparticle spacing or local tunneling barrier. These properties support Au NCs as potential 

candidates for next-generation wearable electronic devices for measuring stimuli such as pulsation, 

ECG, and temperature sensors.13  



 
11 

 

Figure 1.6 1D gold nanomaterials as a) circuits,43 b) touch screen electrode,44 and c) wearable 

devices.45 Copyright © 2019 American Chemical Society; © 2016 WILEY‐VCH Verlag GmbH 

& Co. KGaA, Weinheim; Copyright © 2014, Nature Publishing Group, a division of Macmillan 

Publishers Limited.  

 

Due to the anisotropic morphology, self-assembled Au NCs are more effective in forming 

conductive pathways compared to spherical gold nanoparticles. The percolation threshold of 

nanochains with a larger aspect ratio is smaller than the spherical nanoparticles. The percolation 

threshold is the minimum concentration of the conductive particles required to form a conductive 

path in a nonconductive matrix. Below the threshold, there is no pathway for charge transport, 

while above the threshold, the conducting particles form a conductive network resulting in a sharp 

increase in conductivity.3 The electrical conductivity of the network, 𝜎, using percolation theory 

can be roughly expressed as: 

𝜎 = 𝜎0(𝑝 − 𝑝𝑐)
𝑡 

where 𝜎0 is the conductivity of Au NCs, p is the volume fraction of Au NCs, pc is the percolation 

threshold of conductive materials, σ0 is the conductivity of composite with 100% nanomaterials, 

and t is a parameter that is related to the dimensionality of the conductive path: 1 for 1D, 1.3 for 

2D and 1.9 for 3D.46,47 In a 3D system, the critical volume fraction,Φ𝑐
𝑉𝐹, strongly depends on the 

aspect ratio of conductive materials.  
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Φ𝑐
𝑉𝐹 = 1 − 𝑒−(𝑐𝑉/𝑉𝑒𝑥) 

where 𝑉 is the volume of conductive particles, 𝑉𝑒𝑥 is the volume around these conductive materials, 

and c is a constant. 
𝑉𝑒𝑥

𝑉
can be expressed by aspect ratio as:  

𝑉𝑒𝑥
𝑉

= 2 +
6(1 + 𝛼)(1 + 0.5𝛼)

1 + 1.5𝛼
 

α =  𝐿/𝐷 

where α is the aspect ratio, L is the length of the nanochains, and D is the width. Therefore, the 

larger aspect ratio will lead to a larger 
𝑉𝑒𝑥

𝑉
 and a smaller Φ𝑐

𝑉𝐹 . In other words, less amount of 

conductive materials is needed to achieve the percolation threshold.3 Thus, the value of Φ𝑐
𝑉𝐹of Au 

NCs is much smaller than 10 nm Au NPs.  

Based on Simmons’ model, the electrical conductivity by tunneling effect within the junction is 

given by:48 

𝜎 =
6.2 ∗ 1010𝐴

𝛿2
[ℎ𝑒𝑥𝑝(−1.025𝛿√ℎ) − (ℎ + 𝑒𝑉)exp(−0.1025𝛿√ℎ + 𝑒𝑉)] 

where A is the effective electrical tunneling area, e is the electron charge, 𝛿 is the interparticle 

distance, and h is the mean tunnel barrier height. The current is inversely proportional to 

interparticle distance and barrier height. 

At high density, the large percolating clusters could act as wires, and at low density, the islands 

can act as sensing materials. As a promising candidate for flexible electronics, it has been 

demonstrated that Au NCs with mechanical flexibility perform much better than the bulk.3 Gong 

et al. reported an ultrathin Au NW structure with a high aspect ratio combining great mechanical 

flexibility and high conductivity.49 In addition, once the percolative network is formed by 

overlapping between Au NWs, applied external strain can be relieved by the rearrangement and 

sliding of Au NWs. Therefore, the Au NWs can maintain the connections through the percolated 

conductive paths.50 As reported, the angle between the adjacent Au NPs in the chain is in the range 

of 120° to 180° resulting from electrostatic repulsion and attraction.51 In this dissertation, we 
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develop a simple, low cost and eco-friendly filtration method to form different devices, which will 

be presented in Chapter 2 and 3. 

1.3.4 Developing Au NC as catalysts  

Catalytic properties of nanomaterials have attracted significant research attention because of their 

unique physical and chemical properties. Compared with traditional catalysts, the nanocomposites 

present better catalytic activity and selectivity due to their higher surface area and more active 

sites.52 Au nanomaterials offer a promising electrocatalytic ability because of the specific catalytic 

activity and selectivity.53 Recently, it has been reported that Au NCs combined with other 

components can provide specific electrocatalytic reacting centers on the surface.11 For example, 

by mixing two or more chemical species, like alloy materials, the performance of the catalysts 

could be significantly improved due to synergistic effects, intrinsic chemical and physical 

properties, and faster charge transfer rate.26 In Xie’s work, PtNi nanoparticle-decorated Ni 

nanosheet arrays on carbon cloth show high water splitting catalytic performance at low 

overpotential of 38 mV for hydrogen evolution reaction (HER).54 The existence of Ni modifies the 

Fermi level or the d-center of Pt changing the absorption/desorption energy. Meanwhile, Yu et al. 

reported that the nickel-iron Prussian blue analogs (PBA) exhibited a low overpotential of 283 mV 

for oxygen evolution reaction (OER) due to the in-situ generated nickel-iron oxy(hydroxide) active 

layer, which increases the activity.55 By careful selection of the metal cations for self-assembly of 

the NC, a bifunctional high performance catalyst for both HER and OER is also presented in 

Chapter 4. This catalyst combines Au NC with Pt, Ni, and PBA. 

A core-shell structure is formed by using Au NCs as the template with an ultra-thin layer of a 

second metal/metal oxide-hydroxide (such as Pt, Ni(OH)2) covering the Au NCs surface. The 

resultant catalyst has a large surface area, more active sites, better conductivity, and higher stability 

compared to other reported materials. Our research has focused on different metal elements 

assembled gold nanochains and their application for sensing and electrocatalysis. First, these are 

obtained by controlling the assembly of gold nanoparticles in the solution phase using specific 

ions. Second, after forming a core-shell structure or alloy, the conducting Au core can enable fast 

transfer the electrons, increasing the efficiency of catalysis.52 Also, Au NPs are chemically inert 

and have high stability, which is critical for catalytic applications.56,57 The nanomaterials are also 
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prepared and characterized for catalytic applications like water splitting, dopamine, and glucose 

sensing (discussed in Chapter 4, 5, and 6, respectively). 
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1.4 Thesis organization 

Inspired by the investigation presented above, the objectives for this dissertation are to use the 

effectively dispersed self-assembled Au NCs with an easy fabrication process as a template. In 

addition, we explore the various applications in the electronic and catalytic areas. This dissertation 

is organized into two parts with five chapters. The first part focuses on the optical and electrical 

properties of the Au NC’s and their sensing application. The second part focuses on the 

development of composite Au NCs’ with specific elements for electrocatalysis.  

In part A, which includes Chapter 2 & 3, the self-assembled micrometer long Au NCs or Au NWs 

are used as building blocks to fabricate a range of flexible devices and stretchable devices. Using 

an easy filtration method to produce devices, the materials are deposited on different substrates for 

various applications. For example, they can serve as the basic materials for the sensing layer, 

interconnections, and contact pads by varying the deposition thickness and materials. In Chapter 

2, the conductivity, flexibility, and optical and mechanical properties of Au NCs and their 

application as active materials to monitor human physiological signals based on modulation of 

their tunneling barrier are presented. Chapter 3 discusses stretchable devices made by Au NW’s 

and their modulation in conductivity in response to tensile stress.  

Part B of this dissertation explores using self-assembled Au NCs as a template for synthesis of 

electrocatalytic material and their application for water splitting (in Chapter 4) and non-enzymatic 

dopamine and glucose sensing (in Chapter 5 and 6). The materials are designed by the use of 

different chemical elements in the formation of the Au NCs’. In Chapter 4, NCs’ with the 

controlled spatial distribution of Pt and Ni are assembled. These composite NCs present excellent 

catalytic performance in alkaline media OER and HER. Chapter 5 and 6 report two non-enzymatic 

sensors: Pt and Ni doped Au nanocomposite as the electrode to detect dopamine in neutral media 

in Chapter 5; and Chapter 6 investigates Cu and Ni assembled Au NCs applied to glucose sensing 

in alkaline solution.  

Chapter 7 concludes this dissertation and lists the future work to improve materials’ performance 

and explore the catalytic mechanism at an atomic level.
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Part A Self-Assembled Au NCs as building blocks to fabricate flexible 

devices 

Chapter 2 Wearable device using 1D Au nanomaterials as universal 

building blocks 

1 Introduction 

In recent years, significant attention has been given to the study of conductive patterns on flexible 

substrates. A wide range of flexible electronic applications use metal nanomaterials as the sensing 

layers for different stimuli, interconnects, or electrodes.58 Examples include flexible displays, solar 

cells, and wearable sensors. Researchers have worked with various metals for circuits and 

interconnect components, including gold,59 platinum,60 silver,61 and copper62 as conductors. 

Although silver and copper-based nanomaterials are common today because they are much 

cheaper than gold, the main drawback is they are easily oxidized in ambient conditions. As an 

electrical conductor, this undesired oxidation decreases efficiency and increases the cost by 

introducing more synthesis steps and extra equipment to maintain the conductivity.63 Therefore, 

gold is an ideal material for interconnections, especially for high performance applications. Among 

the various nanostructures, nanochains are suitable for flexible electronic devices owing to their 

1D morphology. Nanochains exhibit a high surface to volume ratio, high aspect ratio, and low 

percolation threshold and possess the property of quantum tunneling effects due to the 

discontinued pathway of localized electrons to transport. This phenomenon is of use in flexible 

electronic devices. For example, Au NCs can be used to make connective pads in flexible devices 

and the active layer for sensing stimuli such as pressure and potential. 

Numerous methods have been developed to fabricate device materials. The widely-used 

lithographic technique allows for the fabrication of precise thin layer circuits for use in flexible 

electronics.64 However, this technique requires expensive facilities and a complicated and time-

consuming process that generates pollution and waste. Thus, alternative manufacturing 

technologies have been developed, such as airbrush spraying,65 inkjet printing,66 and sputter 

coating.67 Still, these methods are either costly or require an organic stabilizer or organic solvent, 

which are not eco-friendly. Furthermore, due to conductivity requirements in devices’ electrodes 
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with low resistance, consistent response and low fabrication cost need to be developed. In order to 

make a simple method, we developed an easy, low-cost, repeatable, and environmental-friendly 

filtration method for printing large-scale electronic circuits on flexible substrates for a variety of 

applications. 

This chapter presents a range of flexible sensors designed using two different 1D Au nanomaterials 

that are self-assembled using two different linker cations, Ca2+ and Pt4+. The self-assembled 

micron long Au NCs in aqueous phase serve as building blocks for interconnects, electrode pads, 

and the active sensing layer. Moreover, the Au-Pt4+ NCs form continuous Au-Pt nanowires after 

reduction, which offers the potential to enhance electronic conductivity due to continuous 

pathways for electron flow. The intrinsic stability and conductivity of Pt support the nanomaterials 

as circuits in wearable devices. The combination of good mechanical, electronic, and transport 

properties make these 1D morphologies promising as interconnects for wearable devices. 

Meanwhile, the Au NCs can translate multiple stimuli into a signal as the active layer. Along with 

the simple filtration process, it makes them economically accessible for widespread use. Most 

devices for health monitoring and the internet of things, IoTs, will be highly applicable in the 

developing world. Furthermore, the use of Au and Pt allows for safe handling by users without 

any health hazards. The fabrication of the devices typically involves multiple steps with deposition 

of a variety of materials which act as the sensing layers for different stimuli, interconnects, and 

electrodes. Here, we show a simple wearable device where all the device components are deposited 

by simple vacuum filtration on a flexible polymer filter membrane. The devices can accurately 

measure pulse rate, pulse pressure shape, ECG, and temperature. The building materials for all the 

device components are self‐assembled Au nanochains that are micron scale in size, but at a local 

scale, composed of 10-12 nm Au nanoparticles with a spacing of 1 to 2 nm between adjacent 

nanoparticles. This building block is used to make the sensing layer to detect all physiological 

signals, the electrodes and the interconnect traces by varying its deposition thickness. At limited 

deposition thickness, though the material is micron size in length scale, the presence of local 1 to 

2 nm gaps between nanoparticles serve as quantum tunneling barrier and lead to the observed high 

sensitivity and real‐time monitoring ability of the device in translating a variety of physiological 

responses to electrical signals.68,69 The pressure palpations (pulse pressure) can be sensed as they 

cause a change in the conductivity by modulating the interparticle spacing. The ECG signals act 

as a surface potential on the chains, which alters the local tunneling barrier and hence are detected 
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by the device.70 The tunneling across these multi‐junction chains is temperature sensitive which 

forms the basis for measuring the local temperature. 
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2 Experimental Section  

2.1 Synthesis section:  

2.1.1 Preparation of AuCa NCs 

Au NPs with a size of 10-12 nm, purchased from BBI Solutions OEM Limited, are capped by 

negatively charged citrate acid. The NPs can be stable in aqueous media without any surfactant by 

repulsion force. 105 µL of 1 mg/mL CaCl2 (99.0%, ACP chemicals Inc.) were mixed with 1 mL 

of the gold solution. Then the mixture was left on the shaker at a speed of 300 rpm overnight. The 

nanochains were successfully assembled when the color of the solution changed to dark blue, with 

a length ~250 nm to 1 micron.  

2.1.2 Preparation of AuPt NWs  

135 µL of 4.5 mg/mL PtCl4 (99.9%, Sigma Aldrich) was mixed with 1 mL gold nanoparticles, and 

then left on the shaker at a speed of 300 rpm until the solution color changed to dark blue. After 

the self-assembly process, the Pt ions were reduced by 75 µL of 4 mg/mL NaBH4 (99%, Sigma 

Aldrich), and the color of the solution turned to dark brown. The chains can be stably suspended 

in solution.  

2.1.3 Deposition of AuCa NCs on Au Chips 

The Au chip71 used in our previous work was first processed with piranha solution and then 

immersed into the AuCa NCs solution for an hour. Later, the Au chip was taken out from the 

solution and gently washed by Millipore water to remove the salt. In brief, the chip consists of 

interdigitated finger electrodes, with a gap of 2 μm between the electrodes.   

2.2 Fabrication of devices  

The wearable devices were prepared through the filtration process. The Polydimethylsiloxane, 

PDMS, masks were used to obtain the desired pattern of the active layer. For this, 2.0 g of silicon 

elastomer base was well mixed with 0.2 g elastomer curing agent from Dow Inc. and then cured 

at 75 ℃ for one hour. The patterns were obtained by CO2 laser cutting with a resolution of 1200 

dpi. The filter membranes (made by polycarbonate with 30 nm/200 nm pore size and polyamide 
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with 2 µm pore size) were purchased from Cytiva Whatman. Copper tape and silver paste were 

used to connect the contact gold pads and output the signals. The cost of each device is ~1-4 $USD.   

2.3 Characterization section 

Zeiss Ultraplus Field emission Scanning Electron Microscopy (FESEM) was used to image the 

morphology of samples and the deposition. Transmission electron microscopy (TEM) images were 

obtained with an FEI Titan 80-300 HB transmission electron microscope. The hydrodynamic size 

and Zeta potential were measured by Zeta Sizer Nano ZS90 from Malvern Instruments at 25 °C. 

The hydrodynamic diameter is calculated by the Stokes-Einstein equation. UV-Visible absorption 

spectra of samples were measured by Perkin Elmer Lambda 750 spectrophotometer.  

2.4 Electrical measurement 

Current-Voltage response of NC deposition and wearable devices were measured by 3458A 

Digital multimeter combined with 6614C 50 Watt system power supply from Agilent 

Technologies company. The measurements were conducted by using a two-probe method. For 

measuring the device response, one probe was connected to the Au pad, while another probe was 

connected to the ground. During the airflow testing, the response of devices was measured in a 

steady N2 flow with different flow rates controlled by a flow meter. In addition, a precise 

temperature controller (ITC4020, Thorlab) was used for the temperature sensing test to mimic the 

temperature stimulus.  

Chronoamperometry measurements of the wearable devices were done using an Ivium 

CompactStat Electrochemical Analyser by connecting two copper tapes using a two-electrode 

system to form a circuit. The additional bias for pulsation and ECG measurements are 0.01 V and 

0.1 V, respectively.  
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3 Results and discussion 

3.1 Characterization   

Figure 2.1 a illustrates the scheme of the self-assembly process of Au NCs by adding calcium 

chloride. Briefly, Au NPs have been stabilized in solution by repulsive forces of negatively 

charged citrate ions. Then, an optimized volume of Ca2+ ions is added to trigger the assembly. Due 

to the divalent nature of the Ca2+ ion and its interaction with the citrate ions, the cations partially 

neutralize the negatively charged citrate acid on the Au surface. This neutralization induces the 

electric dipole-dipole interactions, leading to the self-assembly of Au nanoparticles into Au NCs 

with micron long networks.17,71 The chains are made of 10-12 nm Au NPs with micron size 

assembly length and can be stable in an aqueous medium over two weeks. 

 

Figure 2.1 a) The schematic figure of self-assembled gold nanochains and gold pads after filtered 

on the flexible membrane used as building blocks with various patterns. b) The photo image of 1) 

the solution of self-assembled gold nanochains; 2) the solution after filtration. 3) the deposited 

conductive gold pads with solution volume density of 51 µL mm-2. Scale bar: 10 mm; 4) an active 

conductive gold layer with a volume density of 9 µL mm-2. Scale bar: 10 mm; 5) the final device 

(covered by a layer of plastic food wrap, and the copper tapes were used to connect the conductive 

pads to transfer the output signals). Scale bar: 10 mm; 6) and 7) the active conductive gold layer 

with volume density of 1.6 and 4 µL mm-2, respectively. The color of the active layer with the 

increasing volume density changes from light blue to shiny gold; 8) Image showing the membrane 

flexibility after device fabrication. c) The TEM images at low magnification and high 

magnification (the inset image) of self-assembled AuCa NCs. At low magnification, the length of 
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the branched chain network is in microns. At high magnification, the gaps of 1 to 2 nm between 

the Au NPs are easily observed. The scale bar in the inset is 20 nm. 

 

Transmission electron microscopy (TEM) images of Figure 2.1 c exhibit this morphology. At 

lower magnification, the AuCa chains are micron scale in size. As can be seen in the inset high-

resolution image (the inset figure), there is a gap between two adjacent Au NPs with a distance of 

1 to 2 nm. In a previous study, the thickness of the citrate layer is 8-10 Å.22 Therefore, the gap 

results from steric repulsion between citrate layers and Ca2+ ions on NPs, helping the dispersion 

of Au NPs to be stable in solution.  

 

Figure 2.2 a) the UV-Vis absorption spectra of Au NPs, AuCa chains, and AuPt chains after 

being reduced; b) The DLS results show the particle size distribution of Au NPs and AuCa 

chains, labeled by black and red, respectively. 

 

In Figure 2.2 a, UV-Vis absorption spectra present Au nanoparticles shifts from 520 nm to 620 nm 

due to coupling between the nanoparticles in the chains as a result of surface plasmon resonance.71 

This can also be proved by Dynamic light scattering (DLS) measurement. Following the assembly 

process, the hydrodynamic diameter increases from ~10-12 nm to ~250 nm (Figure 2.2 b). The 

Zeta potential of 10 nm Au NPs is -44 mV, which confirms that the citrate-capped Au nanoparticles 

suspended in an aqueous medium have a negative Zeta potential. This is caused by the layer of 

COO- of citrate acid. After adding the controlled amount of Ca2+ cations linker, the Zeta potential 

decreases to -30 mV. This indicates the nanochains surface is still negatively charged, and Ca2+ 

ions only function as linking bridge and only neutralize part of the citrate acid. When Ca2+ ions 
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bind with the COO- groups on the surface of Au NPs, the cluster became dipolar. This then leads 

to the cluster growth into a linear structure (more details in Chapter 1).36 

Platinum shows extremely high conductivity and chemically inert properties with high cost. In this 

work, we produced 1D Pt nanowires with the same method by using Pt cations instead of calcium 

salt. After the reduction, the Pt forms a continuous ultrathin cover on Au NPs with a high surface 

area. Similar to AuCa NCs, Pt4+ ions first work as a linking bridge to synthesize the 1D Au NCs. 

The assembled AuPt chains are on a 0.5 to 2 μm length scale with 1 to 2 nm interlayer spacing 

between adjacent Au NPs as well. Based on a previous study, almost half the amount of Pt4+ ions 

are adsorbed on Au NPs surface or are in the electrical double layer and half remained in the 

solution.9,72 Therefore, the concentration of absorbed Pt cations is much higher than the one 

distributed in solution due to the limited thickness of the electrical double layer. Hence, after 

adding NaBH4, which is a strong reducing agent, due to the difference of concentration, the Pt 

wires preferentially nucleate and grow on the Au NPs surface due to higher concentration based 

on the thermodynamics. The reduction of Pt ions in the solution results in the formation of a 

nanowire network.73 After the reduction, in low magnification TEM images (Figure 2.3 a), the 

final products chains form a highly porous network confirming the morphology of AuPt nanowires. 

The inset high magnification TEM image of AuPt NWs shows a continuous structure of these 

wires. Thus, the Au NPs are mostly covered by a continuous cover layer of metallic Pt. This 

ultrathin Pt layer exposes more active sites which benefit the electrocatalysis (this will be discussed 

more in part B). The electron energy loss spectroscopy (EELS) elemental maps exhibit this core-

shell structure, as shown in Figure 2.3 b. 

 

Figure 2.3 a) The low magnification TEM image of AuPt chains. The inset image is the high 

magnification. The scale bar in the image and inset are 100 and 20 nm, respectively. b) HRTEM 
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and EELS images of Pt shells (in orange color) on the Au NCs (in green color). The scale bars are 

2 nm. 

 

To better understand the formation of AuPt NWs, X-ray photoelectron spectroscopy (XPS) was 

carried out to examine the oxidation state of Au and Pt. After reduction (in Figure 2.4 b), the 

binding energies of Pt 4f7/2 are located at 71.1 eV and 71.9 eV, and for Pt 4f5/2 are located at 74.5 

eV and 75.4 eV, representing metallic Pt and Pt alloy, respectively. Similarly, Au spectra also 

present main metallic and small alloy Au peaks (in Figure 2.4 a), which further demonstrates that 

a small portion of AuPt alloy formed during the reduction.  

