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Twenty years from now you will be more disappointed by the things 

that you didn't do than by the ones you did do. So throw off the 

bowlines. Sail away from the safe harbor. Catch the trade winds in 

your sails. Explore. Dream. Discover. 

- Mark Twain 
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Abstract 

This thesis reports the development of screen printed electrodes and associated 

fabrication processes in order to develop and understand new electrochemical based 

sensors. There are three main sections to this thesis. In the first part, an overview of 

sensors, in particular electrochemical sensors, that are commercially available and their 

current problems and limitations with conventional electrodes and electrode materials is 

discussed. Second, an introduction into screen printing and their advantages are given. The 

full process by which these next generation electrodes are manufactured is thoroughly 

described followed by examples of screen printed-electrodes and their powerful application 

as well as their low detection limits which compare well to existing literature on the market. 

The first example of a copper (II) oxide screen-printed electrode is reported, which is 

characterised with microscopy and its efficiency for the electrochemical sensing of glucose, 

maltose, sucrose and fructose is explored. It is shown that the non-enzymatic 

electrochemical sensing of glucose with cyclic voltammetry and amperometry is possible 

with low micro-molar up to milli-molar glucose readily detectable, which compares 

competitively with nano-catalyst modified electrodes. An additional benefit of this approach 

is that metal oxides with known oxidation states can be incorporated into the screen­

printed electrodes allowing one to identify exactly the origin of the observed electro­

catalytic response which is difficult when utiliSing metal oxide modified electrodes formed 

via electro-deposition techniques which result in a mixture of metal oxides/oxidation states. 

These next generation scre~n printed electrochemical sensing platforms provide a 

Simplification offering a novel fabrication route for the mass production of electro-catalytic 

sensors for Analytical and Forensic applications. Other examples such as, bespoke screen 

printed electrodes which can be used as a template to produce randomly dispersed electro­

catalytic micro-domains for analytical senSing purposes, are also shown to further 

demonstrate the applications and utility of screen printed electrodes. 

The final section focuses on electrode design. It is demonstrated that the electron transfer 

properties of disposable screen-printed electrodes can be readily tailored via the 

introduction of a polymeric formulation into the ink used in their fabrication. This approach 

allows the role of the binder on the underpinning electrochemical properties to be explored 

and quantified for the first time, allowing the electrochemical reactivity of the screen­

printed electrodes to be tailored from that of edge plane-like to basal plane-like reactivity of 
highly ordered pyrolytic graphite. 



Building on this fundamental study of the origin of electron transfer at these novel 

electrodes, the first example of "Cosmetic Electrochemistry" is demonstrated where a 

commercially available cosmetic product, a deodorant, can be used to confer 

microelectrode behaviour on a macroelectrode. Proof-of-concept is shown that a graphite 

screen-printed electrode can be sprayed with an off-the-shelf cosmetic product and within 

seconds is ready to use. The polymer contained within the cosmetic product partially blocks 

the graphite screen-printed electrode surface leaving the underlying graphite electrode 

exposed in the form of graphite micron-sized sites which are randomly distributed across 

the electrode surface. The creation of microdomain sites enhance mass transport of the 

target analyte and it is shown that the electroanalytical performance of the cosmetically 

modified electrode, via the cathodic stripping of lead, could achieve a similar performance 

to current state-of-the-art methodologies. Further examples are also reported with the 

introduction of plaster-trades where a commercially available plaster is electrolytically 

modified with electrocatalytic material and is used to detect various alcohols. 
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1.1 Sensors 

A sensor is a device which receives and responds to a signal. Sensors measure real-world 

conditions such as heat or light and converts this into a digital representation.1.2 

Humans perceive senses through smell, taste, touch and hearing. There are many products 

one comes across on a daily basis such as cars, mobile phones and computers which contain 

sensors. Most common sensors like the temperature sensor, as well as pressure and light 

sensors are used significantly throughout the world. For example, when a person stands in 

front of an automatic door, the sensor detects an object and sends a signal and the door is 

opened. Similarly, the modern gaming machines offer wireless controllers in which sensors 

are used to track the motion movement of the person holding the controller and replicates 

this behaviour in the game mode without any buttons being pressed. More and more very 

cleverly designed products use a range of sensors in order to know what actions one wants 

to perform. 

Sensors play an increasingly important role in our lives. They offer many benefits such as 

saving time, performing tasks consecutively without compromising on the quality and hence 

reduce human error. There are many types of sensors which can he categorised as: 

• biosensors 

• optical sensors 

• 

• 

pressure sensors, and 

chemical 
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1.2 Electrochemical Sensors 

In this thesis, the focus is upon chemical sensors, in particular electrochemical sensors. 

Electrochemical sensors are considered to be amongst the largest group of chemical 

sensors.3 Electrochemical sensors are devices which extract information about a sample 

from measurement of some electrical parameters. These sensors can be sub-categorised 

according to the measured electrical parameter, which can be explained by Ohm's law. 