 

Figure 2.4 XPS spectra of a) Au, b) Pt, and c) survey of AuPt NWs. 

 

To confirm samples’ formation and crystal structures, we used the X-ray diffraction (XRD) to 

characterize them. Results are shown in Figure 2.5. The spectrum of Au NPs presents a prominent 

peak located around 38.4° (2θ), which can be ascribed to the diffraction from the (111) crystal 

planes of the face-centered cubic phase of Au (JCPDS no. 04-0784).74 Similarly, Au(111) plane is 

observed in AuPt NWs samples at 39.0°. The small shift is due to the formation of AuPt alloy 

during the reduction. The XRD spectrum of AuPt NWs also observes a set of diffraction peaks 

presented around 40.1° and 46.7°, which can be assigned, respectively, to the Pt (111) and (200) 

planes. These shifts about 0.3° compared to pure Pt indicate the ultrathin layer of Pt on Au NPs. 

The broadness of the peaks also confirms the formation of nano-size material. Based on the 

Scherrer equation (Size = Kλ / (FWHM  cosθ), where K is 0.9, λ is X-ray wavelength, FWHM is 
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the half maximum intensity, and θ is the Bragg angle), the calculated size of the Pt in these 

materials is 5.8 nm. 

 

Figure 2.5 XRD spectra of Au NPs and AuPt NWs. 

 

3.2 Current-voltage behavior of Au nanochains 

A low density of AuCa NCs is deposited across two Au electrodes which have a separation of ~2 

µm to investigate their conductive behavior. The deposition was checked by field emission 

electron microscopy (FESEM) (in Figure 2.6 a&b), which shows the sparse deposition of the AuCa 

NCs across the two Au electrodes. The gaps between neighbour Au NPs can be observed as well. 

The basic characteristics of current transport were determined by the multimeter. As shown in 

Figure 2.6 c, the nonlinear current-voltage behavior of Au nanochains is due to 

electron tunneling between the conductive particles.75 A Coulomb blockade behaviour with a 

threshold voltage of VT was also presented. The inset image is the oscillations of chains in the 

differential conductance due to single electron charging effects.76,77,78,79,80,81 The current fits a 

power law with an exponent of 2.67 typical for a 2D nanoparticle array with defects.77,81 These 

results show that the flow of electrons in these chains network is due to each isolated nanoparticle 

acting as a capacitor with a quantum tunneling barrier with adjacent nanoparticles. In contrast, the 

AuPt NWs with a similar concentration are deposited on the Au chip, as shown in Figure 2.6 d&e. 

Clearly, the current-voltage behavior (in Figure 2.6 f) of AuPt NWs presents a linear relationship 

with a much higher current response because of the absence of gaps. 
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Figure 2.6 The FESEM images of the sparse deposition of a) the AuCa NCs and d) AuPt NWs 

across the two Au electrodes; b) and e) are the related high magnification FESEM images, 

respectively; The current-voltage response of c) and f) related to a) and d). The current of AuCa 

NCs fits a typical power law with an exponent of 2.67 typical for a 2D array with defects, which 

is shown in red color. The inset is the plot of differential conductance. 

 

3.2.1 Filtration  

In order to produce a flexible device, the prepared gold chains with micron scale size can be filtered 

out using a polymer membrane filter of pore size (~200 nm) by vacuum filtration. This simple 

process does not require any special deposition methods or high-cost processing. Besides, due to 

the basic unit being a series of nanoparticles with 1 to 2 nm gaps in between, electron tunneling is 

the basic process that governs the flow of current and the response from devices made with this 

material.37,38,81 As seen in Figure 2.1 b, the initial blue colored Au nanochains solution becomes 

colorless after filtration. A layer of Au nanomaterials is deposited on the filter surface (as observed 

by its golden color). The formation of the device is then done by using PDMS masks that are 
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placed above the polymer membranes with the required patterns, and then the Au NCs are filtered 

through them, resulting in their deposition in pattern (schematic of Figure 2.1 a). The density of 

deposition is controlled by the volume of the solution filtered. At high deposition density, the 

patterns are shiny golden in color similar, and at lower density, they appear blue. A typical 

multilayer deposition of the Au NCs on the filter membrane is shown in Figure 2.7 a. 

 

Figure 2.7 a) The FESEM image of the deposition of the Au contact electrodes (condense 

conductive layer) and the active layer (low density layer) on a filter membrane. The boundary 

between the two blocks is clearly visible. The inset image is the high magnification FESEM image 

of the active layer, with a volume density of ~16 µL mm-2. It clearly shows the uniform deposition 

of the nanochains. b) The current response of devices with various deposition volume densities at 

1 V applied bias. 

 

The stacked Au NCs maintain the chains morphology. Meanwhile, due to the multilayer, the 

randomly dispersed chains form a highly porous network. The contact pads and the interconnect 

traces are made with 51 µL mm-2 deposition of the AuCa chains solution, while the active layer of 

the devices is made with 9 µL mm-2-16 µL mm-2 of the chain solution. The density of deposition 

is normalized by the area of deposition. At densities lower than ~4 µL mm-2 of AuCa chains 

solution, the current levels are very low for accurate measurements. Depositing such 1D metal 

nanochains in 3D arrays with multilayer thickness leads to a highly conducting electrical network 

with a linear behavior in I-V response. The current response of devices with various deposition 

densities at an applied bias of 1 V is shown in Figure 2.7 b. With the increase of deposition volume, 

the conductivity increases overall. The device starts to show the conductivity from ~4 µL mm-2 
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with quite high resistance. Therefore, it is considered that at the deposition of chains at ~4 µL mm-

2, the percolation threshold is reached. The 1D morphology possesses a high aspect ratio, so less 

amount of gold solution is needed to obtain the conductivity. In a 3D system, the value of 

conductivity is proportional to the mass fraction.83 Hence, a rapid increase in conductivity is 

observed above a deposition density of ~8 µL mm-2 due to the increase of the percolation pathways 

for electrons.49,84 This simple filtration method can easily control the loading density of nanochains. 

This allows deposition to range from low-density arrays that have low conductivity and are 

sensitive to external modulations to the other extreme of high-density arrays with high conductivity 

that are insensitive to any external modulations. However, the electron conduction mechanism is 

still governed by tunneling due to local gaps in the conduction pathways, similar to other fractal 

systems.68,81 

 

Figure 2.8 The flexibility of the device tested by cyclic bending tests where it is bent to 90o. a) The 

electrodes made by the process show no degradation in their conductivity even after 1700 cycles; 

b) The active layer also shows no change in conductivity after 1700 cycles; c) and d) the FESEM 

images of the electrodes and active layer after 1700 cycles bending with no obvious cracks 

presented, respectively. 

 

The flexibility of deposited Au NCs is illustratedby bending at 90 degrees over 1,700 cycles. As 

can be seen in Figure 2.8 a&b, the conductivity of various loading densities of AuCa NCs does not 

show any obvious change. The FESEM images in Figure 2.8 c&d also prove that the chains are 

still connected with each other after the bending showing the excellent flexibility of Au NCs.  
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We also investigated the correlation between the filter’s pore size and assembly size. The size of 

the chains and the pore size of the filters critically affect the fabrication of the devices. The photo 

images of the devices (in Figure 2.9) were made by three different pore size filter membranes, 

including 30 nm, 200 nm, and 2 µm, using AuCa NCs with a volume density of ~51 µL mm-2. As 

for the 30 nm pore size membrane, the coffee ring effect is clearly observed (some part of the 

materials stacked at the edge of the shape) and the existence of breaks. Therefore, the conductivity 

decreases greatly. Also, the 30 nm filter membrane needs more time to drain the solution for the 

process, and it usually needs more than 12 h. While the 200 nm pore size only needs 1 to 2 minutes 

to obtain the device. Meanwhile, the resistance is 50 orders of magnitude higher than the device 

using a 200 nm filter. The longer time for draining leads to significant evaporation of the solvent 

(water), leading to the coffee stain effect. The 2 µm pore size device presents light blue color even 

for the conductive pads, and the conductivity is barely observed. This could be as the Au NCs are 

smaller than the pore size, so most chains are filtered through the pores. Therefore, the filter 

membrane with proper pore size is necessary. Also, a smaller chain size will lead to a decrease in 

the conductivity at the same volume. This is as the percolation threshold increases, when the aspect 

ratio of the chains is smaller. 

 

Figure 2.9 The deposited AuCa NCs with a solution volume density of 51 µL mm-2 using a) 30 

nm, b) 2 µm, and c) 200 nm pore size filter membrane. Scale bar: 10 mm. 

 

3.2.2 Temperature sensor 

The dependence of the conductivity of films on temperature has been studied as well. The presence 

of a tunneling barrier in the chains also makes them sensitive to temperature at low applied bias.85 

The increase in temperature effectively increases the tunneling probability and hence the current.86 

The signal (current) hence increases directly with the stimulus (temperature).68,69,85 This is in 

contrast to the decrease in current with increasing temperature (due to classical charge transport 
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and scattering87) observed in traces of metal films that are continuous in structure (e.g. of Au and 

Pt) and commonly used to sensing temperature in such devices.  

Human body temperature is one of the vital signals, which is necessary to guarantee normal life 

and metabolism. However, most conventional temperature sensors are stiff and brittle with low 

temperature responses. Therefore, the development of soft, flexible, and real-time sensitive 

temperature sensors is needed. The complete device is made of 1D Au nanomaterials with micron 

scale size interlinked using Ca2+ ions or Pt, and they are safe for use and application on human 

skin. The filter and the deposited thin layer of Au NCs are highly flexible and can be bend without 

performance loss, enabling their routine use. Figure 2.10 a shows the resistance of the AuCa NCs 

device decreases as the temperature increases from 35 to 45 °C with a high sensitivity of 4 %/°C, 

which is among the best reported values for temperature sensing use in wearable devices.88,89,90,91  

 
 

Figure 2.10 The resistance changes with the increasing temperature: a) AuCa NCs device with 

volume density of 19.5 µL mm-2 with a sensitivity of ~4% per °C, b) AuPt NWs device with 

volume density of 51 µL mm-2 with a sensitivity of ~0.2% per °C. 

 

In contrast, the resistance increases with temperature as expected for continuous metal structures 

(the 51 µL mm-2 of AuPt deposited on filter membrane with a resistance less than thousands Ohms 

presents the temperature response in Figure 2.10 b), confirming the role of tunneling junctions in 

temperature response from the device. The temperature sensitivity of the AuPt NWs device is 

0.2 %/°C. The equation can explain the effect of temperature on the tunneling behavior of the 

AuCa NCs: 

𝜎 ∝ exp(−
𝐸𝐴
𝑘𝐵𝑇

) 
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where EA is the activation energy and kB is the Boltzmann constant.83  

The volume of the filtering solution can tune the number of deposited layers. At a low count of 

layers, such arrays are highly sensitive to changes in any external stimuli that modulate their 

resistance. However, at a very high layer count, these arrays have an ohmic response with very 

high conductivity resulting in reduced sensitivity to external stimuli.78,79,80 To show the basis of 

this strategy, devices are made with varying amounts of the Au NCs deposited, and the air is made 

to flow on them (normal to the device plane), which acts as a pressure stimulus.  

The air flow induced pressure response was detected in the range of 1-4 liter per minute (LPM). 

The results from airflow testing show (in Figure 2.11) that the highest sensitivity to pressure is 

obtained with the lowest density of deposition (at ~4 µL mm-2 of the chain solution). As the 

deposition density increase (to ~8 µL mm-2, 16 µL mm-2, and then 51µL mm-2), the sensitivity to 

the flow rate decreases. The critical point is that at the deposition of 51 µL mm-2 of the AuCa 

chains solution, the device shows almost no sensitivity to any airflow rate (less than 3.5‰ 

response). It could be the gold chains oscillated when applied the vertically oriented airflow 

pressure, so the contact area is increased. Also, the interlayer spacing is compressed with the 

decrease of resistance. Compared with low loading density, the space area for oscillation is much 

less in higher density resistance devices, which explains the much less response of the airflow. For 

repetitive cycles, the device shows no noticeable degradation.  

As discussed in the previous chapter, external force induced change in the gap distance between 

neighboring nanomaterials results in a change of the tunneling resistance for nanomaterials which 

will modulate the output signal (current).10 The sensing of the pressure is due to the modulation of 

the interparticle distance between chains that are deposited in a multilayer configuration. A typical 

response in current to applied load (using a load cell) is shown in Figure 2.12 d, where a decrease 

in resistance is observed with increasing pressure. The applied force reduces the interparticle 

distance, which affects electrical conductivity. This can be used as a physiological sensor to detect 

pressure variations due to, for example, pulse palpations. In the vertical direction, the distance was 

decreased because of the applied pressure, leading to more percolative conduction pathways. This 

reduces the resistance and increases the current.93,94  



 
32 

 

Figure 2.11 The sensitivity of devices with varying amounts of Au NCs deposited to applied 

airflow acts as a pressure stimulus. 

 

 

Figure 2.12 a) Radial artery pulse waves under normal state and after exercise, the pulse rate 

increased from ~65 to ~88 pulse/min. The inset image shows the detailed information in 5 s of the 

pulse wave in two situations; b) The detailed features of the pulsation wave, which shows the 

percussion wave (which is related to systolic pressure), the tidal wave (which refers to inflection 

point), and the diastolic wave (which follows the dicrotic notch) labeled as ♦, *, and ▲, 

respectively; c) The Fast Fourier Transform Algorithm (FFT) of the output pulsation signals; d) 
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The real-time response of resistance related to an external stress loading; e) A wearable monitor 

where the device is wrapped on the wrist by mounting it on a strap.84 

 

This analysis is then used as the basis for making the device for sensing pulse pressure. A wearable 

device is made for sensing the pulse rate and its pressure profile. A typical configuration is made 

where a low density of the Au NCs is deposited between two contact pads (made by deposition of 

the Au NCs with ~51 µL mm-2 solution volume density). The top surface of the device is then 

covered with food-grade wrap (made from polyethylene) that is safe for human body contact. The 

protective layer functions to isolate the device from electrical contact with human skin. Only the 

pressure modulation from the pulse will be transmitted as a stimulus to the device. A typical pulse 

rate measurement is shown in Figure 2.12 a. We observe a typical pulse rate of ~65 pulse /min. A 

pressure profile of the individual pulse (Figure 2.12 b) shows the typical detailed feature of the 

systolic pressure, the percussion wave (which is related to systolic pressure), tidal wave (which 

refers to inflection point due to reflected pressure wave), and diastolic wave (which follows the 

dicrotic notch) labeled as ♦, * and ▲, respectively.95,96,97,98 The ability to record the pressure profile 

is crucial as its shape variation is considered a marker for medical conditions. After exercising, the 

measured pulse rate shows a significant increase reaching ~88 pulse/min (on the same subject). In 

order to evaluate arterial stiffness, the radial artery augmentation index (AIr), radial diastolic 

augmentation index (DAI), and round-trip time of a reflected wave are commonly introduced.98,99 

AIr = Intensity of tidal wave/Intensity of percussion wave  100 % 

DAI = Intensity of diastolic wave/Intensity of percussion wave  100 % 

Under the normal state, the average values (from five pulse waves) of AIr, DAI, and the cardiac 

cycle period are calculated to be 71, 40, and 1.08 s, respectively. After physical exercise, AIr, DAI, 

and the cardiac cycle period changed to 49, 23, and 0.65 s as a result of a larger contractile force 

is required to provide the blood to the activated muscles rapidly. Also, the reduced cardiac period 

after exercise was mainly because of the decreased diastolic time. All the results fit the reported 

range.99,100,101   
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3.2.3 ECG signals 

The final set of signal monitoring is based on the ability of the device to record ECG due to 

modulation of the body’s potential from the beating of the heart. This is fashioned as a single lead 

ECG placed on the wrist away from the pulse region. The two electrode pads are made with high 

density AuCa NCs (51 µL mm-2 deposition) while a thin layer of the AuCa NCs (9 µL mm-2) is 

deposited between them. The changes in the skin potential act as a surface potential on the device 

layer and similar to gating leads to current modulation in the device. The change in the current 

through the device hence depicts the ECG signal similar to a single lead recording. A recorded 

signal from the device on the wrist is shown in Figure 2.13. As can be seen in Figure 2.13 a, the 

typical R-R wave is observed.102,103 The width of a single pulse is ~0.85 s, which leads to a beating 

rate of 70 per min, which is easily calculated through the FFT Algorithm of the output ECG signals 

shown in Figure 2.13 b. The amplitude level difference between the three regions is small, which 

is a typical feature of single-lead ECG. Further to clarify that the signal is due to the gating effect 

on the active layer, control measurements on the device with only the contact electrodes show no 

significant modulation in measured potential. At the same time, recording the voltage modulation 

across the device instead of current also does not lead to an appreciable signal, confirming that the 

modulation of the surface potential on the active layer is the reason for the observed signal. The 

presence of a series of tunneling junctions makes the device sensitive to small modulations in the 

surface potential.70,104 This is further confirmed by having a reference electrode with the device (a 

three-electrode set-up) in an aqueous medium and using it to act as a liquid gate.70 The three-

electrode device is fabricated with the active layer of AuCa NCs bridging the working and the 

counter electrode. An Ag/AgCl electrode is made and used to vary the gate potential on the Au 

chain active layer. With applied bias across the active layer, the change in the gate voltage 

modulates the current in the device. Clearly, the current response decreases with an increase of 

gate potential. Even a small change of 0.5 mV is enough to cause a modulation in the current in 

the active layer of AuCa NCs (Figure 2.14 b&c) with a sensitivity of 1.2 µA V-1. A typical potential 

difference for a QRS complex is larger than 1 mV. This signifies the ability of the NCs to sense 

small changes in the surface potential. 
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Figure 2.13 a) The output ECG signals from the device on the wrist placed away from the position 

of the radial artery and the inset figure on the right presenting the detail information of ECG in 2 

s. The typical regions of the QRS complex (represent typically ventricular depolarization) and T 

wave (represents typically ventricular repolarization) are observed. The width of a single pulse 

under the normal state is ~0.85 s which leads to a beating rate of 70 per min. After exercise, the 

beating rate increased to 120 per min, ~0.55 s. The inset on the left shows the typical profile of an 

ECG pulse. b) FFT spectra of the ECG signals in (a) showing the dominant peaks at 1.15 Hz 

(normal state, black line) and 2.02 Hz (after exercise, red line), refer to the beating rate of ~70 and 

~120 per min, respectively. 

 

 



 
36 

 

Figure 2.14 The current modulation as the change of gate potential with various applied bias across 

the active layer.  
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3.3 Conclusion 

We have presented a simple method of using quantum tunneling effects in a macroscale material 

to record a variety of human physiological signals. The device is easy to fabricate and has a rapid 

response and high sensitivity with multifunction compared to other reported devices (Table 2.1). 

The device functioning relies on branched chain assembly of Au nanoparticles with 1 to 2 nm gaps 

between adjacent particles. The net effect is that the charge transport in these chains is governed 

by the tunneling phenomena and nanoscale capacitive (and charging) effects when deposited in 

low density. While at a high density of deposition, the material functions similar to a highly 

conductive film. The microns size scale of the assembly allows the use of simple vacuum‐based 

filtration to make the devices. Further, as the chains have a porous network structure when 

deposited in low density, the device is sensitive to pressure modulations. This allows accurate 

measurement of the pulse pressure and shape. The sensitivity of these NCs to temperature and 

surface potential due to the tunneling effect allows us to measure the temperature in the 

physiological range and the modulation in skin’s potential due to cardiac palpations.68,69 Therefore, 

in a simple device configuration, all the three main human physiological signals have been 

incorporated. The simple process of making this macroscale material and then its fabrication into 

devices presents a new avenue to integrate quantum tunneling‐based sensing into wearable devices 

in a cost-effective manner that does not require any special fabrication methods. 
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Table 2.1 A performance comparison of devices for measuring human physiological signals 

 

Materials Method 
Sensing 

mechanism 
Sensitivity 

Response 

time 
Durability Application Ref. 

Au NCs 
Self-assemble and 

filtration 
Tunneling effect 

4 %/°C; 47 Ω kPa-1; 

1.2 µA V-1 
< 50 ms 

>1700 cycles 

90° bending 
cycles 

Pulse, ECG, 

temperature 

This 

work 

Graphene 

nanoplatelet 
network 

Marangoni‐flow 
driven convective 

assembly and 

microtopography‐

guided transfer 

technique 

Resistance Gauge factor of 1697 < 0.1 s > 100000 cycles 

Pulse, 

breathing, 
hand‐motions 

105 

Carbon nanotube 
Screen-printed, 

spin‐coating 
Field effect ~0.89 %/°C   

ECG, 

Temperature, 
UV exposure 

95 

Multiwall 

carbon 

nanotubes-based 

material 

Printing methods Resistance 0.85 %/°C  
100 times per 

30 h of 
attachment 

ECG, 

Temperature 
106 

3D graphene 

foam and carbon 
nanotubes 

Chemical vapor 

deposition 
Resistance Gauge factor = 35 30 ms >5000 cycles 

Pulse, venous 

pressure, 
body motions 

107 

Gold nanowires Drop casting Resistance 
Gauge factor of 6.9-

9.9 
< 22 ms 5000 cycles 

Human 

motion, Pulse 
49 

Single-walled 

carbon 

nanotubes, Gold 
film 

Chemical vapor 

deposition, 

sputtering 

Tunneling effect 1.2 %/°C < 60 ms >10000 cycles 

Pulse, 

respiration, 

temperature 

90 

Reduced 
graphene oxide, 

polyurethane 

Spin-coating 
Field-effect, 

tunneling effect 
0.67 %/ °C  6000 cycles 

Human 

motion, 

pulse, 

temperature 

89 
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Part A Self-Assembled Au NCs as building blocks to fabricate flexible 

devices 

Chapter 3 A simple deposition method to produce AuPt NWs based 

stretchable devices/electrodes 

1 Introduction 

High performance stretchable devices are leading to new application in the fields of IoTs and as 

next‐generation devices to improve the quality of life. Examples of such devices are as circuits, 

transistors, light‐emitting diodes, energy harvesters, photodetectors and stretchable energy‐storage 

devices.108,109 There are two primary approaches to prepare such a stretchable device: 1) embed or 

deposit the stretchable conductive materials on an elastomeric substrate with percolating 

network;109 2) modify the structure of non‐stretchable (but flexible) materials into wrinkled 

configurations to create a stretchable electronic device without inducing significant strains in 

materials.109,110 

Highly conductive metal-based materials are commonly used.108 Various morphologies have been 

studied as conductor, including 0D sphere, 1D fibers or nanowires, and 2D sheets or crack‐based 

thin film.111,112 Metal nanowire percolation networks have been intensely researched due to the 

specific shape and high aspect ratio, which are important factors that can affect the conductivity.110 

Although Ag and Cu are more commonly used to develop stretchable conductive composites 

because of the lower cost and high electrical conductivity, they are easily oxidized. Au is an 

excellent alternative owing to its intrinsic low resistance and high stability against oxidation.111 

Here, we report an indirect deposition method to prepare stretchable devices. In this method, the 

conductive electrode materials are initially deposited on a filter membrane by a simple filtration 

method which can achieve large area deposition in the desired pattern at a low cost. Then the 

materials on the filter are transferred on the elastomeric substrate to measure the performance. We 

prepared two modes of stretchable devices to compare the samples’ conductive performance: 1) 

deposit on a substrate without any pre-strain; 2) deposit on a substrate with an applied 100% pre-

stretched strain. The embedded conductive materials are AuCa NCs and core-shell structured AuPt 
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NWs network, which are microns scale in length and are fabricated by a facile aqueous phase route. 

In addition, an ultrathin layer of Pt coveres10 nm Au NPs and possesses high conductivity and a 

high aspect ratio. The conductive behavior for all the devices depends on the morphology of the 

conductive filling materials. The flexible patterns can be integrated as electrodes with other 

devices like photodetectors. 
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2 Experimental section 

2.1 Synthesis Section 

2.1.1 Preparation of AuPt NWs 

135 µL of 4.5 mg mL-1 PtCl4 (99.9%, Sigma‐Aldrich) were mixed with 1 mL gold nanoparticles, 

with a size of 10 to 12 nm, purchased from BBI Solutions OEM Limited, and then left on the 

shaker with a speed of 300 rpm until the solution color changed to dark blue. After the self‐

assembly process, the Pt ions were reduced by 75 µL of 4 mg mL-1 NaBH4 (99%, Sigma‐Aldrich) 

turned to dark brown. The chains are stable over two weeks.  

2.1.2 Preparation of AuCa NCs 

105 µL of 1 mg mL-1 CaCl2 (99.0%, ACP chemicals Inc.) were mixed with 1 mL gold 

nanoparticles and left on the shaker at a speed of 300 rpm overnight. The nanochains were 

successfully assembled when the color of the solution changed to dark blue, with a length of ~250 

nm. 

2.1.3 Fabrication of Devices 

The wearable devices were prepared through the filtration process. First, the PDMS mask was used 

to obtain a particular pattern of the active layer. (2.0 g of silicon elastomer base was well mixed 

with 0.2 g elastomer curing agent from Dow Inc., then cured at 75 °C for one hour.) Then, the 

desired patterns (such as a rectangle shape with 20*3 mm2) were obtained by laser cutting. The 

polycarbonate filter membranes with 200 nm pore size were purchased from Structure Probe, Inc. 

Various loading densities of the NWs were first obtained by a simple filtration method. Then, a 

device was obtained by putting the PDMS mask on top of the filter membrane. Once the device 

was totally dried, the materials were transferred onto the stretchable substrate (3M™ VHB™ Tape 

4910, acrylic adhesive foam with viscoelastic nature). This process was done by putting the 

material filter onto the tape such that the material was in contact with the tape. With the help of 

water, Ethanol, and applied pressure, the conductive materials could be fully transferred on the 

substrate due to the viscoelastic nature of tape. The eutectic GaIn alloy was used to connect the 

devices to characterize their electrical response on subjecting them to stretching cycles. 
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2.2 Characterization Section 

Zeiss Ultraplus FESEM was used to measure the morphology of samples and the cracks under 

strain.  

2.3 Electrical Measurement 

The current-voltage response of the devices was measured by a 3458A Digital multimeter 

combined with a 6614C 50 Watt system power supply from Agilent Technologies Company. The 

measurements were conducted by using a two‐probe method. First, the stretching and releasing 

process was precisely controlled by CONEX-MFACC linear stage with the CONEX-CC controller. 

Then, the devices’ periodic stretching/releasing tests were performed using this linear motor to 

apply a tensile strain at a rate of 0.01 mm/s or 0.25 mm/s. The current response was the real-time 

recorded by the multimeter.  

A key parameter of stretchable resistive strain sensors is gauge factor (GF), defined as:  

GF = (ΔR/R0) / ε 

ε = (ΔL/L0) × 100% 

where ΔR is the relative resistance change, R0 is the initial resistance of the electrode, ε is the 

tensile strain, ΔL is the relative distance change, and L0 is the initial distance of the electrode.113 
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3 Results and discussion 

The schematic images (in Figure 3.1) present the process for the fabrication of a stretchable device. 

First, the device pattern was made through a simple vacuum filtration process. Then the filter 

membrane was directly stuck on the substrate by facing the active materials to the adhesive acrylic 

tape. A layer of water was added on top of the filter membrane. This increases the adhesive force 

between the conductive filling materials and tape and expands the distance between the electrode 

and filter membrane due to water molecules and the capillary force. Later, with the use of ethanol, 

the filter membrane could be easily peeled off from the tape, while the electrode was nicely 

transferred on the stretchable matrix. After the transfer process, the bottom side of the electrode 

becomes the top surface. Thus, the flat filter substrate (the filter membrane) aids in the formation 

of a smooth and flat surface.110  

 

Figure 3.1 The schematic image of the stretchable device fabrication process: a) is the pre-stretched 

device, and b) is the scheme of a device without pre-applying any tensile strain.  

     

As can be seen in Figure 3.2, the FESEM images illustrate the deposited AuPt NWs and AuCa 

NCs samples on the stretchable adhesive substrate without pre-applying any strain shows a smooth 

surface but with a lot of micro flakes separated by microcracks. Furthermore, as seen in the high 

magnification FESEM (in Figure 3.2 c), the cracks with 10-50 nm width are connected by AuPt 
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NWs between adjacent blocks. These kinds of interconnections could protect the film from strain 

induced fractures. Furthermore, this preparation method can transfer the whole electrodes and 

provide a simple way to fabricate a scalable stretchable device with microcracks, as is discussed 

below. In Figure 3.2 d, the AuCa NCs device presents cracks with 50 to 200 nm width and smaller 

cracks labeled in the blue circle. As seen in high-mag FESEM images, the spots on the electrode 

surface are caused by the pores on the filter membrane. 

 

Figure 3.2 The FESEM images of a) and c) AuPt NWs and b) and d) AuCa NCs device. Red circles 

in image c) label the adjacent blocks that are interconnected by AuPt NWs. Blue circles in image 

d) label the smaller cracks in AuCa NCs.  

 

3.1 The substrate tape without applying any pre-stretched strain 

Firstly, the relationship between the loading density of conductive filling materials and the 

device’s conductivity is investigated to show the possibility of this fabrication method. Three 

different loading densities of AuPt NWs are deposited in rectangle block shapes, 25.0, 16.7, and 

12.5 μL mm-2, respectively. The resistance of the three deposition densities is 3.57E+03, 4.00E+05, 
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and 7.14E+08 Ohm, respectively. The resistance is derived from two components: the resistance 

of each flake made of AuPt NWs and the contact resistance between neighbour flakes. The device 

with the lowest loading has sparsely distributed percolation networks and hence possesses the 

highest resistance, which is 5 orders magnitude higher than the highest loading device. Higher 

loading leads to higher conductivity before applying strain due to more percolated pathways. The 

AuPt NWs device with 25 μL mm-2 has high enough conductivity, which will be mainly discussed 

later.   

Secondly, 1D gold nanochains linked by Ca2+ cations are used to better investigate the relationship 

of resistance with morphology. At the loading density of 33.3 μL mm-2, the resistance of AuCa 

NCs is almost the same as the 25.0 μL mm-2 of AuPt device (7.14E+03 Ohm). Due to the presence 

of continuous Pt cover with extended Pt wires, less loading density of AuPt is needed to reach high 

conductivity compared with AuCa NCs. Even though the AuCa NCs possess a high aspect ratio, 

there are gaps with 1-2 nm that increase the resistance. Furthermore, AuPt NWs are longer than 

AuCa NCs. The AuPt NWs possess the percolation networks with fewer junctions, resulting in a 

lower total junction resistance. Au and Pt present chemical stability and high electrical 

conductivity. However, too much loading causes the formation of bulk chunks after the filtration 

process, decreasing the conductivity. Therefore, the high density in loading is limited to ensure the 

stability of the device structure.  

Then, the current response was recorded as a function of time under various tensile strains to study 

the performance of stretchable devices. The stretched length was precisely controlled by a motor 

controlled stage. We measured the current response of devices in two modes: first, the responses 

were recorded after the devices were stretched to specific strain; second, the response with 

repetitive stretching/releasing cycles was continuously measured.  

The current response of AuPt NWs device with 25.0 μL mm-2 loading density was recorded as a 

function of increasing strain until the device resistance increases to 100 kOhm. The strain sensor 

of the devices can be characterized by:114,115,116 

∆𝑅

𝑅𝑜
= 𝑒𝑔 − 1 
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where g is the gauge factor (GF), and 휀 is the strain. From the equation, the AuPt NWs device 

presents GF=110 in the range of 0-6.67% strain. Then the current response to a tensile stress of 

the AuCa NCs device with the loading density of 33.3 μL mm-2 was measured. The GF is 243 in 

the range of 0-2.5%, as demonstrated in Figure 3.3. This confirms the continuous networks and 

extended nanowires can enhance the conductive performance of the 1D gold nanochains. The 

resistance of these two devices increases with the increase in applied strain. Typically, the devices 

using an elastomer matrix show immediate response with external strain. However, the matrix 

needs a longer relaxation time to restore to the initial state at high moving speed (of the stage for 

application of the strain).  

 

Figure 3.3 Relative resistance change as a function of the strain of AuPt NWs device and AuCa 

NCs device. Fitting results (in dashed lines) of strain sensing calibration curves are according to 

the exponential law. 

 

We also prepared a device made by sputtering a layer of gold with a thickness of 30 nm (Au film). 

From the FESEM images (Figure 3.4 a&b), it is a continuous film without any obvious cracks. 

The initial resistance is ~12 Ohm. This initial high conductivity is attributed to the absence of 

microcracks. In comparison with the Au film, the AuPt NWs devices have a thicker thickness 

(~150-200 nm) due to the highly porous networks.  
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Figure 3.4 FESEM images of Au film on the substrate in a) low magnification and b) high 

magnification; c) Relative resistance change as a function of the strain of Au film device. 

 

From the data, AuPt NWs device can endure the highest strain compared with AuCa NCs device 

and Au film. This makes them suitable as flexible electrodes. In this work, after the filtration 

process, AuPt NWs form a condense film that presents outstanding conductivity. After the transfer 

process onto a stretchable substrate from the FESEM images (in Figure 3.5) it is observed that 

short and narrow microcracks form both parallel and perpendicular to the tensile stress direction. 

The length and width of the cracks are about 10 to 30 µm and ~10 to 50 nm, respectively. As 

shown in low magnification FESEM images (Figure 3.5 b), the cracks, that are perpendicular to 

strain direction, change from several nanometer scales to ~1 μm under 6.67% strain. The strain‐

induced change of gaps is responsible for reducing conductive pathways, reflected by the output 

current response.49 The flakes are ~10-20 μm large but stay connected parallel to the direction of 

strain force. Additionally, under high magnification FESEM images (inset image in Figure 3.5 b), 

the interconnections made by AuPt NWs are clearly observed, which help to maintain the pathway 

for charge carriers. Thus, when the matrix has been stretched, the micro flakes remain connected 

due to the NWs. The contact between two adjacent gold flakes also plays a role as the transfer 
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bridge for charge carriers. Therefore, inter-crack conduction dominates the resistance with applied 

strain.114  

 

Figure 3.5 FESEM images of AuPt NWs device: a) 0% strain, b) 6.7% strain, c) 12.5% strain and 

d) 25% strain, with gap sizes of ~10 to 50 nm, ~1 µm, ~1.5 µm, and ~2 µm, respectively. Higher 

strain applied on the devices results in larger crack formation. The inset is the high magnification 

FESEM image under 6.7% strain which presents the interconnections by AuPt NWs.  

 

Then, the current-voltage response was measured to calculate the resistance after releasing the 

strain to test the reproducibility. All the I-V curves present a linear relationship, indicating the 

devices show an ohmic property. After releasing the strain, the gaps between the adjacent islands 

decrease when the device is under strain. Thus, the device’s conductivity can be fully recovered 

after application of 12.5% strain, and it retains ~65% conductivity after application of 37.5% strain. 

The FESEM image in Figure 3.6 a shows that the cracks for a fresh device are in the range of 10 

to 50 nm. After releasing the strain, the size of the gaps increases to microns, but the flakes are 

still connected as labeled in red cycles Figure 3.6 b. At higher strains, the density of the cracks 

increases, and smaller micro flakes are observed.    
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Figure 3.6 FESEM images of AuPt NWs a) before and b) after releasing 100% strain. The red 

circles in b) show the flakes are connected. 

 

The gauge factor of AuCa NCs device is larger than AuPt NWs device because of their non-

continuous 1D nanochains morphology. From Figure 3.7 a&c, even though the cracks with less 

than 200 nm width, there are hardly any interconnection presented. Thus, when a strain force is 

applied on the AuCa NCs sensor, the adjacent flakes are gradually separated, and less contact and 

interconnection lead to a less current pathway.112 Thus, the conductivity of AuCa NCs device is 

more sensitive to external strain. When a small strain is applied, the neighboring islands are 

separated with fewer connections, while at larger strains, the joints between the islands and the 

flow of current are hindered. Similarly, once the strain on the device is fully removed, the contact 

between adjacent flakes is recovered, and the current pathway is reformed, restoring the current 

flow. However, there is still a slight decrease of conductivity as a not complete recovery of the 

connection is achieved.110 
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Figure 3.7 FESEM images of AuCa NCs device: a) and c) 0% strain, b) and d) 6.7% strain with a 

gap size of 50 to 200 nm and 200 to 300 nm, respectively. Higher applied strain on the device 

results in the formation of larger crackers.  

 

As for the Au film, the external strain force leads to the forming of 3 to 5 μm width cracks at 3.5% 

strain (proved by Figure 3.4 c and FESEM image Figure 3.8 b), resulting in a sharp decrease to 

nearly 0 current. This could be because no interconnections are formed between the cracks, which 

lose the connection under the stain. Meanwhile, once the strain is released, the current response 

bounces back to the initial state. As a result, the gap size of cracks decreases, and separated islands 

begin to contact again with overlapped flakes, which recovers the conductivity. However, after 

total recovery, application of a higher strain (7%) leads to a decrease in contact area between 

adjacent islands and wider cracks are formed. This leads to an increase in the film’s resistance by 

5 orders magnitude higher.117 Thus, higher tensile strain causes the decrease of contact area 

between adjacent islands and wider cracks are present.117 All the samples can endure thousands of 

cycles and remain conductive within a certain range after releasing the strain. Relevant data are 

listed in Table 3.1.  
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Figure 3.8 FESEM images of Au film at a) 0% strain and b) 3.5% strain; c) The low magnification 

and d) high magnification FESEM image of Au film device after releasing the 7% strain. 

 

Table 3.1 Relevant conductivity change under tensile strain and repeated cycles. 

 Strain i% Ii/I0 Ii-back/I0 Repeated Cycles Ii-cycles/Iback 

AuPt 

NWs 

1.25 0.552 0.793 100 0.959 

3.13 0.207 0.655 100 0.974 

6.25 0.014 0.621 100 0.953 

9.38 0.003 0.690 100 0.948 

12.5 0.000 0.683 100 0.999 

37.5 0.000 0.655 100 0.973 

AuCa 

NCs 

1.25 0.053 1.405 100 0.927 

2.5 0.001 0.800 100 1.008 

5 0.000  100 1.151 

10 0.000  100 1.046 

30 0.000  100 0.825 
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Au 

film 

2.5 1.034 1.036   

5 0.000 1.069 3 1.167 

10 0.000 0.000   

Ii is the conductivity with the device under strain; 

I0 is the conductivity before application of any strain; 

Ii-back is the conductivity after the applied strain is removed; 

Ii-cycles is the conductivity after repeated stretching/releasing cycles at certain strain. 

Thus, the electrical properties of stretchable electronic devices mainly depend on the morphology 

of embedded conductive materials. In addition, the generated microcracks with interconnections 

facilitate the free movements of carriers, unlike bulk cracks which cause full loss of conduction.108 

 

3.2 The substrate with 100% pre-stretched strain 

We also deposited the AuPt NWs, AuCa NCs blocks, and Au film on a 100% pre-stretched 

substrate (AuPt NWs-pre, AuCa NCs-pre, and Au film-pre device), with 25.0 and 33.3 μL mm-2 

loading density and 30 nm thickness, respectively. From the FESEM images (Figure 3.9), it is 

observed that after releasing the strain, AuPt NWs-pre, AuCa NCs-pre, and Au film-pre device 

form wrinkles that are uniformly aligned perpendicular to the direction of strain over the whole 

film. These wrinkles are formed due to the compressive force in the longitude direction. The 

distance between adjacent wrinkles is ~5 to 10 μm. As for AuPt NWs-pre and AuCa NCs-pre 

device, the edge of each wrinkle can be clearly observed on the cross-section of the flakes. 

Meanwhile, the formed microcracks are aligned parallel to the strain direction with relatively 

uniform size (~2 μm) due to the tensile stress in the lateral direction.117 The difference between 

the two kinds of devices is that the AuPt NWs-pre device presents interconnections between the 

neighbouring flakes. In contrast, the AuCa NCs-pre device does not present any obvious linking 

bridges. As a result, the Au film-pre device only shows wrinkles with larger flakes without 

microcracks. 
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Figure 3.9 FESEM images of a) AuPt NWs-pre device, b) AuCa NCs-pre device, and c) Au film-

pre device. 

 

 

The current response of the three devices with continuously applied strain presents different 

conduction modes. Notably, the AuPt NWs-pre device remains conductive with currents in μA 

range up to 325% tensile strain. The relative resistance change over strain has been exhibited in 

Figure 3.10. The strain shows an exponential relationship with relative resistance change. The 

calculated GF is 1.4 in the range of 0-255% strain, while GF is 4.7 in the range of 255-325%. The 

FESEM images in Figure 3.11 present the AuPt NWs-pre device at various strains. The 

significantly smaller gauge factor of the AuPt NWs-pre device compared with the AuPt NWs 

devices is caused by a higher density of interconnections. These interconnections are formed 

during the preparation process from the wrinkles, as seen in high magnification FESEM images in 

Figure 3.11 b, d, f, and h. Meanwhile, after releasing the pre-applied strain, the micro flakes fold 

at the edges and also overlap. Once the tensile strain is applied on the device, the flakes can still 

maintain connections with each other with a larger interior angle, as shown in the scheme (in 

Figure 3.11 i). 
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Figure 3.10 Relative resistance change as a function of the strain of AuPt NWs-pre device. Two 

exponential curves (in dashed lines) are used to fit the experiment results. GF at 0-255% strain is 

1.4 (in blue line) and at 255-325% strain is 4.7 (in orange line by using secondary Y-axis).  

 

 

Figure 3.11 The low magnification FESEM images of AuPt NWs-pre device at a) 0% strain, c) 

100% strain, e) 255% strain and g) 390% strain and b), d), f) and h) are the respective high 

magnification FESEM images; i) the scheme of the change of micro flakes under application of 

strain.  

 

However, the AuCa NCs-pre device presents three different stages. In the first stage as seen in 

Figure 3.13, the current response increases with applied strain up to 20%, with GF=0.14. In the 
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second stage, which is from 20 to 53% strain, the GF is ~17 and the current response decreases 

with the strain. Finally, at higher strains (up to 59%), the GF is 50.  The possible reason of this 

behavior could be as the flakes near wrinkles are first folded, so the stretching process could lead 

to the flakes sliding to increase the contact areas under 20% strain, as shown in Figure 3.12 a-d. In 

contrast, at higher applied strain (up to 65 %) on the device, the gaps between the neighboring 

flakes increase from 150 nm to into micron range, which leads to loss of the conductivity. As a 

result, Au film-pre can only endure 55.6% strain. All the pre-stretched devices can endure higher 

strain compared to the devices without stretching.  

 

Figure 3.12 The low magnification FESEM images of AuCa NCs-pre device at a) 0% strain, c) 

20% strain, e) 45% strain and g) 65% strain and b), d), f) and h) are the respective high 

magnification FESEM images, respectively. 
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Figure 3.13 Relative resistance change as a function of the strain of AuCa NCs-pre device. GF is 

separated into three stages: at low strain (0-20% strain) is 0.14, at 20-53% strain is 17 and at high 

strain (57-65% strain) is 50 (in orange line by using secondary Y-axis).  

 

In Figure 3.14, the electrical stability of the AuPt NWs-pre device is demonstrated by a real-time 

recording of the current response with repeated cyclic strain at 50%, 75%, 100%, 133%, and 166% 

over thousands of cycles, respectively. Overall, the device presents long-term reliability, and the 

output signals exhibit a reproducible and stable response. Additionally, there are no obvious 

changes in the morphology of the cracks and flakes even after thousands of cycles (in Figure 3.15). 

During the long-term cycling test, the small drift could be due to transient change, rearrangement 

of flakes, and slow redistribution of the strain on the polymer matrix.108,190,114 This confirms the 

AuPt NWs-pre device possesses excellent consistency and durability during the repeated cycles. 

It also proves a strong adhesive force between polymer matrix and AuPt NWs, as no peeling of 

devices is observed.116 Table 3.2 exhibits the relative resistance change under various applied 

strains. 
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Figure 3.14 Durability test of AuPt NWs-pre strain sensor a) 50% strain under 2000 cycles, b) 75% 

strain under 2000 cycles, c) 100% strain under 2000 cycles, d) 133% strain under 1000 cycles and 

e) 166% strain under 200 cycles. 