Ohm's law states that the potential difference in a circuit is equal to the product of the 

current and the resistance. So let's consider an example, if a measurement of two potentials 

is taken (in volts), we are talking about potentiometric sensors and if the parameters of 

interest is current, we are talking about amperometric sensors. 

Electrochemical sensors are electroanalytical devices that owe their popularity and success 

to the discipline of electrochemistry, which provides the strong scientific base on which they 

stand. Their purpose is to provide information about the chemical environment in which 

they are placed and the growing need for reliable sources of information guarantees their 

future. There is a strong engineering aspect of any sensor research and electrochemical 

sensors are no exception. The current trend in miniaturization of electronics and the rapid 

increase of the dedicated computational capacity leads to development of various 

electrochemical sensing arrays in which the information is obtained simultaneously through 

multiple sensing channels. 

The journey of electrochemical sensors dates back to the 1930s. Prior to the release of these 

sensors, the majority of analysis was carried out on industrial machines. Miniaturised 

sensors became available on the market in the mid 1980s most notably the oxygen 

monitor.
s 

Many important biomedical enzymatic sensors, including glucose sensors, 
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incorporate an enzymatic catalyst and an electrochemical sensing element. The Clark type of 

oxygen sensor is a well-known practical biomedical sensor based on electrochemical 

principles; an amperometric device.s 

Sensors are an excellent choice for analysis as they are portable, reliable and exhibit good 

sensitivity and selectivity.s,6 Electrochemical sensors have been used extensively either as a 

whole or an integral part of a chemical and biomedical sensing element. For instance, blood 

gas (02, CO2, and pH) sensing can be accomplished entirely by electrochemical means. 

Electrochemical sensors are essentially an electrochemical cell which employs either two or 

three-electrode arrangements. Electrochemical sensor measurement can be made at 

steady-state or under transient conditions. The applied current or potential for 

electrochemical sensors may vary according to the mode of operation, and the selection of 

the mode is often intended to enhance the sensitivity and selectivity of a particular sensor.6 

Electrochemical sensors role has evolved in many applications. The police heavily relied on 

lab only analysis for the detection of alcohol content in a suspect's body.7 A sample would 

be taken from the suspect and sent to a lab or police station to carry out the analysis, 

typically using a gas chromatography technique.7 This was a time consuming and 

inconvienent exercise of conducting a test but also expensive as payment had to be made to 

third party for carrying out the analysis, who most likely was an expert analysis technician. 

Since then, enormous advances in breath-testing sensors have been made. These portable 

sensors are more or less completely automatic and are designed to be virtually operator 

proof to eliminate human error. Electrochemical breathalyzers are devices in which an 

electrical current is produced as a result of a chemical reaction taking place on the surface 
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of an electrode system.8 The small electrical current produced by the alcohol in a person's 

breath reacting on the electrode within the machine can be used to give a digital display, 

move a needle or trigger certain lights on the device, depending on the amount of alcohol 

detected. 

Fuel cell technology is particularly suitable for portable screening devices, due to the small 

size of the cells and the low power requirements of the technology.9 

There are many benefits of the modern portable breathalyser in comparison to the 

conventional method of analysis. Such benefits include, 

o cheap relatively to lab analysis, 

o versatile, and 

o on-site analysis 

Other portable sensors which have evolved in recent years include; 10,11,12 

o glucose sensors, 

o drug analysers, 

o carbon monoxide sensors, 

o gas sensors, and 

o smoke detectors 
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1.3 Electrode Materials 

The main drive for an electrochemist is to improve the electroanalytical response of a 

sensor towards the sensing of an analyte. For this to be feasible, we must turn our interests 

to electrode materials. As electrochemistry is concerned with the charge transfer between a 

solid (the electrode) and a molecule, which is usually in solution, the properties of the 

electrode itself may be important, particularly in the case of carbon surfaces, which is 

especially relevant in view of their widespread applications as electrode materials. Graphitic 

forms of carbon are plentiful, non-toxic and highly conductive, and have thus found uses as 

disposable electrode materials in electrochemical glucose sensing, or as continually-used 

substrates in energy storage and generation (e.g. lithium ion batteries, super-capacitors and 

fuel cells). In each of these roles, the interfacial properties, and particularly the charge 

transfer kinetics, of the carbon are essential. Such commercial electrochemical applications 

of carbon have traditionally used "screen-printed" or "activated" carbons, formed from 

micron-scale amorphous or graphitic particles, often mixed with a polymeric 

binder.13 Particular attention will be directed into the electrode materials which have 

conventionally been employed and new electrode materials which are developing in the 

field of electrochemistry. 