 

 

Figure 3.15 FESEM images of AuPt NWs-pre device a) before and b) after releasing 166% strain.  
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Table 3.2 Relevant conductivity change under tensile strain and repeated cycles. 

  Strain i% Ii/I0 Repeated Cycles Ii-cycles/Ibeg 

AuPt NWs-pre 

device 

50 1.057 2000 1.207 

83 0.957 2000 1.018 

100 0.847 2000 1.219 

133 0.856 1000 0.878 

166 0.765 200 0.721 

390 0.000 5 0.330 

AuCa NCs-pre 

device 

6.25 4.931 200 1.426 

18.75 6.471 200 0.807 

37.5 1.916 200 1.175 

50 0.551 200 1.260 

62.5 0.002 200 0.957 

100 0.000 200 1.192 

175 0.000 200 1.042 

Au film-pre 

device 

25 0.999   

55.6 0.000  1 0.000  

 

Ibeg is the initial conductivity at 0% strain before each repeated cycle. 

 

The detailed information at the 1st, 50th, and 100th cycles is presented in Figure 3.16 for stretching 

to 167 % strain. This particular strain is presented as the AuPt NWs-pre device starts to suffer the 

loss of performance at this threshold. In the first cycle of stretching from 0 to 167% tensile strain, 

the current response of the AuPt NWs-pre device decreased along with the increasing tensile strain. 

When the device is kept at 167% strain, the conductivity gradually increases due to the slow 

reformation of the interconnections. On releasing the strain, the conductivity recovers.116 The 

resistance under 167% tensile strain is 1.4 times higher than the initial resistance. Furthermore, 

after removing the strain, the conductivity loss is ~60%. This implies that the flakes rearrange, and 

the connections are partially restored during this stretching/releasing process. However, the device 

does not fully recover after such high applied strains.    
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The profiles are significantly different when comparing the 50th and 100th cycles to the 1st cycle, 

as shown in Figure 3.16. As for the 50th and 100th cycles’ profiles, the conductivity decreases with 

increased tensile stress. During release of strain the current response first decreases. Once the strain 

reaches ~75%, the conductivity starts to increase. When the strain is completely removed, after 30 

s, the conductivity reaches its initial state. This behavior may be caused by the substrate which 

needs a much longer time to release the applied strain. It also demonstrates that the repeated long-

term cyclic test makes the device and the interconnections between the flakes more stable. 

Therefore, after the stretching process, the device presents higher conductivity. Thus, the cyclic 

process is a manner of conditioning the device to reach a stable configuration. As a result, the 

device presents high stability and durability under thousands of stretching/releasing cycles.  

 

Figure 3.16 Electromechanical response of strain sensor based on AuPt NWs-pre device, which 

shows the details about the ΔC/C0 values on gradual release of strain from 0-166%.  
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The AuCa NCs-pre device presents quite different performance during strain cycling. From the 

cyclic plot, at 12.5% strain with higher stretch speed, 0.25 mm/s, the current response is not stable 

due to the slow response from the polymer matrix (tape). Therefore, a lower speed of 0.01 mm/s 

at 12.5% tensile strain is investigated. The consistent current response during the cyclic process is 

demonstrated in Figure 3.17 a. Moreover, the detailed profile of the 1st, 50th, and 100th cycles is 

illustrated in Figure 3.17 b-d. Same with AuPt NWs pre-stretched device, the first cycle presents 

differences compared to 50th and 100th cycles. As can be seen, the conductivity decreases with the 

increase of strain. After reaching the maximum of 12.5% strain, the decrease in conductivity is 

70%. When the strain is kept at 12.5%, the conductivity rises back by ~5% and then continuously 

increases as the cycling decreases the strain. The device loses ~30% conductivity after the first 

cycle. This could be due to a loss in interconnections between the flakes. However, the 50th and 

100th cyclic plot presents similar profiles. For these two, the conductivity still shows a decrease 

with the increase in strain and an increase with the decrease in strain, but when the strain is kept 

constant at 12.5%, no obvious rise can be observed. Furthermore, they can recover to their initial 

state on complete removal of the applied strain. Therefore, in the AuCa NWs- pre device, there is 

also the initial rearrangement of the NWs during cycling. The device reaches a final equilibrium 

state that leads to a stable response on repeated strain cycling. 
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Figure 3.17 a) Durability test of AuCa NCs-pre sensor at 12.5% strain under 100 cycles; 

Electromechanical response of strain sensor based on AuCa NCs-pre device which shows the 

details about the ΔC/C0 values on gradual release of strain from 0-12.5% for b) 1st, c) 50th and d) 

100th cycle. Each state was held for 10 s. 

 

Additionally, flexible, large-area and stable perovskite photodetectors have drawn increasing 

research attention for next-generation wearable and portable optoelectronic devices. Therefore, we 

integrated the AuPt NWs as electrodes with perovskite to fabricate two kinds of photodetectors. 

The first photodetector is highly bendable and flexible. The devices are fabricated based on a 

polyamide filter substrate (with 0.2 µm pore size), as shown in Figure 3.18. The polystyrene (PS) 

incorporated CH3NH3PbI3 (MAPbI3) photodetector can maintain 85% of its original photocurrent 

value after 10,000 bending cycles at a bending angle of 120°.119 In contrast, the plain MAPbI3 

device’s photocurrent dropped to 50% of its initial value after the bending.  
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Figure 3.18 a) Schematic diagram showing the current generation by light irradiation from the 

flexible PS-MAPbI3 photodetector; b) Normalized photocurrent of the flexible devices after 

bending cycles at a bending angle of 120° showing the mechanical stability and durability of 1 wt % 

PS-MAPbI3 device even after 10,000 bending cycles; Photograph of the c) Pt-Au electrodes on the 

flexible substrate with the 1 cm scale bar, d) final PS-MAPbI3 device with a 4 mm scale bar, and 

e) bending (or flexibility) of the device.  

 

The second device is a highly stretchable photodetector made of the AuPt electrode and perovskite 

on a pre-stretched substrate. The schematic is presented in Figure 3.19. The samples are first 

depositing on a Polyester (PET) film and then attached to a pre-stretched substrate. The AuPt 

electrodes can endure over 10,000 stretching/releasing cycles under 50% strain and maintain the 

resistance of less than 1 kOhm. Meanwhile, the device can still show photoresponse after over 

10,000 stretching cycles.      
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Figure 3.19 a) The schematic image of a highly stretchable photodetector; b) The photo image of 

the device. The scale bar is 5 mm; c) The photocurrent response of stretchable device for repeat 

cycles at 50% strain.   
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4 Conclusion  

In this work, we have developed an easy filtration-transfer production method, which can be scaled 

up to prepare stretchable devices. Two kinds of 1D nanomaterials are investigated. The samples 

are first filtrated on a polycarbonate filter and then transferred onto a flexible substrate (polymer 

matrix). Devices are made with both pre-stretched substrate and also without any pre-stretch. The 

conductive behavior of these devices is studied on being subjected to tensile strains. The transfer 

process introduces numerous interconnected micro-cracks, which facilitate current pathways in the 

devices even under strain. Specifically, the AuPt NWs devices have extended continuous 

nanowires as interconnections between adjacent flakes. In contrast, the AuCa NCs device only has 

a few interconnections as the nanochains do not have a continuous structure but rather have 1 to 2 

nm gaps between adjacent nanoparticles. This allows the AuPt NWs devices to endure higher 

tensile strains than AuCa NWs devices. The AuPt NWs devices show high reproducible and stable 

response on being subjected to 1000’s stretching/releasing strain cycles, which confirms their 

ability to act as a stretchable electrode for devices.  
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Part B Self-Assembled Au NWs doped with various elements as 

electrocatalysts 

Chapter 4 Au-Pt-Ni-Fe-PBA nanocomposites as water splitting catalyst 

1 Introduction 

Bifunctional catalyst that can be effective for both hydrogen evolution reaction (HER) and oxygen 

evolution reaction (OER) in alkaline medium will simplify the development of electrolysers for 

the hydrogen economy.120,121,122 A key challenge lies in developing effective catalysts for HER 

and OER and then combining them at nanoscale to achieve effective bifunctionality. HER in 

alkaline medium is specially challenging and has a large overpotential and high Tafel slope. A 

common observation is that the inclusion of Ni based oxides and hydroxide compounds improves 

both HER and OER.123,124,125,126 While in OER it is proposed to be due to the direct involvement 

of the hydroxide group in the reaction.127 In HER it has been proposed to, ease the rearrangement 

of the water layer for the transport of OH- (a reaction by product)128 and also lower the barrier for 

adsorption of the water molecule for cleavage of the O-H bond (in H2O).129,130 Recent researches 

have also shown that use of Pt-Ni combination leads to lower overpotential for HER in alkaline 

medium along with lowering of the Tafel slope.124,131,132,133 They were reported that surface 

segregation between Pt and Ni improves the HER performance,134 similarly Nitrogen doping of 

Pt-Ni nanowire structures also improves the HER performance.135 Different polymorphs of 

NiOOH also exhibit dissimilar electrochemical characteristics.132  

We show here a simple ion-based, room temperature, self-assembly method to develop a 

bifunctional HER-OER catalyst. It combines a Pt-Ni nanowire network (HER active, 5-7 nm in 

diameter) with nanoscale regions of Ni-Fe-Prussian blue analog (Ni-Fe-PBA, OER active). The 

combined composite catalyst shows excellent properties towards both HER and OER due to 

synergistic effects and effective transport of reaction species between the distinct nanoscale 

regions. The observed HER overpotential for the best catalyst (in alkaline medium) is 37.9 mV 

and 49.8 mV at current densities of 10 mA cm-2 and 30 mA cm-2, respectively. Further the Tafel 

slope (for HER) is just 13.7 mV dec-1. After 27 hours of continuous operation the HER 
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overpotential increases marginally to 38 mV (at 10 mA cm-2). A synergistic effect is observed for 

OER where the presence of the Pt-Ni regions improves the performance of the Ni-Fe-PBA regions. 

For OER the composite catalyst shows an overpotential of 256 mV at current density of 10 mA 

cm-2 and the Tafel slope is 32 mV dec-1. After 27 hrs. of continuous operation the Tafel slope 

increases to 44 mV dec-1 and the over potential increases to 276 mV. These performance values 

are among the best reported when compared to HER specific and OER specific catalyst and are 

achieved in a single composite structure.55,133,136,137,138 The excellent catalytic performance is 

attributed to the close interaction between Pt, Ni and the Ni-Fe-PBA nanoscale domains and the 

nanowire like morphology also ensures effective electron transport in the catalyst structure. The 

high concentration of defects and Ni3+ states in the catalyst due to the effect of PBA leads to more 

effective adsorption of H2O molecules, which results in the low Tafel slopes for HER.55 Further 

the catalyst effectively desorbs OH- species which is required for progression of HER (after 

cleavage of the O-H bond in H2O).139,140,141 
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2 Experimental section 

2.1 Material fabrication  

 Synthesis of the Au-Ni, Au-Pt, Au-Ni-R, and Au-Pt-R composite  

80 µL of 4 mg/mL NiCl2 and 135 µL of 4.5 mg/mL PtCl4 were added into 1 mL 10 nm Au 

NPs (purchased from BBI company), respectively, and then left on the shaker. Once the 

solution color changed to dark blue, the Au-Ni and Au-Pt, with a chain like structure, were 

obtained. Then 75 µL of 4 mg/mL NaBH4 solution was added drop by drop to reduce the 

composite (named Au-Ni-R and AuPt-R).   

 Synthesis of the Au-Pt-Nibeg and Au-Pt-Niend composite  

As for the preparation of Au-Pt-Nibeg, 195 µL of 4.5 mg/mL PtCl4 and 40 µL of 4 mg/mL 

NiCl2 were mixed well firstly, and then the mixed solution was added into 2 mL 10 nm Au 

NPs and then left on the shaker. After the solution color turned to dark blue, 150 µL of 4 

mg/mL NaBH4 solution was added drop by drop into the solution.  

As for the Au-Pt-Niend sample, 0.5 mL Au-Ni was mixed with 1.5 mL of Au-Pt, and then 

150 µL of 4 mg/mL NaBH4 solution was added drop by drop to reduce the composites.    

 Synthesis of the Au-Pt-Nibeg-Fe-PBA and Au-Pt-Niend-Fe-PBA composite  

2 mL Au-Pt-Nibeg-Fe or Au-Pt-Niend sample was first dissolved into 5 mL H2O, and then 3 

mL of 0.5 mg/mL K3Fe(CN)6 (dissolved in 0.5:0.5 v/v H2O: Ethanol) were added. The mix 

solutions are left on the shaker at 500 rpm for 24 h to react. The final composites were 

washed by H2O and Ethanol and dried at 60 °C. Finally, the Au-Pt-Nibeg-Fe-PBA or Au-

Pt-Niend-Fe-PBA powder was obtained.  

 Preparation of electrode materials 
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The glassy carbon electrode, GCE, with a diameter of 3 mm, was polished using 0.05 µm 

alumina suspension on a polishing cloth. Commercial platinum on carbon (Pt/C, 20 wt% 

Pt) and RuO2 samples were utilized as benchmark catalysts to compare the electrocatalytic 

performances. 

5.0 mg powder was dispersed into 1 mL of 0.5:0.5 v/v H2O: Ethanol along with 5 µL 

Nafion solution to prepare the ink. The mixture was sonicated for 30 min. Then 3 µL of 

prepared ink was drop-casted on the glassy carbon electrode.  

2.2 Characterization section 

Zeiss Ultraplus Field-emission Scanning Electron Microscopy (FESEM) was used to measure the 

morphology of samples and the deposition. Transmission electron microscopy (TEM) images were 

obtained with an LEO 912ab energy filtered transmission electron microscope (EFTEM). UV-

Visible absorption spectra of samples were detected by Perkin Elmer Lambda 750 

spectrophotometer. The powder X-ray diffraction (XRD) pattern was measured by the PANalytical 

Empyrean diffractometer with Cu Kα radiation (λ = 1.54 Å). X-ray Photoelectron Spectra, XPS, 

characterization was performed on VGS ESCALab 250. Raman measurements were performed 

using a Horiba HR800 spectrometer in the backscattering configuration. Fourier-transform 

infrared, FT-IR, spectra were obtained by using Bruker Tensor 27. 

2.3  Electrochemical measurement 

All electrochemical measurements were performed on an Ivium CompactStat Electrochemical 

Analyser at room temperature. The standard three-electrode system was used where the composites 

are the working electrode, Pt wire as a counter electrode, and saturated calomel electrode as a 

reference electrode in a 0.1 M aqueous KOH electrolyte. Before HER/OER measurements, the 

electrodes were electrochemically pretreated with continuous cyclic voltammetry (CV) from 0.1 

V to -0.09 V (.vs reversible hydrogen electrode, RHE)/1.2 V to 1.6 V (vs. RHE) in 0.1 M KOH 

until a stable response was achieved. This process helped to activate the Ni-Fe-PBA to Ni(OH)2 

or NiOOH. The CV curves were recorded with a scan rate of 5 mV/s. HER and OER polarization 

curves were obtained by linear sweep voltammetry (LSV) at a scan rate of 5 mV/s. Polarization 

curves were corrected for an ohmic drop (iR) tested by electrochemical impedance spectroscopy 
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(EIS). EIS was measured by AC impedance spectroscopy within the frequency range from 0.1 to 

30 kHz in 0.1 M KOH. The long-term durability test was conducted without iR-correction at the 

potential of 1.46 V.  

All potentials were converted to RHE, using the equation:  

E(RHE) = E(SCE)+0.241 +0.059×pH, 

where E(RHE) is the potential referred to as reversible hydrogen electrode, E(SCE) is the tested 

potential against the reference electrode.  

Tafel slope was calculated by the following equation:  

η = b log|j| + a, 

where η is the overpotential, j is the current density, b is the Tafel slope, and a is the intercept 

related to the current exchange density. 
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3 Results and Discussion 

The formation of Pt-Ni nanowire network is based on self-assembly of citrate capped Au 

nanoparticles (in an aqueous medium) with Pt4+ and Ni2+ cations. A controlled addition of the 

cations leads to formation of long chains of Au nanoparticles due to coupling between the metal 

cations and the nanoparticles. Following that the reduction of the cations leads to the formation of 

a continuous nanowire network (schematic image, Figure 4.1). The nanowire networks can be 

made in two distinct configurations: one, where the two cations are added simultaneously to the 

Au nanoparticle solution and reduced after the self-assembly of the chains. This leads to the 

formation of a nanowire network with highly homogenous Pt-Ni domains (Figure 1a, Au-Pt-Nibeg). 

In the second case, the cations are separately mixed with the Au nanoparticles and allowed to 

undergo self-assembly into chains. Following this, the self-assembled chains are mixed and then 

reduced to form nanowire network with segregated domains (~2-5 nm) of Pt and Ni (Figure 1b, 

Au-Pt-Niend). In both the cases samples can be made with different ratios of Pt:Ni.  

 

Figure 4.1 The schematic image showing the fabrication of the material in two distinct 

configurations. (a) Au-Pt-Nibeg (or Au-Pt-Nibeg-Fe-PBA) with homogenous distribution of the 

domains. (b) Au-Pt-Niend (or Au-Pt-Niend-Fe-PBA) with segregated domains. 

 

The self-assembly of the Au nanoparticles into chains due to the addition of the metal cations leads 

to the red shift in their surface plasmon resonance from 525 nm (for the nanoparticles) to ~ 620 

nm (for the chains) (Figure 4.2 a). In transmission electron microscopy (TEM) image, the chain 
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like structures are clearly visible with a spacing of 1-2 nm between adjacent nanoparticles (Figure 

4.2 b).  

 

Figure 4.2 a) UV-Vis absorbance spectra of Au NPs and self-assembled Au NCs; b) a typical TEM 

image of self-assembled gold chains with metal cations shows a gap of 1-2 nm between 

neighbouring nanoparticles. The scale bar is 20 nm. 

 

The samples are made with the Pt:Ni ratio of 3:1 (precursor ratio) for optimized catalytic 

performance. On reduction, formation of Pt and Ni occurs on the Au nanoparticle chains. This is 

due to preferential nucleation caused by the higher concentration of the respective ions in the 

electrical double layer around the nanoparticles.72 As a result the formation of a continuous 

nanowire network can be seen in the TEM images of Figure 4.3 a (and its inset). The Au-Pt-Nibeg 

network shows a homogenous distribution of Pt and Ni, as seen in the Electron energy loss 

spectroscopy (EELS) mapping (Figure 4.3 b). Further we observe the formation of the Pt-Ni over 

the Au nanoparticles. In case of Au-Pt-Niend, we observe a more distinct nanoscale distribution of 

Pt and Ni as seen in the EELS maps (Figure 4.3 c). The X-ray diffraction (XRD) results for Au, 

Pt, Au-Pt, Au-Pt-Nibeg and Au-Pt-Niend are presented in Figure 4.3 d. Due to the smaller atomic 

radius of the Ni, the Pt diffraction peaks are shifted to larger angles in the Au-Pt-Nibeg and Au-Pt-

Niend samples. We observe that the shift is greater in the Au-Pt-Nibeg sample due to its more 

homogenous distribution of Pt and Ni, than Au-Pt-Niend. For example, the Pt (111) peak in Au-Pt 

is observed at 39.90o and this is shifted to 40.25o in the Au-Pt-Niend and to 40.62o in the Au-Pt-

Nibeg. Whereas no significant changes are observed in the Au peak (111). From Vegard’s law (for 

approximate estimation) the ratio of Pt:Ni is calculated as 4:1 for the Au-Pt-Nibeg sample.134,142 
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The overall ratio of Pt:Ni in both the samples from Energy dispersive X-ray analysis (EDAX) is 

also 4:1. This shows that the Pt and Ni form a relatively homogenous alloy in the Au-Pt-Nibeg 

sample. For the Au-Pt-Niend sample, the calculated Pt:Ni ratio from Vegard’s law is 11:1, in line 

with the formation of nanoscale Ni regions distinct from the Pt regions and limited alloying. The 

distinct nature of the two samples is hence confirmed by TEM and XRD results. The spectra of 

the binding energy (Ni 2p3/2) from X-ray photoelectron spectroscopy (XPS) (Figure 4.3 e) further 

shows the distinctness of the two composites, Au-Pt-Niend and Au-Pt-Nibeg. Peaks corresponding 

to Ni0 (852.4 eV, metallic Ni), Ni2+ (855-856.5 eV, NiO and Ni(OH)2) and Ni3+ (860-864 eV, 

NiOOH) are observed.143,144,145,146,147,148,149,150 However, there are key differences between the two 

materials, for Au-Pt-Niend clear peaks in the three Ni states are observed, with the ratio of peak 

height for Ni2+/Ni being 0.84 and for Ni3+/Ni being 0.43. In case of Au-Pt-Nibeg, clear and distinct 

peaks are only observed for Nio and Ni2+ states, with the ratio of Ni2+/Ni being 0.40. This shows 

that a minimum domain size of Ni is required to form stable Ni3+ states. This is critical as Ni3+ 

states are needed for effective catalysis of the HER.139 
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Figure 4.3 a) The TEM image of a continuous nanowires network. The scale bar is 100 nm. The 

inset image is the high magnification TEM image of the continuous nanowires. EELS mapping of 

b) Au-Pt-Nibeg and c) Au-Pt-Niend; d) X-ray diffraction spectra of self-assembled chains after 

reduction. Pt sample uses second y axis; e) XPS spectra of Ni region for Au-Pt-Niend and Au-Pt-

Nibeg (by using second Y-axis) composites. 

 

Electrochemical cyclic voltammetry (CV) curves for the Au-Pt-Ni materials performed in 0.1 M 

KOH show the typical peaks for under potential hydrogen adsorption and desorption (Hupd) (Figure 

4.4 a). The steps for the HER in alkaline medium consist of both adsorption of Hydrogen (the 

Volmer step, due to splitting of the adsorbed water molecule into Hads and OH-
ads) and its 

subsequent desorption (Heyrovsky or Tafel step, in molecular form).151 The equations are as 

followed: 
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The Volmer step: H2O + M + e- → M-Had + OH- 

The Heyrovsky step: H2O + M-Had + e- → H2 + M + OH- 

The Tafel step: 2M-Had → H2 + 2M  

where M denotes catalyst surface here.152,153,154 Given that both adsorption and desorption of 

hydrogen is required for HER, therefore for effective catalysis low potential for hydrogen 

desorption (EH
des) and high potential for hydrogen adsorption (EH

ads) is preferable. The 

effectiveness of the catalyst for HER can be therefore be ascertained by EH
ads - EH

des (ΔEH). The 

EH
des values for Pt/C, Au-Pt, Au-Pt-Nibeg, Au-Pt-Niend are 0.267 V, 0.251 V and 0.249 V.  While 

the EH
ads values for them are respectively 0.20 V, 0.187 V and 0.223 V. Among the four catalysts 

we observe that Au-Pt-Niend has the highest ΔEH of -0.026 V, while for Pt/C and Au-Pt-Nibeg it is 

-0.067 V and -0.064 V, respectively. This signifies that Au-Pt-Niend has the lowest barrier for HER. 

The other important factor is the rapid desorption of OH-
abs (adsorbed during Volmer step) to 

maintain the HER activity, as it can poison the active sites on the catalyst. From the hydroxyl 

desorption region in the Figure 4.4 a (above 0.6 V), we find that Au-Pt-Niend has the most favorable 

(highest) positive potential (0.692 V) compared to Au-Pt-Nibeg (0.687 V) and Pt/C (0.658 V).   

 

Figure 4.4 a) The cyclic voltammetry (CV) of Au-Pt-Nibeg (in red), commercial Pt/C nanoparticles 

(in black) and Au-Pt-Niend (in blue, by using second y axis). All measurements were obtained at 

100 mV s-1 in N2 saturated 0.1 M KOH at room temperature. HER performance in KOH solution 

b) LSV curve of Au-Pt-Niend, Au-Pt-Nibeg and commercial Pt/C nanoparticles and c) the 

corresponding Tafel slopes. 

 

The cumulative effect of these factors is confirmed by HER activity as seen in linear sweep 

voltammetry (LSV) curves of Figure 4.4 b. The HER overpotential at 10 mA cm-2 (and 30 mA cm-
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2) is 40.1 mV (84.3 mV) for Au-Pt-Niend and 44.1 mV (95.4 mV) for Au-Pt-Nibeg, in comparison 

the corresponding values of Pt/C is 47 mV (100.5 mV). The Tafel slopes (Figure 4.4 c) for Au-Pt-

Niend and Au-Pt-Nibeg are observed to be 37.3 mV dec-1 and 43.02 mV dec-1, while for Pt/C it is 

45.92 mV dec-1. The close values for Tafel slopes signify a very similar HER mechanism for the 

three catalysts. The lower Tafel slopes and smaller overpotentials for the composite catalyst 

compared to Pt/C signify that the presence of Ni does improve the HER performance. The better 

performance of Au-Pt-Niend compared to Au-Pt-Nibeg arises from the fundamental difference in 

their structure both in terms of the size of the Ni domains and its oxidation state, which leads to 

differences in their ability to desorb H2 and OH-. 

However, this HER performance in alkaline medium is still lacking compared to typical 

performance in acidic medium. Based on the Tafel slopes it seems that the Heyrovsky step is the 

rate limiting step in the Au-Pt-Ni catalysts.153 We worked with the hypothesis that further 

enhancement in density of oxyphilic Ni3+ sites will be required to improve the HER performance, 

by inducing faster dissociation of the adsorbed water molecule. At the same time close interfacing 

between the Ni3+ and Pt regions must be maintained for formation of H2 from Hads. Such a 

transition is possible given the presence of Ni0 (metallic Ni) domains in the composite catalysts 

(as seen from XPS data, Figure 4.3 e) which can be converted to Ni3+. To achieve this by a simple 

synthesis process, Prussian blue analogues (PBA) are formed by addition of a controlled amount 

of K3Fe(CN)6 to the Au-Pt-Niend and Au-Pt-Nibeg solutions. The formation of Ni-Fe-PBA structure 

occurs as the Ni domains react with the [Fe(CN)6]3-. The XPS spectra in Figure 4.5A a for Fe 

shows that the Au-Pt-Niend-Fe-PBA has a much higher signal from Fe2+ 2p3/2 and 2p1/2 

corresponding to the PBA structure.55 While in the Au-Pt-Nibeg the prominent signal is from Fe3+ 

2p3/2 and 2p1/2 (marked by dashed lines),155 which indicates that its transformation to PBA structure 

is limited. For comparison spectra from Ni-PBA is also shown. The alloying of Ni with Pt in Au-

Pt-Nibeg limits the ability of Ni to react and form the PBA structures. A corresponding 

transformation is also seen in the XPS spectra of Ni (Figure 4.5 b). The Au-Pt-Niend-Fe-PBA now 

has a prominent signal from Ni3+, while in Au-Pt-Nibeg-Fe-PBA this signal is much lower.  The 

Ni3+ signals in these PBA nanowire structures are also much higher than their counter part Au-Pt-

Nibeg and Au-Pt-Niend wires. The PBA formed is highly disordered as can be seen from absence of 

any signature in XRD (Figure 4.5B i). The EELS scans (Figure 4.5A c) show that in Au-Pt-Niend-

Fe-PBA the signal from Ni, Fe and N occurs from same regions, along with distinct regions of Pt. 
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The Fe and N signals correspond to PBA like regions. While EELS scans for Au-Pt-Nibeg-Fe-PBA 

show only a faint signal for Fe and N (Figure 4.5A d). The TEM images shows that both Au-Pt-

Niend-Fe-PBA and Au-Pt-Nibeg-Fe-PBA (Figure 4.5B e&f) have a nanowire web like morphology. 

The nanowire diameter is ~ 2-5 nm, with their length being in microns and they have an open 

structure. From the HR-TEM images (Figure 4.5B g) we see that Au-Pt-Niend-Fe-PBA structure is 

made up of distinct crystalline (circled in blue) and amorphous regions (circled in red) that are 2-

5 nm in size and are adjacent to each other. The spacing of the crystalline regions matches with 

that of Pt and Au. This further confirms the structure of the Au-Pt-Niend-Fe-PBA material. While 

for the Au-Pt-Nibeg-Fe-PBA we observe that the structure is mostly made of highly crystalline 

domains corresponding to Au and Pt, with limited amorphous regions (Figure 4.5B h). 

 

Figure 4.5A a) XPS spectra of Fe region for Au-Pt-Niend-Fe-PBA (in blue), Au-Pt-Nibeg-Fe-PBA 

(in red, by using second y axis) and Ni-Fe-PBA composites (in black); b) XPS spectra of Ni region 

for Au-Pt-Niend-Fe-PBA (in blue) and Au-Pt-Nibeg-Fe-PBA (in red) composites; EELS mapping of 

c) Au-Pt-Niend-Fe-PBA, and d) Au-Pt-Nibeg-Fe-PBA. 
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Figure 4.5B TEM images of e) Au-Pt-Niend-Fe-PBA and f) Au-Pt-Nibeg-Fe-PBA; HR-TEM images 

of the inset image of e) is shown in g) Au-Pt-Niend-Fe-PBA, in h) Au-Pt-Nibeg-Fe-PBA, and i) XRD 

spectra of Au-Pt-Niend-Fe-PBA (in red), Au-Pt-Nibeg-Fe-PBA (in blue) and Ni-Fe-PBA (in black). 

 

In the FESEM images for Au-Pt-Niend-Fe-PBA (Figure 4.6 a) and Au-Pt-Nibeg-Fe-PBA (Figure 4.6 

b) also we observe long entangled NW’s with highly porous structure. To observe the formation 

of the PBA structures more clearly, a higher ratio of Ni:Pt was used (1:1). For Au-Pt-Niend-Fe-

PBA, now we clearly observe the formation of the typical cubic structures associated with Ni-Fe-

PBA (Figure 4.6 c), with NW’s wrapping around their surface. This signifies that during the 

transformation close interfacing between different regions is maintained. Similarly, for Au-Pt-
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Nibeg-Fe-PBA, (Figure 4.6 d) again formation of cubic structures with wrapping of NW’s is 

observed. However, in this case the size of the cubes is smaller, and they are more sparsely located. 

To verify the generality of this process, Au-Pt-Co chains were made through identical process and 

then transformed to Au-Pt-Co-Fe-PBA structures. At high ratio of Co:Pt, as seen in FESEM 

images (Figure 4.6 e) a clear formation of cubic PBA structures is observed with inter-dispersed 

NW’s.  

 

Figure 4.6 SEM images of a) Au-Pt-Niend-Fe-PBA, b) Au-Pt-Nibeg-Fe-PBA, c) Au-Pt-Niend-Fe-

PBA (at higher Ni:Pt ratio=1:1), d) Au-Pt-Nibeg-Fe-PBA (at higher Ni:Pt ratio=1:1) and e) Au-Pt-

Co-Fe-PBA. 

 

Both the Au-Pt-Niend-Fe-PBA and Au-Pt-Nibeg-Fe-PBA are then tested for their HER performance 

(Figure 4.7). The Au-Pt-Niend-Fe-PBA shows better performance than Au-Pt-Nibeg-Fe-PBA, 

consistent with higher density of Ni3+ in its structure. The overpotential for HER for Au-Pt-Niend-

Fe-PBA at 10 mA cm-2 and 30 mA cm-2 is 38.3 mV and 50.4 mV respectively (Figure 4.7 a). While 

for Au-Pt-Nibeg-Fe-PBA at identical current densities the overpotential is 38.7 mV and 56.1 mV 

(Figure 4.7 a). The Tafel slopes for Au-Pt-Niend-Fe-PBA is 13.7 mV dec-1, while for Au-Pt-Nibeg-
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Fe-PBA it is 13.9 mV dec-1 (Figure 4.7 b). To reiterate, the overpotential for Pt/C at similar current 

densities is 47 mV and 100.5 mV while its Tafel slope is 45.9 mV dec-1. Based on the 

Electrochemically active surface area (ECSA) the specific activity for the Pt/C, Au-Pt-Nibeg-Fe-

PBA and Au-Pt-Niend-Fe-PBA samples at an overpotential of 50 mV is 0.39 mA cm-2
ECSA, 0.6 mA 

cm-2
ECSA and 1.5 mA cm-2

ECSA. Au-Pt-Niend-Fe-PBA achieves ~3.8 times higher than Pt/C. The 

stability of the catalyst is a key parameter to ensure its viability for practical applications, this is 

tested by running the catalysts continuously for 27 hrs. (see Figure 4.7 c). On retesting, the Au-Pt-

Niend-Fe-PBA overpotential increases marginally to 39.0 mV (at 10 mA cm-2) and 51.7 mV (at 30 

mA cm-2), (Figure 4.7 a). Similarly, for the Au-Pt-Nibeg-Fe-PBA the overpotential increases to 39.4 

mV and 60.6 mV. In contrast for Pt/C the overpotential increases significantly to 116 mV (at 10 

mA cm-2) from initial 47 mV.  

 

Figure 4.7 HER performance in KOH solution a) LSV curve of Au-Pt-Niend-Fe-PBA (in blue), Au-

Pt-Nibeg-Fe-PBA (in red) and commercial Pt/C nanoparticles (in black) before and after 27 hrs. and 

b) the corresponding Tafel slopes; c) Durability tests (27 hrs.) recorded at a constant voltage of 

1.46 V in 0.1 M KOH; d) The cyclic voltammetry (CV) of hydrogen underpotential deposition 

(HUPD) region with Au-Pt-Niend-Fe-PBA, Au-Pt-Niend, Au-Pt-Nibeg-Fe-PBA, and Au-Pt-Nibeg. All 

measurements were obtained at 100 mV s-1 in N2 saturated 0.1 M KOH at room temperature. 

 

We observe that the Au-Pt-Niend-Fe-PBA provides better performance than Au-Pt-Nibeg-Fe-PBA, 

consistent with its structural characterization results. Also, the catalysts with incorporated PBA 
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structure provide significantly better performance than the plain catalyst (Au-Pt-Nibeg and Au-Pt-

Niend) and Pt/C. The performance of Au-Pt-Niend-Fe-PBA for HER is exceptional in terms of the 

overpotential and the Tafel slop, which relates to its interaction energy with the reactants and 

intermediates, and kinetics.153 This performance is the result of the structure of the catalyst that is 

first initiated by formation of nanoscale domains of Pt and Ni in a nanowire like network. This 

provides for the crucial high-density interfacing between Pt and Ni for effective catalysis. The 

structure ensures effective adsorption of the water molecule on the Ni domains and then the 

transfer of Hads and formation of molecular H2 on the adjoining Pt domains.135,151 The addition of 

Fe(CN)6
3- leads to formation of PBA like structure on the Au-Pt-Ni NW’s, by reacting with Ni 

domains. The process is controlled to have Ni as the limiting reactant, which leads to a high 

concentration of Ni3+ states, along with a high defect density. This significantly improves the 

performance of the HER by enhancing the critical water splitting Heyrovsky step. The Tafel slope 

of ~14 mV dec-1 points to a fundamental change in the HER mechanism compared to traditional 

Pt/Ni catalyst, which show a significantly higher slopes in the range of 40-120 mV dec-1.135,153  

The exceptional performance of the Au-Pt-Ni-Fe-PBA catalysts is further supported by the results 

of CV curves performed in 0.1 M KOH, which show the typical peaks for under potential hydrogen 

adsorption and desorption (Hupd) and the OH- adsorption and desorption (Figure 4.7 d). For both 

the PBA samples we observe that the Hupd region is shifted significantly to lower potential and has 

a broad distribution. The Au-Pt-Niend-Fe-PBA shows a small peak at 0.247 V and a more prominent 

peak at 0.051 V. While in the case of Au-Pt-Nibeg-Fe-PBA the region extends from 0.325 V to 

0.039 V. In contrast in Pt/C the two prominent desorption peaks are observed at 0.368 V and 

0.269V. For the plain chain samples these two peaks lie at ~ 0.354 V and 0.253 V. The presence 

of a broad low potential Hupd region in the PBA chain catalyst further confirms the basis of their 

HER performance that is attributed to the presence of Ni3+ states and a highly disordered structure 

which affects the interaction of Pt with ‘H’.132,156,157 The other crucial parameter for HER is the 

OH- desorption. For the Au-Pt-Niend-Fe-PBA a broad OH-
des peak is observed at 0.738 V, while 

for Au-Pt-Nibeg-Fe-PBA this lies at 0.715V. For Pt/C, Au-Pt-Nibeg and Au-Pt-Niend the same is 

observed at 0.658 V, 0.687 V and 0.692 V. The shift to more positive potential signifies that 

desorption of OH- occurs with greater ease on the PBA samples and hence enhances their HER 

performance.    
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Figure 4.8 OER performance in KOH solution a) LSV curve of Au-Pt-Niend-Fe-PBA (in blue), Au-

Pt-Nibeg-Fe-PBA (in red) before (in solid line) and after 27 hrs. (in dashed line) and b) the 

corresponding Tafel slopes; c) the LSV curve of 10 nm Au NPs and commercial RuO2, d) the 

corresponding Tafel slopes; e) The CV curves of OER for Au-Pt-Niend-Fe-PBA (in black line) and 

Au-Pt-Nibeg-Fe-PBA (in red line) with a scan rate of 5 mV s-1. 
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The OER performance of the PBA catalysts is tested in 0.1 M KOH using the three-electrode 

system (Figure 4.8). The LSV curves (Figure 4.8 a) show that Au-Pt-Niend-Fe-PBA has the lowest 

overpotential of 256 mV at current density of 10 mA cm-2, while the Au-Pt-Nibeg-Fe-PBA shows 

an overpotential of 314 mV. The Tafel slope (Figure 4.8 b) for Au-Pt-Niend-Fe-PBA is 30.3 mV 

dec-1, and for Au-Pt-Nibeg-Fe-PBA it is 33.5 mV dec-1. After 27 hrs. of chronoamperometric run at 

a constant voltage of 1.46 V, the overpotential of the samples increase to 276 mV and 344 mV, 

respectively. While their Tafel slopes increase to 44.59 mV dec-1 and 52.15 mV dec-1. Without the 

PBA treatment the Au-Ni-Pt wires have poor performance due to limited presence of OER active 

sites and they show an overpotential of 443 mV (Au-Pt-Niend) and 367 mV (Au-Pt-Nibeg). While 

their Tafel slopes are 104.1 mV dec-1 and 84.4 mV dec-1, respectively. Additionally, in the PBA 

composites (and others with Ni) a clear oxidation peak is observed at ~1.45 V, which is due to 

surface oxidation of Ni from low valence states to higher oxidation states (Ni2+ to Ni3+).158 For 

comparison commercial RuO2 electrocatalyst shows as overpotential of 362 mV (at 10 mA cm-2), 

with a Tafel slope of 103 mA dec-1 (Figure 4.8 c&d). To further confirm that the underling Au 

nanoparticles do not contribute towards the electrocatalytic performance, their OER performance 

is tested. They show an overpotential of ~ 489 mV for a current density of 10 mA cm -2 and a Tafel 

slope of 129 mV dec-1 (Figure 4.8 c&d).  The excellent performance and stability of the Au-Pt-

Niend-Fe-PBA hence is attributed to multiple factors: namely high density of Ni3+ states, a nanowire 

like structure with highly conductive core of Au-Pt which provides facile electron transfer and a 

porous structure for effective mass transfer. To confirm that oxidation of other species does not 

contribute to the signal from OER, CV curves were also recorded (Figure 4.8 e). These curves 

confirm that the observed signal in the potential range is from OER.159,160 Further overall water 

splitting is performed with Au-Pt-Niend-Fe-PBA catalyst and compared with commercial catalyst 

to show its better performance (Figure 4.9). The calculated Faradaic efficiency for Au-Pt-Niend-

Fe-PBA towards HER is ~ 98.8 % and for OER is 98 %. The Au-Pt-Niend-Fe-PBA parameters are 

also compared to other reported electrocatalyst to show its high performance (Table 4.1).  
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Figure 4.9 Overall water splitting is performed in a two-electrode system, Au-Pt-Niend-Fe-PBA 

serves as bifunctional catalyst for both OER and HER. With a scan rate of 5 mV s-1 at current 

density of 30 mA cm-2, the water splitting of cell voltage is 1.7 V, which is better than the 

commercial benchmark samples. The cell voltage using RuO2 as anode and Pt/C as cathode for 

overall water splitting needs 1.9 V to deliver a 30 mA cm-2 current density. 

 

The HER and OER activity is measured in samples after activation cycles (100) and their stability 

is tested in chronoamperometry for 27 hrs. A key factor during such testing is the transformation 

of the catalyst structure that can further enhance its performance. For the PBA samples, we observe 

that their activity increases in the initial period. Raman spectroscopy (Figure 4.10) was conducted 

on both fresh samples and after the 100 CV conditioning cycles. In the fresh Au-Pt-Niend-Fe-PBA 

a signature for CN- is observed is observed at 2100-2150 cm-1.55 This shows effective 

transformation of Ni to Ni-Fe-PBA on treatment with [Fe(CN)6]3- . However, on conditioning on 

the OER side (100 cycles from 1.2V to 1.6V), this CN- band disappears and new the bands 

corresponding to Ni(OH)2 becomes more prominent.161,162 This change is not observed on 

conditioning on the HER side, as oxidation is only possible at positive potentials. This 

transformation is consistent with previous reports and further improves the performance for the 

catalyst. To further confirm the effect of domain size and characterize the Ni oxidation states 

Fourier transform infrared spectroscopy (FT-IR) was conducted (Figure 4.11 a&c). A sample made 

by mixing partially assembled Au-Pt4+ and Au-Ni2+ chains and then allowing them to assemble 

completely, followed by the reduction of the metal cations and PBA treatment (Au-Pt-Nimid-Fe-



 
84 

PBA) was also tested. This sample will have domain size in between that of Au-Pt-Nibeg-Fe-PBA 

and Au-Pt-Niend-Fe-PBA. We observe that as prepared samples of Au-Pt-Nibeg-Fe-PBA and Au-

Pt-Nimid-Fe-PBA, show a greater signal from the Ni2+-O (region around 460 cm-1) and Ni2+-OH 

(region around 530 cm-1) with relatively weak signal from Ni3+ (broad region around 600 cm-

1).170,171,172,173 After cycling (100) first for HER and then OER, we observe that in both the samples 

the signal from Ni3+ region increases, however the signal from Ni2+ regions is still dominant. 

However, for the Au-Pt-Niend-Fe-PBA catalyst even in the fresh sample the dominant signal is 

from Ni3+ region compared to Ni2+ region. After cycling there is no discernable signal from the 

Ni2+ region and only a broad peak in the Ni3+ region is observed. This further confirms the that 

HER and OER performance of Au-Pt-Niend-Fe-PBA catalyst is correlated to its structure and high 

density of disordered Ni3+ regions. The macroscale structure of the catalyst as a web of nanowires 

(Figure 4.11 d) is still maintained after the 27 hrs. of continuous use in both HER (Figure 4.11 e) 

and OER (Figure 4.10 f), which further ensures a stable response from the catalysts. 

 

Figure 4.10 Raman spectra of Au-Pt-Niend-Fe-PBA conditioning on the OER side (in red line), Au-

Pt-Niend-Fe-PBA conditioning on the HER side (in blue line), Au-Pt-Niend-Fe-PBA (in yellow line) 

and Ni-Fe-PBA (in black line);  
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Figure 4.11 FT-IR data of spectrum for as prepared a) Au-Pt-Nibeg-Fe-PBA and cycled samples, b) 

Au-Pt-Nimid-Fe-PBA and cycled samples, and c) Au-Pt-Niend-Fe-PBA and cycled samples; 

FESEM image showing that the nanowire like morphology of: d) Au-Pt-Niend-Fe-PBA and after 

operation for 27 hrs. of e) HER and f) of OER. From the images, the samples maintain the 

nanowires like structure with highly porous morphology without any aggregation. 