Historically, the electrode materials electrochemist's employed were, mercury (the hanging 

mercury drop electrode (HMDE) which famously won a Nobel Prize),14 Noble metals such as 

gold and platinum, and more recently carbon-based electrodes such as, glassy carbon 

electrode (GeE), boron doped diamond electrode (BODE) and carbon nanotubes. More 

recently we have had carbon nanotubes being widely used as electrode material.15 Hence, 

we can say the fundamental element for the effective development of an electrochemical 
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sensor is the working electrode. As the electrochemical processes take place at the working 

electrode surface, it is essential we choose the optimum electrode materials to enhance the 

electrocatalytic behaviour of the sensor towards detecting electroactive species. The 

evolution of the electrode materials has brought us to this point of refinement where 

electrodes are designed for specific analyte sensing. 

Next, it is relevant to provide a discussion into the various forms of carbon. Carbon-based 

electrodes are nearly ubiquitous in the laboratory today because of their availability in 

various forms, shapes and usefulness over a wide potential range. There are various 

compositions of carbon ranging from highly ordered pyrolytic graphite to less ordered glassy 

carbon to boron doped diamond through to carbon-paste to exquisitely small carbon 

nanotubes. 

Carbon is considered to be a popular choice as an electrode material mainly due to it being 

cheap, readily available, easily modifiable and chemically inert properties.16
•
17 The 

properties of carbon such as high flexibility, high tensile strength, low weight, high 

temperature and low thermal expansion makes it a very popular material to utilise amongst 

the electrochemists. Carbon exists in many forms, most famously as a diamond which is 

considered to be the strongest material. 

In this thesis, there were many forms of carbon which were utilised, most notably the BODE, 

the GCE (glassy carbon electrode) and pyrolytic graphite. 

Boron Doped Diamond Electrode (BDDE) 

The boron doped diamond electrode dates back to one of electrochemistry's early fortunes 

and has played a key role in building strong foundations within the electrochemistry 
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world.16The BODE has become a basic necessity in an electrochemist's laboratory. The BODE 

is a very hard, versatile and robust material and therefore is widely adopted as an electrode 

surface.17 The significant advantage of BODE lies with its wide potential window which can 

be applied on the electrode for the particular analysis under consideration. Other benefits 

include low background currents and corrosion stability in aggressive media.
17

,18 Figure 1 

below shows the design of BODE. 

Figure 1. Represents the thin film design of the BDDE?1 

Typically, the boron-doping levels can be in the range of 500 - 10,000 ppm.19 Boron doping 

can lead to a p-type semiconductor.19 The fascinating properties of diamond and why it is 

truly the hardest naturally occurring material and highest atom-number density of any 

material however, diamond exhibits an Sp3 orbital structure which makes it inert and 

therefore is unsuitable to utilise as a working electrode. Boron is by far the most widely 

used dopant to produce diamond conducting electrodes.19 The reason for this is due to 

boron acquiring low charge carrier activation energy.20 Together the boron-doped diamond 

structure gives the following electron configureuration: ls2 and four 2Sp3 (hybrid orbitals). 

This electron configureuration results in the formation of four strong-covalent bonds with 
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four other carbon atoms (each sharing a pair of electrons). Furthermore, a regular 

tetrahedron configureuration is achieved. 

Since the BODE is a high purity and high performance material, a common technique used 

for producing it is known as the method of chemical vapour deposition (CVO). Typically, the 

CVO process involves the substrate being exposed to a volatile precursor, which reacts and 

decomposes on the substrate surface to produce the desired deposit (in this case boron). It 

is common to be left with volatile by-products, however these can be removed by gas flow 

through the reaction chamber. 

Glassy Carbon Electrode (GCE) 

Next, attention is turned to consider a further alternative form of carbon which is also 

widely utilised within electrochemistry, particularly electroanalysis.22 The GCE is an example 

of a non-graphitizing carbon, this essentially is a carbon which cannot be transformed into 

crystalline graphite even at temperature in excess of 3000 °C.23 Its notably distinguished 

properties such as extreme resistance to chemical attack makes it a suitable material for 

chemists to utilise?4 Furthermore, it has been demonstrated that the rates of oxidation of 

glassy carbon in oxygen, carbon dioxide or water vapour are lower than those of any other 

carbon?S As we are well aware, normal graphite can be reduced to a powder by a mixture of 

sulphuric acid and nitric acids at room temperatures, GC is however unaffected by such 

treatment, thus making it highly resistant to attack by acids. This particular property makes 

the GC a useful electrode material that can be used widely in the field of electrochemistry. 

The structure of GC bears some resemblance to that of a polymer, in which the 'fibrils' are 

very narrow, curved and twisted ribbons of graphite carbon.21 
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Figure 2. Represents the structure of the GCE. 21 

GC is produced by pyrolyzing a carbon polymer, under carefully controlled conditions, to a 

high temperature like 2000 0c.23 An intertwining ribbon-like material results with retention 

of high conductivity, hardness and inertness. Figure 2 shows a typical GCE structure. The 

electrochemistry is affected greatly by its surface chemistry of carbon-oxygen functionalities 

and its cleanliness, i.e. absence of adsorbed impurities. 
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Pyrolytic Graphite 

Edge-plane pyrolytic graphite (EPPG) is one kind of pyrolytic graphite. The pyrolytic graphite 

material can be cut and modified on the electrode by facing its surface from either the 

basal-plane (BPPG) or its edge-plane (EPPG) . The BPPG electrode contains graphite layers 

parallel to the working surface. Figure 3 shows the comparison between edge plane basal 

plane. 

Cui be", rl>r 
b:aul pblllC p~ml~lic I:r.lptlilc dCclTQdc 

,-----------~---------~ 

-2 nm 

ul h~re: ror 
flI\lt plslle 11) tol, 11 
gnaphilc cl«11"Q(1 

Figure 3. Represents the different orientations between edge plane and basal plane.
59 

Edge-plane pyrolytic graphite (EPPG) electrodes are more advantageous in comparison to 

basal plane pyrolytic graphite (BPPG) electrodes due to its enhanced electrocatalytic 

properties, as the highly reactive edge plane 'defects' of the EPPG electrode allows low 

detection limits, high sensitivities, improved signal to noise characteristics and low 

potentials.60
, 61, 62 The BPPG electrode is the same material as the EPPG electrode, however 

the different orientation of the EPPG gives it a distinct advantage over the BPPG electrode. 

Figure 3 shows the difference in orientation between the EPPG and BPPG electrode.59 The 

basal plane site is smaller and the interlayer spacing is greater compared to the EPPG form. 

A BPPG electrode is typically used on a compound that increase the electrocatalytic 
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response of the working electrode surface. The compound is deposited on the BPPG and the 

electrochemical sensing of the analyte is tested. Once the response of the modified BPPG is 

greater compared to the bare BPPG, this indicates that the compound is increasing the 

electrocatalytic behaviour of the working electrode surface (thus the BPPG has slow 

electrocatalytic behaviour). 

Microelectrodes 

Microelectrodes or multi-microelectrodes arrays play an important role to an 

electrochemist. Microelectrodes arrays are at a fixed distance from their nearest neighbour. 

They offer many benefits such as, large current densities, high spacial resolution and 

reduced capacitative charging currents?6 There are many types of geometries a 

microelectrode can offer such as, hemispherical, disc, ring and band. We will focus on the 

disc since this is the most widely used microelectrode for this project. Micro-disc electrodes 

offer a smaller surface area. Therefore, the current is small (in the pico or nano amps range). 

In comparison to microelectrodes, macroelectrodes are also widely used as they offer a 

linear diffusion profile. The surface area of macroelectrodes are much larger hence giving 

larger current densities (micro amps range). Macroelectrodes are cheaper to manufacture 

however they are not as powerful as microelectrodes which instead offer the small size that 

allows them to be inserted in places where other electrodes are not easily accessed?7 

Another benefit is the low total current, microelectrodes pass tiny amounts of current 

therefore, induce small amounts of electrolysis.28 Microelectrode diffusion layers are very 

thin (micrometres), thus the concentration gradients across the diffusion layer will be high. 

As a result of this, the rate of mass transport to microelectrodes is much higher than for 

12 



macroelectrodes. Furthermore, microelectrodes offer high current density, which in effect 

leads to a good signal resolution and hence low detection limits are achieved.
27 

Microelectrodes are employed in many areas of electrochemistry, some of the applications 

are listed below: 

o analytical sensing, 

o trace electrochemical analysis, 

o electrochemical reaction mechanism and kinetics, 

o electrochemical reactions in solutions of high resistance, 

o detection in flowing liquids, 

o scanning electrochemical microscopy (SEeM), 

o cell-based biosensors, drug discovery and safety pharmacology, and 

o in-vivo electrochemistry 

Typically microelectrodes are fabricated by:27.28 

o employing lithography, 

o sealing thousands of microelectrodes in epoxy resin, 

o injection of liquid conductors into porous insulators, 

o attaching polymeric membrane onto the electrode surface, and 

o ion beam milling 

Microelectrode behaviour is represented by a sigmoidal shaped voltammogram, in 

comparison to a macroelectrode which represents a quasi-reversible numerical simulations 

were presented by Guo and linder29 who showed the responses obtained from different 

microelectrode arrays. The simulations represent many different scenarios which can be 
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achieved depending on the experimental parameters?9 For example, if hemispherical 

diffusion is evident on each microelectrode and the diffusion profiles are completely 

independent (not overlapping) then the resulting behaviour can be expected to achieve a 

sigmoidal shaped response, thus microelectrode behaviour. In reality, this behaviour is 

difficult to reproduce however we can expect a similar response. Figure 4 shows the 

comparison of diffusion layers of microelectrode verses macroelectrode. This concept is 

further discussed later in this thesis, chapter 6. 