 

Table 4.1 A performance comparison of water splitting catalysts 

Sample 
Overpotential Current density Tafel slope 

Electrolyte Reaction Ref. 
mV mA/cm2 mV/dec 

O-CNT/NiFe 279 10 42.8 1.0 M KOH OER 138  

Ni-PBA 285 50 53.1 1.0 M KOH OER 137  

Ni-Fe-PBA 283 10 54 1.0 M KOH OER 55  

CFHC 330 10 57 1.0 M KOH OER 163  

NF-PBA 258 10 46 1.0 M KOH OER 164   

Pt-Ni 65 10 78 0.1 M KOH HER 133 

β-Ni(OH)2/Pt 42 10 92 0.1 M KOH HER 132 

N modified Pt-Ni 

nanowires 
13 10 29 1.0 M KOH HER 135 

Pt-NC/Ni-MOF 25 10 42.1 1.0 M KOH HER 165 
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Pt/Ni(HCO3)2 27 10 45 1.0 M KOH HER 166 

Ni5Fe LDH@NF  

210 10 59 1.0 M KOH OER 

167 

133 10 92 1.0 M KOH HER 

0.6 Ni-Fe-Pt nanocubes 

333 10 65 1.0 M KOH OER 

168 

463 10 81 1.0 M KOH HER 

Co-Fe-PBA 

220 10 55 1.0 M KOH OER 

169 

155 10 60 1.0 M KOH HER 

Ni/Ni(OH)2  

310 10 74.8 1.0 M KOH OER 

125 

168 10 95.7 1.0 M KOH HER 

Au-Pt-Ni-Fe-PBA 

256 10 30 0.1 M KOH OER 
This 

work 
37 10 14 0.1 M KOH HER 
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4 Conclusion  

A nanoscale multidomain catalyst is engineered for excellent bifunctional performance towards 

HER and OER. The structure of the catalyst is made by the use of a self-assembly process that is 

based on the ion distribution in the electrical double layer around the surface of nanoparticles.  The 

self-assembly process leads to the critical features that are needed to achieve the high performance 

in HER and OER. A high-density interfacing is achieved between regions with Ni in high oxidation 

states (Ni2+ and more crucially Ni3+) and Pt-Ni (Ni metallic) regions. This is crucial to ensure rapid 

adsorption and splitting of the water molecules on the Ni2+ and Ni3+ regions and subsequently the 

formation of molecular H2 on the adjacent Pt-Ni (metallic) regions. The structure also ensures 

rapid OER performance. A key is also the underlying nanowire like porous structure of the catalyst 

that leads to rapid electron and mass transfer for electrocatalytic activity. All these combined 

features lead to the observed performance in the bifunctional catalyst. The ease of the presented 

synthesis process with the ability to incorporate different metal species and control the structure, 

will provide new avenues for use of the electrical double layer to develop highly efficient 

composite catalyst. 
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Part B Self-Assembled Au NWs doped with various elements as 

electrocatalysts 

Chapter 5 Au-Pt-Ni-R nanocomposites as dopamine catalyst in neutral 

media 

1 Introduction  

Dopamine is a crucial neurotransmitter in the human nervous system which affects cognitive and 

behavioral functions.174 The abnormal concentration of dopamine is related to neurological 

diseases like Parkinson’s and Alzheimer’s. Therefore, intense research activities have been 

devoted to developing sensors with highly sensitive and reliable detection of dopamine. Several 

analytical techniques include enzyme-based detection, liquid chromatography, mass spectrometry, 

and electrochemical detection for measuring dopamine.174 However, the non-enzymatic 

electrochemical method provides a simple, rapid, and straightforward detection of dopamine. 

Electrochemical detection is based on the oxidation reaction process of dopamine which involves 

2 electrons. Electrochemical detection can be done using chronoamperometry, differential pulse 

voltammetry, and cyclic voltammetry. The response in current can have a linear relation with the 

concentration of dopamine, which enables easy quantification of dopamine in real samples. 

Researchers have put in efforts to solve the problem of interfering compounds, which co-exist in 

the biosystem. For example, uric acid (UA), glucose, acetaminophen (AP), and ascorbic acid (AA) 

are specifically important due to the similar oxidation potentials with dopamine.174 

However, the electrochemical process has some limitations. For example, the bare electrode 

requires a quite high potential to operate the electrochemical oxidation reaction of dopamine. The 

formation of phenoxy radicals during the process can result in subsequent coupling and formation 

of a polymeric film, leading to the fouling of the electrodes.174 

Noble metal nanomaterials are promising in the electrochemical field because of their excellent 

electrocatalytic properties, high conductivity, and high stability, for example, Pt,175,176,177 Au,178,179 

and their alloy.143,180 However, these materials are expensive. To reduce cost, nanomaterials have 

been used, or they have been combined with Earth-abundant elements, like Ni,181,182,183,184 
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Co,185,186 Fe,178 or carbon composites175,187 while increasing the catalytic performance based on the 

synergistic effects.144,184,188 1D nanochains are a class of nanomaterials that also possess a large 

surface area, and the overlapped chains can form the 3D highly porous structure on the glassy 

carbon electrode (GCE). This porous structure improves catalytic activity and stability due to 

effective mass transfer.  

This work assembles Pt, Ni, and Au-based nanochains using a facile, cost-effective, and 

controllable process. We developed two kinds of micron length 1D nanowires by controlling the 

spatial distribution of Pt/Ni bimetallic nanoclusters coated on gold chains to detect dopamine at 

neutral pH. The spatial distribution of catalytic elements can be controlled within the nanometer 

scale, which modifies the materials’ absorption and desorption energy of intermediates or final 

products.72 This work achieved spatial distribution of Pt/Ni by mixing the metal cation or mixing 

the chains at different stages during the self-assembly process. The metal cations are then reduced 

to form the active materials for electrochemical catalysis. The size of Pt and Ni domain can be 

tuned in the range of complete homogenous mixing to 2-5 nm size nanoscale domains. The results 

exhibit that the nanoscale domain area is necessary for better performance than the homogenous 

mixing of the Pt and Ni. 
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2 Materials and methods 

2.1 Materials  

 Preparation of AuPt and AuNi NCs 

135 µL of 4.5 mg/mL PtCl4 (99.9%, Sigma Aldrich) and 80 µL of 4 mg/mL NiCl2 (99.9%, 

Sigma Aldrich) were mixed with 1 mL gold nanoparticles separately and then left on the 

shaker with a speed of 300 rpm until the solution color changed to dark blue. After the self-

assembly process, the chains were reduced by 75 µL of 4 mg/mL NaBH4 (99%, Sigma 

Aldrich) (samples labeled as AuPt-R and AuNi-R), and the color turned to black or pink. 

The stocked samples are stable in aqueous media over two weeks.  

 Preparation of AuPt3Ni/AuPtNi/AuPtNi3 (mixing ions) NCs 

202.5/135/67.5 µL of 4.5 mg/mL PtCl4 and 40/80/120 µL of 4 mg/mL NiCl2 were mixed 

first, and then added into 2 mL gold solution. When the color turned to dark blue, the 

solution was reduced by 150 µL of 4 mg/mL NaBH4, which turned the color black (samples 

labeled as AuPt3Ni/AuPtNi/AuPtNi3-R). The stocked samples are stable in aqueous media 

over two months. 

 Preparation of AuNi3AuPt/AuNiAuPt/AuNiAuPt3 (mixing chains) NCs 

1.5/1/0.5 mL of AuNi chains solution before reduction and 0.5/1/1.5 mL of AuPt chains 

solution before reduction were well mixed first. Then 2 mL mixture was reduced by 150 

µL of 4 mg/mL NaBH4, which turned the color to black (samples labeled as 

AuNi3AuPt/AuNiAuPt/AuNiAuPt3-R). The stocked samples are stable in aqueous media 

over two months. 

2.2 Characterization section 

Zeiss Ultraplus Field-emission Scanning Electron Microscopy (FESEM) was used to measure the 

morphology of samples and the deposition. Transmission electron microscopy (TEM) images were 

obtained with an LEO 912ab energy filtered transmission electron microscope (EFTEM). UV-
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Visible absorption spectra of samples were detected by Perkin Elmer Lambda 750 

spectrophotometer. The powder X-ray diffraction (XRD) pattern was measured by the PANalytical 

Empyrean diffractometer with Cu Kα radiation (λ = 1.54 Å). X-ray Photoelectron Spectroscopy 

(XPS) was performed on VGS ESCALab 250. Raman measurements were performed using a 

Horiba HR800 spectrometer in the backscattering configuration.  

2.3 Electrical measurement  

Cyclic voltammetric (CV) and chronoamperometric experiments were performed with an Ivium 

CompactStat Electrochemical Analyzer electrochemical workstation. A conventional three-

electrode system was adopted using GCE as working electrode, Ag/AgCl (1 M KCl) as reference 

electrode, and Pt wire as a counter electrode. 15 µL gold chain solution was drop-cast on GCE and 

dried under at 60 °C to do measurements. The electrolyte is 0.01 M Phosphate buffered saline 

(PBS, Sigma Aldrich). The concentrations of dopamine (Sigma Aldrich) in 0.01 M PBS were 

varied between 0.1 µM and 10 mM. All the dopamine detection experiments are operated under a 

stirrer with 500 rpm speed at room temperature. CV scans were recorded in 0.01 M PBS from -0.5 

to 0.5 V vs. reference electrode at different scan rates. For chronoamperometry measurements, the 

amperometric response of the electrode toward successive additions of dopamine is recorded. A 

calibration curve is established using the readout current versus dopamine concentration (the 

detection current is averaged over the last 15 s range). During the measurements, it was ensured 

that the baseline current (in the absence of dopamine) was stabilized before adding dopamine. The 

current change with time is tracked with increasing dopamine concentration. Interference tests 

measured electroactive compounds, such as 10 M ascorbic acid (AA), 10 M uric acid (UA), 10 

M acetaminophen (AP) and 250 M glucose, which are commonly present in physiological 

samples and cause problems in the determination of dopamine (10 M). The LoD was determined 

from the relationship, expressed as:189 

LoD = 3.3σ/S 

where σ is the standard deviation of the baseline and S is the slope of the sensor’s linear calibration 

curve. Sensitivity was defined as the slope of the sensor’s calibration curve normalized to the 

geometrical area of the electrode. EIS was measured by AC impedance spectroscopy within the 

frequency range from 0.1 to 30 kHz in PBS.  
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3 Results and discussion 

3.1 Characterization 

The schematic image in Figure 5.1 shows the self-assembly process of Au nanoparticles by 

Pt4+ and Ni2+ cations. Then they are chemically reduced by NaBH4 to obtain the continuous 

morphology of 1D Au-Ni-Pt nanochains. In Figure 5.2 a, the SEM images present the morphology 

of these nanochains. A highly porous network is created with overlapping micron length chains. 

At high magnification, it clearly exhibits the chains morphology with high structural uniformity. 

UV-Vis spectrum, in Figure 5.2 b, illustrates the self-assembly process of the chains. The initial 

10 nm Au nanoparticles show a plasmon resonance peak at 525 nm. After fully assembled, the Au 

NCs’ UV-Vis absorption peak shifts to 620 nm, confirming the formation of ~250 nm 1D chains. 

Based on our previous study, ∼50% of the added metal cations are adsorbed on the surface of Au 

NPs, which might cover the surface or play a role as a linking bridge.72 After adding NaBH4, the 

metal cations are reduced to metallic form, and they form an ultrathin continuous covered layer on 

top of Au NPs. Their surface exposes more active sites, which benefits the electrocatalysis of 

dopamine.  

 

Figure 5.1 Schematic image of the preparation process of 1D Au-Ni-Pt nanochain. 
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Figure 5.2 a) Typical SEM image of self-assembled Au-Ni-Pt NWs; b) Typical UV-Vis spectrum 

of Au NPs and self-assembled Au NCs. The wavelength UV-Vis absorption shifts from 520 nm to 

~620 nm. 

 

To confirm the formation and crystal structures of samples, XRD is used. As shown in Figure 5.3, 

it is observed that a prominent peak is located around 38.4° (2θ), which can be ascribed to the 

diffraction from the (111) crystal planes of the face-centered cubic phase of Au (JCPDS no. 04-

0784).74 Similarly, this peak is also observed in the AuNi-R and AuPt-R samples at 38.5° and 

39.0°. The small shifts could be caused by the formation of AuNi or AuPt alloy during the 

reduction.72 To better investigate the crystal structure of Ni after the reduction, we characterized 

the Ni-R sample without Au NPs. Surprisingly, the Ni-R is amorphous. This could be due to the 

formation of an extremely thin disordered Ni(OH)2 layer.190 As for the AuPt-R sample, the XRD 

spectrum also shows a set of diffraction peaks presented around 40.1° and 46.7°, which can be 

assigned, respectively, to the Pt (111) and (200) planes. These shifts about 0.3° compared to pure 

Pt indicate the ultrathin layer of Pt on Au NPs with limited alloy formation. The broadness of the 

peak corresponds to the smaller size of the material. Because the AuNiAuPt-R sample has the best 

electrocatalytic performance among the synthesized materials, in this work we mainly focus on 

AuNiAuPt-R and AuPtNi-R samples for characterization. The AuNiAuPt-R sample presents the 

Au(111) and Pt (111) peaks at 39.0° and 41.1°. In contrast, the AuPtNi-R sample’s peaks exhibit 

at 38.6° and 41.6°, respectively, Therefore, according to the Bragg’s Law, which provides an 

estimation of the actual structure (the greater shift in the peaks), mixing ions sample possesses a 

greater degree of alloy formation compared to mixed chains ones. Ni atoms are also plausibly at a 

higher chemical state than surrounding Pt atoms because the electronegativity of Ni is lower than 
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Pt. The EDX results show the atomic ratio of Pt/Ni of AuNiAuPt-R and AuPtNi-R samples are 

~1.8:1. In comparison, theoretical results are ~1.5:1, which is similar to experimental results. The 

atomic ratio of AuNi3AuPt-R, AuNiAuPt3-R, AuPtNi3-R, and AuPt3Ni-R samples are 0.93, 4.59, 

0.92, and 5.62, respectively, measured by EDX. 

 

Figure 5.3 XRD spectra of assembled Au chains after reduction, including AuNiAuPt-R, AuPtNi-

R, AuPt-R, AuNi-R, Au NPs, and Ni2+ salt after reduction. 

 

To better understand the chemical state of elements, X-ray photoelectron spectroscopy (XPS) was 

carried out to examine the surface of the composites. The high-resolution XPS spectra of the Pt 4f 

region of the samples, as shown in Figure 5.4, the binding energies of Pt 4f7/2 for the AuPt-R, 

AuNiAuPt-R, and AuPtNi-R samples are mainly located at 71.1 eV, and the 4f5/2 binding energies 

are located at 74.4 eV. These prove the Pt ions are transferred in a metallic state. Meanwhile, the 

Pt 4f7/2 spectra were best fitted by two peaks that could be assigned, respectively, to Pt metal and 

Pt alloy. More detailed information about the alloy peak shift is summarized in Table 5.1. Thus, 

Au binding energy decreases a bit when Ni is introduced into AuPt alloy, as the electronegativity 

of Ni is lower than Pt and Au. The binding energy of Ni in the AuNiAuPt-R sample is slightly 

higher than AuPtNi-R representing the higher oxidation state of Ni that exists in the AuNiAuPt-R 

sample. This can assist the mixing chains samples electrocatalysis of dopamine compared to the 

mixing ions samples. In Figure 5.4 a, the Ni 2p spectrum of the AuNiAuPt-R sample was 
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deconvoluted by 3 peaks identifying the presence of Ni0, Ni2+, and Ni3+ (NiOOH).143,144,145 As for 

AuPtNi-R, the spectrum exhibits the presence of Ni0, and Ni(OH)2, while AuNi-R only show the 

peak for NiO.146,147,148,149,150 

 

Figure 5.4 XPS spectra in the a) Ni 2p regions, b) Pt 4f regions and c) Au 4f regions for AuNiAuPt-

R, AuPtNi-R, AuNi-R and AuPt-R samples. 

 

Table 5.1 The summary of Au, Pt, and Ni peak location from XPS 

Samples Au 4f7/2 (eV) Pt 4f7/2 (eV) Ni 3d5/2 (eV) 

AuNiAuPt-R 84.0 84.9 71.2 71.9 852.7 854.6 858.0 

AuPtNi-R 84.0  71.3 72.0 852.8 856.8 861.7 

AuNi-R 84.0 85.0    856.3 861.5 

AuPt 84.0 84.4 71.1 71.9       

 

Furthermore, the morphology and crystal structure of materials are characterized by TEM. Figure 

5.5 a-d confirm the growth of 1D chains. The low magnification TEM images of the Au nanowires 

exhibit the highly porous chain-like structures, which is crucial for improving the electrocatalytic 
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activity. Our previous study reported that the self-assembled Au chains are 0.5 to 2 μm in length. 

After reduction, a continuous layer of the crystalline cover is formed. As shown in Figure 5.5 e&f, 

the electron energy loss spectroscopy (EELS) elemental maps of AuNiAuPt-R and AuPtNi-R and 

samples further prove this morphology. The combination of the TEM and XRD results suggest 

that Pt or Ni are formed on the surface of Au NPs to form a core-shell structure.191 Comparing the 

Pt/Ni domains, AuNiAuPt-R shows a larger domain sized from 2-5 nm, where AuPtNi-R sample 

possesses highly homogenous Pt-Ni domains. Therefore, the system can successfully achieve 

atomic spatial control by varying the synthesis process. 
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Figure 5.5 The TEM image of a) AuNiAuPt-R and c) AuPtNi-R, and the related HRTEM image 

b) and d) respectively, which presents a highly crystalline structure. TEM image with EELS map 
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of elemental distributions in the green region of e) AuNiAuPt-R and f) AuPtNi-R samples, that 

AuNiAuPt-R shows larger domain sized from 2-5 nm and AuPtNi-R sample possesses highly 

homogenous Pt-Ni domains. 

 

3.2 Electrochemical measurement 

 Cyclic voltammograms (CVs) 

Figure 5.6 presents the CV curves of hybrid electrodes in dopamine free PBS solution in a neutral 

pH environment. The samples of AuNi-R, AuPt-R, AuNiAuPt-R, and AuPtNi-R were subjected 

to CV at 20 mV/dec scan rate for 50 cycles for activation. As shown in Figure 5.6 a, the CV profile 

of AuNi-R sample demonstrates a pair of wide redox peaks located at -0.25 V (vs. Ag/AgCl) and 

-0.15 V. The cycles can also result in activation by transforming the Ni0 or Ni2+ to Ni(OH)2 or 

NiOOH by the following possible reactions:143  

(1) Ni + 2H2O → Ni(OH)2 + 2e- + 2H+ 

(2) Ni2+ + 2H2O → Ni(OH)2 + 2H+ 

(3) Ni(OH)2 + H2O → NiOOH + e- +H3O+ 

(4) NiOOH + H2O + e- → Ni(OH)2 + OH- 

As for AuPt-R samples in plain 0.01 M PBS solution, OHads species obtained from the water 

dissociation are first absorbed on the Pt surface in the positive scan. These OHads can accelerate 

the electrooxidation of the vicinity bonded carbohydrate (e.g., dopamine) by breaking the C-O-C 

bond.192 At even higher potential (> 0.3 V), OHads can form a monolayer of oxygen-containing 

species PtO.193 As for AuNiAuPt-R and AuPtNi-R, both CV profile presents three cathodic peaks 

at 0.15 V, and -0.12 V could represent the reduction of Pt, and -0.35 V could be Ni compounds 

reduction.194,195,196 
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Figure 5.6 Cyclic voltammetry profiles of various samples in 0.01 M PBS. 

 

In mixing chains or mixing ions series (in Figure 5.6 b&c), when the Ni ratio is increased by 

changing the additional volume, the conductivity decreases, and the peak at 0.15 V disappears. In 

contrast, samples with more Pt show an opposite trend. We can obtain several important 

information from the curve: First, when the CV program ran to higher potential, the Ni, Ni2+, and 

Ni(OH)2 can be oxidized into NiOOH corresponding to reversible reactions 3 and 4. This can be 

deduced by the presence of a cathodic peak at -0.2 V. However. Once the Ni(OH)2 domain is 

formed, it would not be electrochemically reduced back to metallic Ni since reaction (1) is 

irreversible.190 The NiOOH/Ni(OH)2 domain formation reaches a steady state after 50 cycles. To 

prove the formation of NiOOH, the AuNiAuPt-R sample was first run 50 cycles in PBS, and then 

the materials were collected and analyzed by Raman measurement. From Figure 5.7, the peaks 

present at ~480 and 560 cm-1, which belong to NiOOH, are observed in the sample after cycling.197 

Additionally, the influence of the scan rate on the redox peak currents was then studied by cyclic 

voltammetry. The measurements were conducted at several scan rates from 10 to 200 mV s-

1 in PBS without dopamine (Figure 5.8). The current of redox peak increases with the increase of 

scan rate. Furthermore, a linear relationship between the current and the scan rate (v) is 

observed. This suggests that the electron transfer process is a surface adsorption controlled 

reaction.198,199,200 Besides, with the scan rate increase, oxidation/reduction peaks are slightly 

shifted to positive/negative potential due to the higher scan rate, which leads to a slower electron 

transfer process. 
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Figure 5.7 Raman spectra recorded the AuNiAuPt-R samples before and after electrochemically 

modification in PBS. The places labeled as * represent the formation of NiOOH after the cyclic 

voltammetry program.  

 

 

Figure 5.8 Variation of anodic and cathodic peak currents vs. scan rate for a) AuNi-R, b) AuPt-R, 

c) AuNiAuPt-R, and d) AuPtNi-R in PBS. 
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 Dopamine detection 

The synthesis has been designed to tune the atomic ratio of Pt:Ni from 0.7 to 5.6 to find the best 

sample by adjusting the volume ratio of PtCl4 and NiCl2 during the assembly process. Figure 5.9 

presents the CV curves of hybrid electrodes in 0.5 mM dopamine in PBS solution in a neutral pH 

environment. As shown in the figure, compared with the CV scan without dopamine in solution 

(in Figure 5.6), the CV curves of all electrode materials present a pair of reversible prominent 

redox peaks related to the oxidation of dopamine where oxidation peaks locate at ~0.2 V and 

reduction peaks exhibit at 0.1 V. To better understand the dopamine oxidation reaction, cyclic 

voltammetry measurements were performed at several scan rates from 10 to 200 mV/s in PBS pH 

7 containing 0.5 mM dopamine. Figure 5.9 b&c presents the redox peak current increases with the 

scan rate, and redox peaks are assigned to the reversible reaction of dopamine to dopaminoquinone. 

Furthermore, a linear relationship of the reduction peak potential and the scan rate and oxidation 

peak potential and v1/2 are observed. These confirmed the electrooxidation of dopamine is a 

diffusion-controlled process, and reduction reaction is surface adsorption controlled.  