Figure 4. Represents the diffusion layers of (linear) microelectrode (right) and 

(hemispherical) macroelectrode (left). 

Carbon Nanotubes (CNTs) and Graphene 

Carbon nanotubes (CNTs) consist of rolled up i-dimensional sheets of carbon atoms. 

Recently 2-dimensional carbon in the form of single graphite sheets, known as graphene, 

has been isolated. 76,77,78,79 These analogues of graphite have attracted much interest 

because of their unique electronic properties, not least the exceptionally high carrier 

mobility, and atomically well-defined structure. Figure 5 shows a typical CNT structure. 

14 



Figure 5. Represents a typical eNT structure.3D 

These properties have stimulated enormous interest in theoretical and experimental studies 

of charge transport within CNTs and graphene. An equally interesting area, given the myriad 

of electrochemical applications of carbon is to understand the case of interfacial charge 

transfer from the low dimensional carbon to a redox-active molecule. In particular, the 

structure of mono- and bi-Iayer graphene provides an ideal model system with which 

fundamental questions about charge transfer to/from carbon's can be answered. 

Figure 6. Represents the structure of graphene.31 
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The recent discovery of graphene has triggered enormous interest both in fundamental and 

applied science communities. So far, the studies have focused on the physical properties of 

graphene, in particular its electronic transport behaviour under applied electric and 

magnetic fields. Figure 6 and 7 show structure and ultra thin properties of graphene. 

Figure 7. Represents the ultra thin graphene which is expected to develop super fast 

electronics.32 

Transistors and chemical sensors of extraordinary sensitivity, which demonstrate the high 

application potential of graphene.35 However, in contrast to its physical characterization, the 

chemical modification of graphene remains largely unexplored, despite the intriguing 

properties anticipated for functionalized graphene. Specifically, chemical functionalization 

of the edges of graphene is predicted to enable tailoring its electronic properties.33 
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Graphene has most recently become one of the 'hottest' topics in materials science. This 

breakthrough was due to the pioneering work by Professor Konstantin Novoselov and 

Professor Andre Geim, who won a Nobel prize for their outstanding research on the world's 

thinnest material. Novoselov's development involved using a simple piece of adhesive tape 

to obtain a flake of graphene one atom thick from a piece of ordinary graphite, such as that 

used in pencils.33, 34 Furthermore, the Nobel prize winners demonstrated that such sheets of 

graphene were stable, despite predictions to the contrary.35 In the current climate, where 

technology is the engine of the economy, and science is the petrol to keep this engine 

running, graphene is considered to be the most important scientific advancements in recent 

times. 

Graphene electrochemistry is continually being developed in the Banks' Group and further 

discoveries are expected to be reported in the foreseeable future. 

Nanopartic/es 

In recent years nanoparticles have been extensively developed and used for the effective 

modification of an electrode surface, thus improving the electrocatalytic response of the 

working electrode.
36 

Typically, metal nanoparticles will have dimensions less than 100 

nanometres. The increase in large surface area to volume ratio, which is a gradual 

progression as the particle gets smaller, leads to an increasing dominance of the behaviour 

of atoms on the surface of a particle over that of those in the interior of the particle. This 

affects both the properties of the particle in isolation and its interaction with other 

materials.
36 

Its surface area is a critical factor in the performance of catalysis and structures 
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such as electrodes, allowing improvements in performance of such technologies as fuel 

cells37 and batteries.38 The large surface area of nanoparticles also results in a lot of 

interactions between the intermixed materials and in nanocomposites, leading to special 

properties such as increased strength and increased heat resistance. Furthermore, the fact 

that nanoparticles have dimensions below the critical wavelength of light renders them 

transparent, a property which makes them very useful for applications in packaging, 

cosmetics and coatings.39 

1.4 Drawbacks in the current market 

The development of powerful portable sensors have significantly improved the quality of life 

as they are convenient and easy to operate yet highly sensitive and offer instant on the spot 

results. However, all the sensors mentioned above such as the oxygen, glucose and breath 

testing sensors are generally expensive to produce. Although relatively reproducible, these 

sensors can be compromised by many parameters resulting to inaccurate analysis. 

Conditions such as changes in sensitivity, which may be due to changes in temperature or 

humidity, brings doubt on the reproducibility. 

Obviously these devices cannot be used by law enforcement agencies. Although they can 

produce reliable results in the right conditions depending on the quality of the device in 

question. The mass production of very poor quality novelty devices use this technology. 

Another drawback to these conventional electrodes is the cleaning aspect, many electrodes 

such as the BODE, GCE and gold electrodes require extensive cleaning using a pad 
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containing alumia before, during and after analysis. Furthermore, such electrodes are highly 

expensive in comparison to the 'next generation' of electrodes which are mentioned below. 