 

Figure 5.9 Cyclic voltammograms recorded for AuNi-R, AuPt-R, AuNiAuPt-R, and AuPtNi-R 

sample in PBS with 0.5 mM dopamine; b) Variation of anodic peak currents vs. square root of 

scan rate and c) variation of cathodic peak currents vs. scan rate in PBS with 0.5 mM dopamine. 
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On the other hand, to investigate more about the electrochemical materials, we calculated the redox 

peak difference, ΔEp. More details are presented in Table 5.2. For the AuPt-R sample, the cathodic 

peak current is almost the same with anodic peak current, and ΔEp is 0.07 V. Meanwhile, for the 

AuNi-R sample, the cathodic peak current is much smaller than the current value of the anodic 

peak with a 0.14 V ΔEp. This indicates that the reactions that occur on the AuNi-R material are 

semi-reversible. The decrease in peak cathodic current is attributed to unstable oxidation products. 

Besides the redox peaks of oxidation of dopamine to dopaminoquinone, another pair of peaks 

located around -0.35 V are observed, which is related to further oxidation of dopaminoquinone. 

As shown in Scheme 5.10, this is a fast cyclization reaction.201 

 

Figure 5.10 The scheme of electrocatalytic oxidation of dopaminoquinone. 

 

 

Table 5.2 The redox peak difference, ΔEp, of various samples 

Sample Eo (V) Er (V) ΔEp (V) 

AuNi-R 0.24 0.1 0.14 

AuPt 0.17 0.1 0.07 

AuPtNi3-R 0.21 0.1 0.11 

AuNi3AuPt-R 0.18 0.1 0.08 

AuPtNi-R 0.17 0.1 0.07 

AuNiAuPt-R 0.17 0.1 0.07 

AuPt3Ni-R 0.18 0.1 0.08 

AuNiAuPt3-R 0.18 0.1 0.08 

* Eo, Er, and ΔEp are the potential of oxidation peak, reduction peak, and the redox peak difference. 

 

However, all mixed chains samples possess ΔEp of less than 0.1 V. This suggests that Pt domains 

can improve the electron transfer rate. As can be seen in Figure 5.9 a, the pair of electrochemical 
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redox peaks of the AuNiAuPt-R sample presents the highest current response compared to AuNi, 

confirming a higher current response due to the presence of Pt domains. Comparing AuPtNi-R and 

AuPt-R samples, the Ni domain can increase dopamine absorption, facilitating the reaction. 

Therefore, mixing Ni and Pt could lead to higher catalytic ability due to synergistic effect and 

higher electron transfer rate. There could be competitive adsorption between anions and dopamine. 

However, when dopamine was added into the solution, the absorption peak of HPO4
2- in negative 

scan gradually decreased. In this work, alloy nanocomposites show better response compared to 

the corresponding monometallic nanoparticles because of the higher conductivity and faster 

electron transfer rate.183 In addition, the porous morphology of Au chains provides a higher surface 

area with more active sites. This helps the faster mass transport of the reactants and products. On 

the other hand, dopamine contains catechol and amine functional groups, which show excellent 

affinity with inorganic surfaces and organic groups, like the carboxylic group.183 This reduces the 

effect of interferent molecules and also increases the oxidation current.174,183 

 Effect of deposition 

To obtain the critical deposition mass, successive volume addition of the active materials on GCE 

was investigated in PBS without dopamine. As shown in Figure 5.11, a greater mass of the catalyst 

increases the current response. In addition, the stacked porous structure can help the diffusion of 

reactants to reach the active sites.179 At 15 μL of samples, the materials can completely cover the 

active area on the GCE surface, and further addition does not increase the current response. 

Meanwhile, the material might peel off from the electrode at a higher loading density.194  

 

Figure 5.11 Cyclic voltammograms profile of successive volume addition of the active materials 

on GCE in PBS. 
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 Calibration line 

The dopamine detection performance is evaluated using amperometry. The calibration curves (as 

shown in Figure 5.12 b) are obtained from amperometric responses of the materials deposited on 

GCE upon the successive injection of dopamine at an applied potential. From Figure 5.12 a, it is 

clearly observed that after adding the dopamine, the current response increases sharply within few 

seconds and then decreases a little at low concentrations (less than 0.5 μM). Overall, the Au NWs’ 

current response increases with the dopamine concentration. Furthermore, the change in response 

is observed in less than 15 sec. These results show that the Au NWs provide fast electron transfer, 

with high density of active sites and a porous structure which leads to effective mass transfer. The 

AuNiAuPt-R materials show the highest electrochemical activity. The Pt, Ni, and Au form 

domains with a nanometer scale according to the XRD spectrum. These not only modify the 

electronic properties of Pt and Ni to form a suitable bond strength with the adsorbate (dopamine) 

but also enhances the electron transfer rate. Furthermore, the nanochains have a large surface area 

and a porous structure, which helps to improve the catalysis performance. Due to the diffusion 

process and ultrafast oxidation, the response current is recorded after 45 s following the addition 

of dopamine. The AuNiAuPt-R presents the best performance where the current density increases 

linearly with dopamine concentration, from 0.14 to 36.5 μM (R=0.994). The sensitivity was 

calculated to be 1279.3 μA mM-1 cm-2 at 0.16 V vs. Ag/AgCl, an ultrahigh sensitivity compared 

with other works.179,183,185,201 

 

Figure 5.12 a) Amperometric current-time responses for different samples to successive addition 

of dopamine; b) Variations of current densities against Dopamine concentrations in PBS. 
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The detection limit is 0.01 μM with a signal-to-noise ratio of 3. Based on the excellent 

electrochemical characteristics, the AuNiAuPt-R is an excellent electrochemical detection material 

for dopamine. The properties of electrochemical sensors for all involved Au chains for dopamine 

detection are compared in Table 5.3. 

The AuNiAuPt-R has a relatively wider linear range, higher sensitivity, and lower detection limit. 

The excellent performance can be attributed to the large surface area and fast transfer rate of 

charges which improves the electrocatalytic activity of the AuNiAuPt-R sample towards the 

sensing of dopamine. Thus, the combination of both Pt and Ni based composites provides excellent 

electrocatalytic performance and superior electronic conductivity compared to the plain AuPt-R 

and AuNi-R samples. Meanwhile, the presence of Ni nanocomposites facilitates the adsorption 

and oxidation of the dopamine molecule and desorption of final products on nanomaterials surface. 

The electron-injection mechanism also further supports the better catalytic performance of 

AuNiAuPt-R than AuPt-R and AuNi-R.182 The electrons from Au NPs and metallic Pt can be 

injected into Ni(OH)2 or NiOOH phase. This injection builds an electric field at the interface, 

which can accelerate the transfer of electrons.190 It explains that AuNiAuPt-R samples have better 

output current density for the oxidation of dopamine than AuPt-R and AuNi-R.190 

Table 5.3 The detailed information of the dopamine detection performance of various composites 

Sample 
Sensitivity 

Range (μM) R2 LoD (μM) 
(μA mM-1 cm-2) 

AuNi-R 133.6 1.7 36.5 0.996 0.012 

AuPt 330.3 11.6 371.8 0.996 0.019 

AuPtNi3-R 368.9 0.4 134.5 0.998 0.003 

AuNi3AuPt-R 430.1 0.2 85.8 0.993 0.002 

AuPtNi-R 229.9 1.2 36.5 0.993 0.011 

AuNiAuPt-R 1279.3 0.1 36.5 0.994 0.010 

AuPt3Ni-R 555.2 0.4 134.5 0.993 0.034 

AuNiAuPt3-R 574.1 0.7 134.5 0.994 0.029 
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A series of experiments have been done to improve the oxidation performance by changing Pt/Ni 

ratio. The final optimized Pt/Ni ratio is 1:1. The relationship between the catalytic activity and 

elemental domain size is studied by mixing two elements at the different assembly processes. From 

the previous section, the mixing ions samples form a relatively homogeneous structure without 

clear boundaries of each elemental domain. However, in the AuNiAuPt-R sample, we can observe 

distinguishable domains. Our previous study proved that the relative spatial placement of domains 

could affect the catalyst performance.72  

From Table 5.3, AuNiAuPt-R with well-defined domains of Pt and Ni performs better than 

AuPtNi-R catalyst. With the Pt/Ni ratio of 1:1, the dopamine oxidation sensitivity of the mixed 

chains sample is 5.5 times higher than the AuPtNi-R samples with homogeneous elements 

distribution. The performance of the AuNiAuPt-R catalyst for dopamine oxidation is also 3.8 times 

that of AuPt-R and 9.6 times of AuNi-R. All the samples with Ni ions inside show better 

performance, which could be due to the synergistic effect of Pt and NiOOH. We also observed that 

for the mixing ions samples higher Pt/Ni ratio improves the sensitivity. When the Pt/Ni ratio is 

varied from 1:3 to 3:1, the sensitivity increased 1.5 times. NiOOH domains with neighboring Pt 

sites are required to oxidize dopamine molecules effectively.72 Therefore, the spatial distribution 

of elements plays a crucial role in the catalyst’s performance due to the scale of elemental domains. 

 

Figure 5.13 Electrochemical impedance spectroscopy (EIS) spectra of AuPt-R, AuNi-R, AuPtNi-

R, and AuNiAuPt-R. The inset is the equivalent circuit. 
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As shown in Figure 5.13, compared with the AuPt-R sample (~39 Ohm), AuNi-R (~65 Ohm) 

presents a much lower charge-transfer resistance (Rct). Furthermore, AuNiAuPt-R (~35 Ohm) and 

AuPtNi-R (~43 Ohm) both show lower Rct than even AuNi-R. This confirms the involved Ni 

facilitates charge transfer. Meanwhile, the AuNiAuPt-R sample exhibits the lowest Rct, proving 

that nanoscale domains improve electrical conductivity at the electrode surface.203,204 

 Selectivity, reproducibility, stability, and reusability of device 

Selectivity, reproducibility, and stability of electrodes are also important parameters to evaluate 

the practical performance. Some organic compounds such as uric acid (UA), ascorbic acid (AA), 

acetaminophen (AP), and glucose can strongly adhere to the electrode surface and severely reduce 

the selectivity of active material.  

As seen in Figure 5.14, the chronoamperometry measurements of the AuNiAuPt-R sample with 

the interference of UA, AP, glucose, and AA at the applied potential of 0.16 V were performed.  

The current responses to successive addition of UA, AP, glucose, and AA were negligible. 

Meanwhile, the electrode presents a significant electrochemical response to 10 μM dopamine.  

 

Figure 5.14 The chronoamperometry measurements with the interference of 10 μM UA, 10 μM 

AP, 250 μM glucose, and 10 μM AA with 10 μM Dopamine. 
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 Reproducibility and stability of electrodes 

The stability and reproducibility of the Au chains were tested to determine the efficiency of the 

active materials. Three different AuNiAuPt-R deposited on GCE prepared independently were 

tested to characterize the reproducibility. The relative standard deviation (RSD) is 7%. This 

suggests that the AuNiAuPt-R presents excellent reproducibility. Moreover, the shelf-life of 

materials was measured as well. Only a decrease of 6% was found for active materials after being 

stored in the ambient environment over four months, indicating good stability and reproducibility 

of the Au chains system. 

 

  



 
109 

4 Conclusion  

The self-assembled 1D gold nanochains with the controlled spatial distribution of elements were 

developed to detect dopamine. The AuNiAuPt-R sample shows the best performance with high 

sensitivity of 1279.3 μA mM-1 cm-2 in the range of 0.1-36.5 μM. Compared with homogeneously 

distributed elements, nanometer scale domain size is necessary to improve the electrocatalytic 

sensitivity. In addition, this synthesis process provides a simple way to fabricate multi-element 

composite for electrocatalytic applications.  
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Part B Self-Assembled Au NWs doped with various elements as 

electrocatalysts 

Chapter 6 Au-Ni-Cu nanocomposites as glucose catalyst 

1 Introduction 

The World Health Organization claims that about 422 million people worldwide have diabetes, a 

chronic disease that can seriously damage vital organs. Diabetes is usually monitored by the level 

of blood glucose. In a conventional way, this is done via an invasive finger-stick procedure. 

However, the patients suffer pain and stress during the time. Thus, a non-invasive method to 

precisely monitor glucose levels is highly desirable. The glucose level in sweat is in a lower range 

0.25-1.5 mM while in the blood is 3-8 mM.189 

Electrochemical sensors play an important role in clinical diagnostics owing to their high 

sensitivity and fast response. Overall, there are two main categories: enzymatic sensor and non-

enzymatic sensor. Even though enzymatic glucose sensors remain commercially unchallenged, 

they are impacted by ambient conditions (like oxygen, pH, temperature, and humidity) and enzyme 

activity and stability. In this respect, non-enzymatic electrodes have been attracting significant 

attention, which can directly oxidize glucose in the sample and free from oxygen limitation with 

high stability and sensitivity. Various glucose biosensors have been investigated including noble 

metal (e.g. Au,205,206 Pt194,196), transition metal (e.g. Ni,207 Cu208,209), metal-oxide (NiO, CuO, 

Co3O4)209,210,211,212,213, conductive polymer (PANI), carbon nanotubes and graphene.189,194 

Although the noble metals perform excellent catalysis behavior, they are still limited by the high 

cost and low sensitivity. Transition metal or metal oxides can lower the cost but have poor 

conductivity, which impedes the electron transport resulting in low performance.210 

This chapter presents research results from integrated Au NCs with a cover layer of Cu and Ni 

composites to produce electrochemical glucose sensors using the synthesis method developed in 

previous chapters. This core-shell nanowire-like glucose sensor displays high electrocatalytic 

activity with a large active surface area, electroconductivity, and stability. 
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2 Materials and methods 

2.1 Materials 

 Preparation of AuCu and AuNi nanochains 

55 µL of 4 mg/mL CuCl2 (99.9%, Sigma Aldrich) and 80 µL of 4 mg/mL NiCl2 (99.9%, 

Sigma Aldrich) were mixed with 1 mL gold nanoparticles separately and then left on the 

shaker with a speed of 300 rpm until the solution color changed to dark blue. After the self-

assembly process and mixing the chains, they are reduced by 75 µL of 4 mg/mL NaBH4 

(99%, Sigma Aldrich), which color turned to black first and then pink (samples labeled as 

AuCu-R and AuNi-R). The stocked samples are stable in aqueous media over two months.  

 Preparation of AuCuNi/AuCu3Ni/AuCuNi3 (mixing ions) nanochains 

55/82.5/27.5 µL of 4 mg/mL CuCl2 and 80/40/120 µL of 4 mg/mL NiCl2 were mixed first 

and then added into 2 mL gold solution, respectively. When the color turned to dark blue, 

the solution was reduced by 150 µL of 4 mg/mL NaBH4, which color turned to black 

(samples labeled as AuCuNi/AuCu3Ni/AuCuNi3-R). The stocked samples are stable in 

aqueous media over two months.  

 Preparation of AuNiAuCu/AuNi3AuCu/AuNiAuCu3 (mixing chains) nanochains 

1/1.5/0.5 mL of AuNi chains solution before reduction and 1/0.5/1.5 mL of AuCu chains 

solution before reduction were well mixed first. Then 2 mL mixture was reduced by 150 

µL of 4 mg/mL NaBH4, which color turned to black (samples labeled as 

AuNiAuCu/AuNi3AuCu/AuNiAuCu3-R). The stocked samples are stable in aqueous 

media over two months. 

2.2 Characterization  

Zeiss Ultraplus Field-emission Scanning Electron Microscopy (FESEM) was used to measure the 

morphology of samples and the deposition. Transmission electron microscopy (TEM) images were 

obtained with an LEO 912ab energy filtered transmission electron microscope (EFTEM). UV-

Visible absorption spectra of samples were detected by Perkin Elmer Lambda 750 
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spectrophotometer. The powder X-ray diffraction (XRD) pattern was measured by the PANalytical 

Empyrean diffractometer with Cu Kα radiation (λ = 1.54 Å). X-ray Photoelectron Spectra (XPS) 

was performed on VGS ESCALab 250.  

2.3 Electrical measurement  

The electrolyte is 0.1 M NaOH. Concentrations of β-+-glucose (Sigma Aldrich) in 0.1 M NaOH 

were varied between 10 µM and 100 mM. Cyclic voltammetric (CV) and chronoamperometric 

experiments were performed with an Ivium CompactStat Electrochemical Analyzer 

electrochemical workstation. A conventional three-electrode system was adopted using GCE as 

working electrode, SCE as reference electrode, and Pt wire as a counter electrode. 15 µL gold 

chains solution was drop-cast on GCE to do measurements. All experiments were performed at 

room temperature. All the glucose detection experiments are operated under a stirrer with 500 rpm 

speed. CV scans were recorded in basic solution from 0.2 to 0.8 V vs. reference electrode at 

different scan rates. For chronoamperometry measurements, the amperometric response of the 

electrode toward successive additions of glucose is recorded. A current response versus glucose 

concentration calibration curve is established using the readout current (the detection current 

averaged over the last 15 s range). During the measurements, it was ensured that the baseline 

current (in the absence of glucose) was stabilized before adding glucose. The current change with 

time is tracked at the working electrode as a function of increasing glucose concentration. 

Interference tests were performed with electroactive compounds, such as ascorbic acid (AA), uric 

acid (UA), acetaminophen (AP), and dopamine (DA) (added to a concentration of 0.5 mM), which 

are commonly present in physiological samples and cause problems in the accurate determination 

of glucose (0.5 mM). The LoD was determined from the relationship, expressed as:189 

LoD = 3.3σ/ S 

where σ is the standard deviation of the baseline and S is the slope of the sensor’s linear calibration 

curve. Sensitivity was defined as the slope of the sensor’s calibration curve normalized to the 

geometrical area of the electrode. 
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3 Results and discussion 

3.1 Characterization 

From the Figure 6.1 a, the SEM image shows the 1D morphology of AuCu3Ni-R, AuCuNi-R, 

AuCuNi3-R, AuNi3AuCu-R, AuNiAuCu-R and AuNiAuCu3-R samples. Clearly, all of them 

present a wire-like structure. The scheme is presented in Figure 6.1 b. The samples are deposited 

on the substrate, and the wires have a stacked structure resulting in a connected porous network 

that can form a continuous pathway for electrons. The ratio of Ni/Cu of 1 presents the best 

performance. Thus, the later characterization will mainly focus on AuNiAuCu-R and AuCuNi-R.  

 

Figure 6.1 a) The FESEM images of various samples shows that all have nanochain based porous 

structure; b) The schematic image of two kinds of gold nanowires. The scale bar is 100 nm.  
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The elemental mapping of the TEM images (in Figure 6.2 b&c) present Cu or Ni covers the Au 

NPs surface with a thickness of 1 to 2 nm. The synthesis methods can control the domain size 

element achieving spatial distribution. As discussed in chapter 4, the samples with mixing the ions 

have homogenous elemental placement, while AuNiAuCu-R samples present nanometer scaled 

domain size (the schematic image in Figure 6.1 b illustrates the difference). However, there are 

small Cu-Ni segregations around the chains, as shown in elemental mapping images. It could be 

due to dislocation of Au and Cu/Ni during the synthesis process to reduce the epitaxial strain. As 

shown in Figure 6.2 a, the XRD pattern of all reduced composites displays the main peak of Au 

(111). The XRD spectrum of Au NPs has a broad peak around 38.4 which represents the size of 

Au is small. However, AuNi presents a dominant peak at 38.5 and in AuCu, the peak shifts to 

38.6, which indicates the formation of Ni or Cu alloy with Au. The spectra do not show any 

obvious peak for Ni or Cu, which might be due to formation of amorphous or ultrathin layer of 

Ni/Cu compounds.214 Comparing the XRD spectra of AuCuNi-R and AuNiAuCu-R samples, the 

mixed ions one has a slightly wider peak, indicating a smaller domain size for the mixed ions 

chains.  
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Figure 6.2 a) XRD spectra of of AuCu-R, AuNi-R, AuCuNi-R and AuNiAuPt-R; the TEM images 

and EELS of b) AuNiAuCu-R and c) AuCuNi-R samples present Cu and Ni shells on the Au 

nanoparticle chains. 

 

The chemical compositions were confirmed by XPS measurement. All Au 4f XPS spectra of 

AuCu-R, AuNiAuCu-R, and AuCuNi-R samples (Figure 6.3 a) exhibit the binding energies of 

83.9 and 87.6 eV attributed to Au 4f7/2 and Au 4f5/2, respectively, which are metallic gold.215 There 

are also another pair of peaks located at 84.2 and 87.8 eV, representing the formation of alloy.215 

The Cu 2p3/2 spectrum of AuCu-R (Figure 6.3 b) can be resolved into two components at 931.7 

and 934.2 eV assigned to metallic Cu and Cu2+, respectively.216 The peaks are accompanied by 

two broad satellite peaks at 940.2 and 943.1 eV ascribed to Cu2+ and CuO.208,217,218 As for the 



116 

AuNiAuCu-R sample, the Cu2+ peak at 934.2 eV shifted to 933.6 eV might be explained by the 

presence of Ni. In comparison, the Cu2+ peak of the AuCuNi-R sample shifts to 933.8 eV. These 

could be due to the existence of highly homogenous distributed Cu and Ni domains. The Ni 2p 

spectrum of AuCuNi-R sample (Figure 6.3 c) is fitted with a dominant peak at 855.6 eV, and a 

small peak at 857.2 eV from NiO and Ni(OH)2.219 The AuNiAuCu-R sample Ni 2p spectrum is 

only consistent with NiO peaks at 855.2 eV for the Ni 2p3/2.220 The AuNiAuCu-R, therefore, is 

dominated by  Ni2+ state. In contrast, the AuNi-R sample only presents Ni(OH)2 at 856.3 eV.221 

The atomic ratio of Ni/Cu measured by EDX for AuNi3AuCu-R, AuNiAuCu-R, AuNiAuCu3-R, 

AuCuNi3-R, AuCuNi-R and AuCu3Ni-R is 2.4, 1.2, 0.5, 3.0, 1.5 and 0.8, respectively.   

 

Figure 6.3 XPS spectra of assembled Au chains in a) Au 4f region, b) Cu 2p region, and c) Ni 2p 

region. 

 

Figure 6.4 shows the UV-Visible spectra of Au NPs, AuCu-chains, and AuNi-chains. As for the 

Au NPs, it presents a maximum absorption peak, λmax, at 520 nm. Au NCs exhibit a similar 

spectrum with λmax at 620 nm and a broad shoulder at ~520 nm. For mixed ions samples, with the 

increase of Ni/Cu ratio inside, the λmax has a slight red-shift. In contrast, mixed chains samples do 

not show an obvious shift. The red-shift in the absorbance maxima confirms that Au NPs are 

physically linked before the reduction.222,223 After the reduction by NaBH4, Au NCs present a 

single peak ~530 nm. After the reduction, the spacing between the Au nanoparticles has increased 

due to an ultrathin layer Cu-Ni cover formed on each Au NPs, which is similar to the presenting 

in EELS mapping (as shown in Figure 6.2 b&c). 
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Figure 6.4 UV-Vis spectrum of self-assembled Au nanochains and the samples after reduction.  

 

 

3.2 Electrocatalytic activity 

Using 0.1 M NaOH as the electrolyte, the spatial distribution of Cu and Ni composites on the 

surface of Au NPs can be transformed to Cu/Ni hydroxide or (oxy)hydroxide by cyclic 

voltammetric activation (in Figure 6.5). Ni and Cu based nanomaterials can be oxidized into 

NiOOH and CuOOH in 0.1 M NaOH solution with a confined crystalline size during the CV 

scanning. After CV scanning for 50 cycles, stable redox peaks appear for all the samples. As for 

the AuNi-R sample, a pair of redox peaks are observed, with an anodic peak at 0.45 V and a 

cathodic peak at 0.35 V, which might be the conversion of Ni2+ to NiOOH.207 The relevant 

mechanism is:184 

(5) Ni + 2OH- → Ni(OH)2 + 2e- 

(6) Ni(OH)2 + OH- ↔ NiOOH + H2O + e- 

(7) NiO + OH- ↔ NiOOH + e-  

Even though AuCu-R experienced the same process, the cathodic peak shifts to 0.6 V, and the 

anodic current continuously increases without presenting any obvious peak. During the cycling, 

the following possible electrochemical reaction could happen:224,225 

(8) Cu + 2OH- → Cu(OH)2 + 2e- 

(9) Cu(OH)2 + OH- ↔ CuOOH + H2O + e- 

(10) CuO + OH- ↔ CuOOH + e-  
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As shown in Table 6.1, with different atomic ratios of Ni/Cu, the redox peak’s location shifts 

differently.  

Table 6.1 The redox peaks location of various composites in 0.1 M NaOH 

Sample Anodic peak (V) Cathodic peak (V) 

AuCu-R N/A 0.60 

AuNi-R 0.45 0.35 

AuCu3Ni-R 0.45 0.34 

AuCuNi-R 0.45 0.33 

AuCuNi3-R 0.45 0.33 

AuNiAuCu3-R 0.60 0.35 

AuNiAuCu-R 0.55 0.43 

AuNi3AuCu-R 0.51 0.31 

 

 

Figure 6.5 Cyclic voltammetric profile of a) AuNiAuCu-R, b) AuCuNi-R, c) AuNi-R and d) 

AuCu-R samples in 0.1 M NaOH with 0 mM (in blue line), 0.5 mM (in orange line) and 2.5 mM 

(in grey line) glucose.  
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As can be seen, the mixed ion samples’ redox peaks do not shift much. The possible reason could 

be the ions are homogeneously distributed on Au NPs surface. In contrast, the redox peaks of 

mixed chains samples with nanometer domains separation show an obvious shift. For example, 

the difference between the anodic peak of AuNiAuCu3-R and AuNi3AuCu-R is 0.09 V. Compared 

with AuNi-R, whose anodic peak is located at 0.45 V, it can be clearly noticed that when more Ni 

is introduced into the samples, the location of anodic peak shifts closer to the AuNi-R peak position, 

due to the domination by oxidation of Ni during the CV cycling. Therefore, the oxidation potential 

shift depends on the ratio of Ni/Cu. 

The cyclic voltammogram for the AuNiAuCu-R electrodes in 5 mM NaOH and 5 mM glucose 

solution is presented in Figure 6.6. A pair of redox peaks at 0.66/0.53 V is the activation of Ni and 

Cu into a higher state. A higher current response at 0.85 V represents the oxidation of glucose. 

Base on a previous study, the glucose oxidation mechanism could be expressed as:226,227 

(11) Ni(OH)2 + OH- → NiO(OH) + H2O + e- 

(12) NiO(OH) + glucose → Ni(OH)2 + glucolactone 

(13) Cu(OH)2 + OH- → CuO(OH) + H2O + e- 

(14) CuO(OH) + glucose → Cu(OH)2 + glucolactone 

The probable mechanism could be that NiOOH/CuOOH receives an electron from glucose and 

becomes Ni2+/Cu2+ while glucose is oxidized into gluconolactone. Then Ni2+/Cu2+ releases an 

electron to the Pt wire to regenerate NiOOH/CuOOH. Thus, the potential of glucose oxidation 

depends on the potential of redox couples. To prove that Cu and Ni have been first oxidized into a 

higher state and then catalyzed glucose oxidation, the cyclic voltammetric of AuNiAuCu-R in 5 

mM NaOH with 5 mM glucose was measured. The figure presents that the activation of Ni/Cu 

into a higher state happened at a lower potential compared to the oxidation of glucose. Therefore, 

the Ni/Cu would be oxidized into Ni3+/Cu3+ before the oxidization of glucose. On the other hand, 

the oxidation peak of glucose presents a higher potential in low pH. Thus, the electrodes present 

higher catalytic performance in high pH media. This could be due to the fact that it is easier to 

form OHads radicals on the surface at high pH hence facilitating the oxidation of glucose.194 In the 

first step of glucose oxidation, the glucose C-1 hydrogen is abstracted at the Ni3+ and Cu3+ sites 

(NiOOH and CuOOH), followed by further oxidizing dehydrogenated radical intermediates into 
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glucono-δ-lactone.194 In the absence of glucose, the ratio of the current for the redox peaks is one. 

When a low concentration of glucose is added, the anodic current rises, whereas the cathodic peak 

remains unchanged (in Figure 6.5). This suggests that oxidation of glucose happens quickly 

without the blocking of active sites and rapid electron transfer. From the CV plot, the glucose 

oxidation potential shifts to a higher positive potential on increasing glucose concentration. This 

could be due to 1) higher concentration of glucose may impede the diffusion of reaction products 

from the electrode; 2) formation of greater amounts of intermediates can block the active sites 

leading to higher resistance for electron transfer. Hence higher potential is needed with higher 

glucose concentration.209 

 

Figure 6.6 Cyclic voltametric profile of AuNiAuCu-R sample in 5 mM NaOH and 5 mM glucose. 

 

3.3 Glucose detection 

 Calibration line 

The glucose detection performance is evaluated using chronoamperometry. The calibration curves 

(as shown in Figure 6.7) are obtained from current responses of the electrode upon the successive 

injection of glucose at a fixed applied potential. From Figure 6.7 a, it is clearly observed that after 

the glucose injection, the current response rapidly increases and stabilizes quickly within 5 s. This 

ultra-fast glucose electrooxidation results from the higher surface area and porous structure. The 
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AuNiAuCu-R electrode shows high electrochemical activity due to its synergistic effects of the 

two metal components (discussed below) and nanowires morphology, which is ideal for a 

kinetically controlled surface bond reaction such as glucose oxidation. Due to the diffusion process 

and ultrafast oxidation, the response current is calculated as the average response over the last 15 

s for each addition. The detection limit is calculated at S/N=3. The response to glucose 

concentration changes demonstrates that the chains show very sensitive detection ability. The 

linear relationship between the current response and glucose concentration fits a double linear 

profile for composite chains and a linear profile for single metal chains, with details presented in 

Table 6.2.  

 

 

Figure 6.7 a) Amperometric current-time responses for different samples on successive addition 

of glucose in 0.1 M NaOH; b) Variations of current densities against glucose concentrations in 0.1 

M NaOH. 

 

As for AuCu-R, the sensitivity is 380.7 μA mM-1 cm-2 in the 5 μM to 4.55 mM range (R2 = 0.999), 

and for AuNi-R is 353.7 μA mM-1 cm-2 in the 5 μM to 0.39 mM range (R2 = 0.997). Comparing 

the samples with the same Ni/Cu=1, the AuNiAuCu-R performs better in sensitivity (643.9 μA 

mM-1 cm-2 in the 5 μM to 4.55 mM range, R2 = 0.998, and 464.4 μA mM-1 cm-2 in the 4.55 mM to 

12.85 mM range, R2 = 0.997) than AuCuNi-R (516.2 μA mM-1 cm-2 in the 3 μM to 0.86 mM range, 

R2 = 0.999, 363.7 μA mM-1 cm-2 in the 1.11 μM to 4.55 mM range, R2 = 0.998). We also compared 

the sensitivity of AuNiAuCu-chains before (193.0 μA mM-1 cm-2 in the range from 8 μM to 0.49 

mM range, R2 = 0.997) and after reduction (643.9 μA mM-1 cm-2). After the reduction, the 
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sensitivity is higher, confirming that the formation of Ni and Cu nanosize domain (and their 

hydroxides) is necessary for effective glucose oxidation. Additionally, the domain size does play 

a crucial role as a catalyst. Comparing the samples with the same Ni/Cu ratio, the mixing chains 

samples with a larger domain size perform better than the mixing ions one, which possess smaller 

domain sizes. Specifically, we observe that AuNiAuCu-R can be operated to detect glucose from 

5 μM to 12.85 mM fitting the glucose level in saliva, sweat, and blood.  

 

Table 6.2 The detail information of the glucose detection performance of various composites in 

0.1 M NaOH 

Sample 

Sensitivity in 

Range A 

μA mM-1 cm-2 

Linear 

Range A 

mM 

R2 
LoD 

μM 

Sensitivity in 

Range B 

μA mM-1 cm-2 

Linear 

Range B 

mM 

R2 

AuCuNi3-R 513.3 0.004-0.46 0.997 4 325.9 0.49-1.6 0.998 

AuCuNi-R 516.2 0.003-0.86 0.997 5 363.7 1.11-4.55 0.998 

AuCu3Ni-R 471.9 0.02-0.86 0.999 7 315.0 1.11-5.52 0.997 

AuNi3AuCu-R 406.9 0.005-1.59 0.998 5 244.8 1.59-4.55 0.994 

AuNiAuCu-R 643.9 0.005-4.55 0.998 5 464.4 4.55-12.85 0.997 

AuNiAuCu3-R 516.1 0.02-0.86 0.997 10 362.7 1.11-4.55 0.998 

AuCu-R 380.7 0.005-4.55 0.999 3    

AuNi-R 353.7 0.005-0.39 0.999 5    

AuCa 47.4 0.025-1.46 0.999 20    

 

To further investigate the role of the gold template in this work, an electrode made by gold 

nanochains assembled by calcium ions is examined. In Figure 6.8, even though it presents the 

oxidation performance, it takes a longer time to show the response, over 30 s. This suggests that 

Ni and Cu possess suitable adsorption and desorption energy toward glucose oxidation.  
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Figure 6.8 Amperometric current-time responses for AuCa samples on successive addition of 

glucose in 0.1 M NaOH; b) Current densities against glucose concentrations in 0.1 M NaOH. 

 

Table 6.3 shows that our 1D Au nanomaterials with porous networks do possess a high sensitivity, 

a low detection limit, and a wide linear range than other works. This is attributed to an 

interconnected porous network which improves the mass transfer by enabling more analytes to 

approach the active sites due to the larger surface area and facilitating a higher electron transfer 

rate.227 The wide linear range is attributed to the nanoscale combination of Ni and Cu domains that 

could lead to effective detection at low concentrations on the Ni domains and higher concentrations 

at Cu domains. 

  

Table 6.3 Performance comparison with some previously reported glucose detection materials. 

Material  LoD Liner range Sensitivity Electrolyte Ref 

AuNiAuCu-R 5 μM 
0.005-4.55 mM and 

4.55-12.85 mM 

643.9 μAcm-2mM-1 and 

464.4 μAcm-2mM-1 
0.1 M NaOH 

This 

work 

Ni/Cu-MOFs 0.51 μM 1 μM-20 mM 26.05 μAcm-2mM-1 PBS 228 
Cu, Mn, Ni, or Zr -

benzene-1,4-

dicarboxylic acid 

nanosheets  

6.68 μM 0.01 mM-0.8 mM 635.9 μAcm-2mM-1 0.1 M NaOH 212 

CuO/NiO-Carbon 37 nM 100 nM-4.5 mM  586.7 μAcm-2mM-1 0.1 M NaOH 229 

CuO/Ni(OH)2/carbon 

cloth 
0.31 μM 0.05-8.50 mM 598.6 μAcm-2mM-1 0.1 M NaOH 211 

CuO/screen printed 

carbon electrode 
0.1 μM 0.5 μM -4.03 mM 308.71 μAcm-2mM-1 0.1 M NaOH 230 
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CuO decorated CeO2 10 μM  2.77 μAcm-2mM-1 PBS 213 

CuO nanoleaf/ZnO 

nanorods 
18 μM 0.1-1 mM 408 μAcm-2mM-1 0.1 M NaOH 231 

Au@Cu2O 18 μM 0.05-2.0 mM 715 μAcm-2mM-1 0.05 mM NaOH 206 

Ni/NiO/nitrogen doped 

carbon spheres 
0.31 μM 

2 μM-600 μM and 

800 μM-2500 μM 

219.19 μAcm-2mM-1 and 87. 

μAcm-2mM-1 
0.1 M NaOH 232 

Au@Ni 0.0157 mM 0.5-10 mM  23.17 μAcm-2mM-1 0.1 M NaOH 233 
 

 

 Selectivity, reproducibility, and stability of device 

Selectivity, reproducibility, and stability of electrodes are also important parameters to evaluate 

the practical performance. Organic compounds such as uric acid (UA), ascorbic acid (AA), 

acetaminophen (AP), and dopamine (DA) can strongly adhere to the surface and severely reduce 

the activity of the electrode. The normal physiological glucose levels in the blood for non-diabetics 

range from 4 mM to 7 mM, and the levels of UA, AA, AP, and DA range from 0.1 mM to 0.3 mM. 

The physiological concentrations of interfering substances are tens of times smaller than the blood 

glucose level. The selectivity of the sensor to detect 0.5 mM glucose over other interference agents, 

such as 0.5 mM UA, AA, AP, and DA. As seen in Figure 6.9, we clearly observe that the current 

responses to AA, UA, AP, and DA (after 30 s) were negligible, presenting good selectivity of the 

electrode materials. This might be due to the Au nanochains that are still negatively charged, as 

proved by their Zeta potential values in the range of -30 to -40 mV.234 At the same time, the high 

pH condition helps to retain the negative charge of the metal-based electrode. Therefore, the 

glucose electrodes possess high selectivity by repelling negatively charged interference agents like 

AA and UA. The selectivity of the non-enzymatic sensor is also related to the proper working 

potential required for the oxidation of the specific chemical species. The oxidation peak for the 

interference occurs at a higher potential while the glucose detection is performed at a lower 

potential, which also improves selectivity.   
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Figure 6.9 The chronoamperometry measurements of AuNiAuCu-R with the interference of 0.5 

mM UA, AA, AP, and DA with 0.5 mM glucose. 

 

Reproducibility and reusability of the electrode materials are evaluated. The AuCuAuNi-R 

electrode maintained 95% of its initial performance four months after fabrication which electrode 

solution has been stored in ambient condition. Meanwhile, the response from three identical 

devices provides that the relative standard deviation is less than 8%. These results confirm that the 

as-prepared materials are highly reproducible and stable.  
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4. Conclusion  

We have presented a facile strategy to achieve spatial distribution of elements on 1D gold 

nanochains surface. In this work, Ni and Cu are involved as active elements for glucose oxidation 

in basic media. Using 0.1 M NaOH as the electrolyte, the spatial distribution controlled gold 

nanochains deposited on GCE can be transformed into Ni/Cu oxyhydroxide by cyclic 

voltammetric activation. The as-prepared electrode materials were used to investigate the 

electrochemical response of glucose. Mixing Ni and Cu improves the detection sensitivity by 

synergistic effect. Additionally, the proper size of the domain is needed to obtain the best 

performance. The AuNiAuCu-R sample demonstrates the highest sensitivity of 643.9 μA mM-

1 cm-2 with high stability, reproducibility, and low limits. This offers a promising feature for 

practical analytical application. 
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Chapter 7 Conclusions and Future Work 

1 Summary of contributions 

Nanostructured materials are being intensely researched due to their properties that are distinct 

from bulk material. 1D gold nanomaterials are suitable candidates for circuit interconnections, 

flexible sensors, and electrochemical devices due to their high aspect ratio, unique morphology, 

stability, and intrinsic conductive nature. A template-free self-assembly based synthesis method 

has been developed with the use of cations, that is easy and cost-effective for the production of 1D 

NWs and NC. Additionally, different kinds of metal cations can be integrated into the 1D structure 

to design their use for various applications. 

Macroscale assemblies of nanomaterials can play a role as building blocks for fabricating flexible 

devices and human-electronic interfaces to translate multiple stimuli into electrical signals. In part 

A, Chapter 2, a simple filtration method is developed to fabricate various wearable devices to 

monitor human physiological signals, including temperature, artery pulsation, and ECG signals. 

The micron scale AuCa NCs with gaps of 1-2 nm between neighbor Au NPs are the basic materials 

in these devices. The gaps are crucial to translate the physiological responses by the quantum 

tunneling effect. In Chapter 3, an easy filtration-transfer production method is developed to prepare 

a series of stretchable devices. In this work, two kinds of 1D gold nanomaterials are studied to 

investigate the relationship between morphology and conductive behavior under tensile strain. 

After the transfer process, numerous micrometer scale cracks with interconnections develop in the 

devices, facilitating charge carriers’ transport under strain. AuPt NWs devices can endure higher 

strain than AuCa NCs devices because the AuPt NWs devices are made by extended continuous 

nanowires, which also act as interconnections between adjacent micro flakes. In contrast, AuCa 

NCs devices barely present this kind of interconnection. In addition, the AuPt NWs devices show 

high reproducible and stable responses on the application of thousands of repeated strain cycles. 

This simple method provides a universal way to prepare scaled-up stretchable devices. 

Additionally, due to the unique morphology and conductive performance of AuPt NWs, we 

integrate them as circuit elements with perovskites to fabricate highly bendable and stretchable 

photodetectors.  
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In part B, various metal cations as linking bridges are developed to assemble 1D gold nanochains 

as multi-element electrocatalysts with the controlled spatial distribution of elements. The 

distribution of the ions in the electrical double layer around the chains is used to control the spatial 

distribution of the catalytic elements. In Chapter 4, Pt and Ni-PBA are designed as bifunctional 

water splitting electrocatalytic material. The metallic Pt and Ni and Ni with a higher oxidation 

state (+3) are obtained during the synthesis process. These improve the performance of HER and 

OER. The best electrocatalytic material presents the lowest overpotential of 256 mV for OER with 

a Tafel slope of 30.3 mV dec-1 and for HER an overpotential of 37.9 mV with a Tafel slope of 13.7 

mV dec-1. 

In Chapter 5, Pt and Ni based gold nanochains are designed to detect dopamine at neutral pH. With 

nanometer scale spatial distribution of catalyst elements, the AuPtAuNi-R sample shows the best 

performance for dopamine detection. The sensitivity is 1279.3 μA mM-1 cm-2 in the detection range 

of 0.14-36.5 μM, and the detection limit is 0.01 μM. The electrode presents a negligible current 

response to the interference of UA, AP, glucose, and AA. The samples also show good stability 

and reproducibility. In Chapter 6, Au NCs with Ni and Cu cover layer are presented as a glucose 

sensor. The highly conductive and porous networks lead to fast mass transfer, facilitate electron 

transportation, and provide more active sites for glucose detection. The best sample can achieve 

high sensitivity, a low detection limit, and a wide linear range from 5 μM to 12.85 mM, which fits 

the glucose level in sweat and blood.  

2 Future Work  

In Chapter 2, the devices present high flexibility compared to most commercial products. Further 

optimizing the loading density and morphology can improve the sensitivity of the devices and lead 

to their commercialization. More research is also needed for detailed testing of the devices for 

sensing of other critical signals such as Electroencephalogram (EEG), Electromyogram (EMG), 

Electrooculogram (EOG), electroencephalogram (EEG), etc. The early adoption of the device 

could be for sensing  EEG and EOG signals, for example, to detect the rapid eye movement (REM) 

sleep for accelerating the recovery of post-traumatic stress disorder (PTSD).235,236 EMG signals 

could help evaluate the muscle activity and health status of a baby, for example, in case of 

compromised spinal development and the central nervous system.237,238 The correlation between 
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the signal details in EEG, EOG, and EMG and health conditions is well developed, which makes 

such applications well suited to advance healthcare. Meanwhile, designing a device with 

multifunctionality (for example, a wireless device patch that can in real-time monitor temperature, 

pulsation, ECG, and other crucial physiological signals) can be beneficial for the development of 

remote clinical diagnosis. This will also require integration with a wireless data collection and 

transfer interface. 

In Chapter 3, for stretchable sensors, more effort is required to make the device commercially 

viable. Even though we integrated the AuPt NWs as an electrode with perovskite to fabricate 

flexible photodetector, the effect of biaxial strain and torsion forces are critical to evaluate the 

possibility of practical application. The substrate used in this work can show a real-time response 

under strain but still faces the challenge of relaxation. Therefore, a more suitable substrate is 

required for possible application, like circuits and interconnections in healthcare devices.  

In Chapters 4, 5, and 6, we need to conduct a further study for a complete understanding of the 

materials at the atomic level, including the synthesis process and the reactions. For example, 

Density functional theory (DFT) computations can help investigate the electronic structure to 

better under the effect of the domain size and the relevant mechanism of each reaction step for 

HER and OER. Furthermore, the data presents quite a low Tafel slope, so using a rotating disk 

electrode would help us study the performance at higher overpotential, which is required for larger 

power application and the mechanism of electron transfer and mass transfer on the catalyst surface.  

As for the glucose sensor, the performance is studied as materials deposited on the GCE in this 

work. We can integrate the materials on a flexible substrate by simple filtration method to produce 

a device that can monitor the glucose level in sweat or saliva. This is a non-invasive way for 

potential use as a diabetes monitor. Regarding dopamine devices, a chip-like product can be 

designed to meet the requirements of testing dopamine in urine. Moving technology from lab to 

market will be a huge improvement to make life better.  
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