Electrochemists strive on the prospect of being able to find ways to improve the electro­

analytical performance of electrochemical sensors. One such way is utilising the technique 

of screen-printed electrodes, which will evaluated in the following chapter. 
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Chapter 2: 

Screen-Printed Sensors 
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2.0 Screen-Printed Sensors 

One prominent commercialisation of a screen-printed sensor was the glucose biosensor 

used by those suffering with diabetes,40 which is a billion dollar per annum global market. 

Society is in a constant state of growth and development and it is inevitable that demands 

for sensing devices related to clinical and industrial applications will increase; this is 

particularly true in the former case within the UK where the recent budget cuts in the NHS41 

are pushing the onus onto individual self-monitoring. In order to achieve this, inexpensive 

and disposable, yet highly accurate and rapid, devices are greatly sought. Additionally the 

portability of such devices is of fundamental importance. Decentralised sensing is ever more 

necessary and thus traditional techniques utilising highly expensive, immovable analytical 

equipment such as gas chromatography-mass spectrometers are not feasible for sensing 

outside the realms of standard laboratories. Examples of cases where portable, economical 

and sensitive sensors are highly desirable include: utilisation in hospitals where there is a 

suspected drug over-dose,42 the personal monitoring of diseases such as diabetes,43 the 

detection of potential pollutants or toxins within environmental samples such as river 

water,44 the screening of drinking water at different sources,45 and also the rapid 

determination of naturally occurring biomolecules.46 Screen-printed sensors not only 

address the issue of cost effectiveness but they also satisfy the previously much sought after 

criterion of highly reproducible and sensitive methods of detection towards target analytes, 

whilst maintaining the low cost production through scales of economy. The adaptability of 

screen-printed sensors is also of great benefit in areas of research, which will be discussed in 

this chapter of this thesis. 
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2.1 Screen Printing 

Screen printing has been used for thousands of years to generate designs. The development 

of screen printing can be traced from two separate sources, the oldest is concerned with 

stencil making while the more recent involves ink and fabric technology.47,48 The earliest 

evidence of screen printing was witnessed in the middle ages when tar was painted onto 

stretched plain cloth and allowed to dry, forming a negative stencil.47 Paint was then forced 

with a stiff brush through the area free from tar on to the banners or uniforms.47 

It was in the mid-nineteenth century when the second and more orthodox historical 

development began in screen printing.49 The ability to attach stencils to a fixed mesh meant 

that fancy designs could now be registered and painted with a brush.49 Shortly after this, the 

squeegee was invented, enabling a more consistent deposit of ink to be printed than had 

been with the brush.49 Nowadays screen printing is considered to be the simplest forms of 

print making available. It involves the use of a stencil applied to a fabric mesh stretched over 

a rigid frame. Ink poured into the frame is forced with a squeegee through the open areas of 

the stencil. This produces an image when the underside of the screen comes in contact with 

the substrate. 

2.2 Screen-Printed Electrodes 

Screen-printed electrodes are a next generation of electrodes offering wide applications in 

the field of electrochemistry, in particular electroanalysis. Electrochemists turned to screen­

printed electrodes as cheaper alternative to conventional electrodes which are highly 

expensive and require extensive cleaning. Screen-printing technology is a well-established 

technique for the fabrication of both chemical and biosensors. The adaptability of screen-
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printed electrodes is also of great benefit in areas of research. The ability to modify the 

electrodes with ease, through differing inks commercially available for the reference, 

counter, and working electrodes, allows for highly specific and finely calibrated electrodes 

to be produced for specific target analytes. 

The uniqueness of these screen-printed electrodes is containing a reference and a counter 

electrode as well as the working electrode. This simply makes this the complete sensor, 

which can be printed in a single sheet, therefore reducing the cost of the working electrode 

materials as well as the costs for the reference and counter. The ink used to produce screen-

printed electrodes is carbon based, which is relatively cheap and therefore the overall cost 

of a complete screen-printed electrode is inexpensive. Figure 8 depicts a typical commercial 

screen-printed electrode. 

C.E. 

Worlclng 
Electrode 

'-"--__ - Reference 
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----- W.E. 
conne<:tfOn 

connection 

Figure 8. Represents a typical commercial Screen-Printed Electrode. 50,51 

Screen-printed electrodes can be manufactured in-house using a screen printing machine 

(DEK 248) and the process involves using a stencil to print the desired shape and design of 
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the electrode. To produce screen-printed electrodes, a printing technique which uses a 

woven mesh to support an ink blocking stencil. The stencil forms open areas of mesh that 

transfers ink onto the substrate. The screen is made of a porous, finely woven fabric called a 

mesh which is stretched over a steel frame. The mesh can be made up of polymer fibre, 

stainless steel or nylon. Areas of the screen are blocked off with a non-permeable material 

to form a stencil, which is negative of the image to be printed. Next, the ink is placed on the 

mesh and is spread across the screen using a squeegee, this forces the ink to pass through 

the holes of the mesh, leaving an image to be deposited on the substrate. The final step 

involves the substrate to be removed and placed in an oven to be dried and this will bind 

the ink to the substrate . Figure 9 shows an example of the above principle. 

sque~1 
Paste 

II' 

Substrate 
Emulsion 

I 
Paste Transferred to Substrate 

Figure 9. Represents the principle method to produce screen-printed electrodes. 52 
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In ancient China, silk was one of the first materials used as a mesh.53 A pattern was created 

in the silk using pitch or similar materials to block out unwanted areas, and dye was forced 

through the pattern by hand to cloth or other surfaces to create colored patterns. By 

performing several sequential screenings with different colors and patterns, complex 

decorative patterns could be formed.53 This continues to be one of the most common 

applications of the screen-printing process. 

Silk continued to be one of the most common materials used until the development of 

synthetic materials,53 and the term "silk screening" is still commonly used to describe the 

screen-printing process.54 The development of synthetic fibers, such as nylon, made possible 

greater control of the mesh materials, and the added development of photosensitive 

materials used for creating the patterns allowed screen printing to become much more 

precise, repeatable, and controllable.53 

The distinct advantage of screen-printed electrodes is the simplicity to which the surface of 

the working electrode can be modified. The carbon ink used to print the electrodes can be 

incorporated or mixed with a compound in order detect the analyte in the solution. This is 

done by thoroughly mixing the compound within the ink mixture and is ready to be 

printed.
53 

This ultimately leaves an electrochemist with an easy to manufacture sensor 

which is reproducible and only costs tens of pence to produce. Furthermore, a modified 

working electrode significantly improves the response.55 

As mentioned previously, inks consist of graphite particles, polymer binder and other 

additives which are utilised for dispersion, printing and adhesion tasks. The exact ink 
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formulation is regarded by the manufacturer as proprietary information and it has been 

shown that differences in ink composition e.g. type, size or loading of graphite particles and 

in the printing and curing conditions can strongly affect the electron transfer reactivity and 

the overall analytical performance of the resulting carbon sensors. Screen-printed 

electrochemical sensors provide excellent platforms for modification with a variety of 

nanoparticles and structurally related materials requiring no pre-treatment such as 

electrode polishing or electrochemical pre-treatment via electrodeposition, as is common 

with other electrode materials.53 

In many cases there will be many target molecules for which it is electrochemically 

challenging or near impossible to obtain a useful voltammetric signal. In such an instance, a 

common approach is to employ an electro-catalytic mediator, and methodologies to 

immobilise the chosen mediator onto the screen-printed sensor include drop casting, 

physical attachment (the use of polymer coatings), covalent bonds sorption (physisorption 

and chemisorption), or mixing into a carbon paste, which are all viable approaches.53, 54 

2.3. Process of production of screen-printed electrodes 

Today, in the electrochemistry industry, the primary mesh material is stainless steel, which 

adds an additional degree of control and precision over nylon in addition to added 

resistance to wear and stretching. The crude hand methods of printing have evolved to 

sophisticated, microprocessor-controlled machines that are self-aligning, have the ability to 

measure the thickness of the film and also to adjust the printing parameters to compensate 

for variations in the properties of the thick-film paste. 
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Still, of all the processes used to manufacture electronic circuits, the screen printing process 

is the least analytical. It is not possible to measure the parameters of the paste and convert 

them to the proper printer settings needed to produce the desired results due to the large 

number of variables involved. Many of the variables are not in the direct control of the 

process engineer and may change as the printing proceeds. For example, the viscosity of the 

paste may change during a print run as a result of evaporation of the solvent used to thin 

the paste. Screen printing will remain one of the processes where the skill of the process 

engineer cannot be replaced by a computer. Although it is possible to screen very viscous 

pastes or pastes with large particles using a coarse screen, a stencil - with openings 

created by etching, laser, or electroforming, is the preferred method of application for these 

types of pastes. The screen wires interfere with the transfer of the paste to the substrate, 

leaving voids in the printed film. 
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Chapter 3 

Screen-Printed Electrodes 
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3.1 Production of Screen-Printed Electrodes 

3.1.1 The Screen 

The screen mesh is manufactured by weaving stainless steel wires to form a long sheet. The 

direction along the length of the sheet is referred to as the "warp" direction, whereas the 

direction across the width of the sheet is referred to as the "weft" direction. The vast 

majority of meshes used in thick film screen printing are woven in the so-called plain weave 

pattern, as shown in figure 10, formed by routing one wire over and under only one wire at 

a time. In the twilled weave pattern, each wire is routed over and under two wires at a time. 

The plain weave has more open area for a given mesh count and wire size, whereas the 

twilled weave is stiffer and is less likely to stretch. 

Emulsion 

/. 
Effective 
Emulsion 
Thickness 

~ .. --~ 
Screen 

Figure 10. Represents wave pattern which can be achieved from using thick film screen mesh.56 

One of the most important parameters of the screen is the mesh count, or the number of 

wires per unit length. In general, the mesh count is the same for both the warp and weft 

directions, as is the wire size. In practice, the mesh count may vary from 80 wires per inch 

for coarse screening, such as solder paste, to 400 wires per inch for fine-line printing. 

Another important parameter is the size of the opening in the screen, which strongly 
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influences the amount of paste that can be transferred during the printing process, and 

limits the maximum particle size of the material used to manufacture the paste. 

3.1.2 Production of Screen 

The screen frame is usually made from cast aluminium. With these specifications, the screen 

will be parallel to the substrate mounting platform and will have the same reference point 

with respect to the substrate. This precaution wi1l greatly improve the quality and 

reproducibility of the print as well as minimizing the setup time. 

The screen is prepared for use by stretching the mesh by pneumatic or mechanical methods 

over a large frame capable of accommodating several smaller screen frames. The mesh is 

attached to the small frames with epoxy that cures at room temperature. After curing, the 

mesh is trimmed away around the periphery of the epoxy, simultaneously separating the 

individual screen frames. A screen manufactured in this manner can be expected to last for 

thousands of prints without losing tension when handled and treated properly. 

The final step in preparing the screen for use is to coat it with a photosensitive emulsion. 

The so-called direct emulsion is initially in liquid form. To sensitize the screens, a dam or 

mould is formed around the periphery of the screen with cellophane tape or similar material 

to control the thickness. The top of the screen mesh is placed on a flat surface exactly the 

size of the inside of the frame. The emulsion is poured on the mesh and smoothed with a 

straight edge to coat the screen evenly and fill the mesh. The thickness may be built up, if 

deSired, by allowing the initial coating to dry and repeating the process with a second dam. 

The quality of the screen is critical to the screen-printing process. The wire mesh should 

initially be inspected for uniformity of wire size and the size of the opening. The screen must 
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be cleaned with detergent to remove any oils and dirt prior to sensitization, and all 

photoprocesses must be performed under yellow light. The emulsions used for screen 

printing are not ultrasensitive to light, but the exposure time even to yellow light should be 

minimized 

3.1.3 The Stencil 

Stencils can be formed by photoetching a pattern through a thin sheet of brass or stainless 

steel from both sides of the metal. The opening created in this manner has a characteristic 

hourglass shape, narrower in the middle than at the top and bottom. There is also a 

limitation in the minimum size of the opening owing to the fact that the etching process 

proceeds laterally, and at the same, time, it is etching vertically through the metal as 

illustrated in Figure 9.52 This not only limits the pitch of the devices that can be mounted in 

surface mount technology (SMT) applications, but also necessitates complicated correction 

factors that vary with the size and thickness of the metal. The so-called hourglass effect can 

be minimized by electropolishing the stencil. This process is accomplished by attaching the 

stencil to electrodes and immersing it in an acid bath. The electric field lines concentrate at 

the sharp edges, causing these areas to etch faster than smoother surfaces. The sharp edges 

become rounded, reSUlting in better paste transfer. 
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3.1.4 The Ink 

The composition and characteristics of the paste are critical factors in screen printing. The 

cermet (combination of ceramic and metal) pastes commonly used in the thick-film 

h I h f .. d' t 53 54 tec no ogy ave our major mgre len s: ' 

(1) an active element that establishes the function of the film, 

(2) an adhesion element that provides the adhesion to the substrate; 

(3) an organic binder a matrix that holds the active particles in suspension and which 

provides the proper fluid properties for screen printing, and 

(4) a solvent or thinner that establishes the viscosity of the vehicle phase. 

There are three critical parameters of the ink that relate to screen printing:s3, ss 

(1) the ratio of the solids content, 

(2) the particle size distribution, and 

(3) the viscosity. 

3.1.5 The Squeegee 

The purpose of the squeegee is to force the paste through the open areas of the mesh and 

onto the substrate. There are three types of squeegees in common use which come in 

various sizes to suit the purpose. These can be termed as, the hand squeegee, the one-arm 

and the composite. 

The hand squeegee is made up from a flexible blade inserted into a groove of a wooden 

handle. The squeegee is used to cut the surface of the ink cleanly, using the minimum 
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pressure to produce a good quality image. It should not be used to force ink through the 

screen under excessive pressure. 

The one-arm squeegee is attached to the back of the printing table and runs along a rail 

parallel to the front of it. This type of squeegee has the advantage of being easier to control 

than is the hand squeegee. Hand squeegees should not be used with one-arm units, as the 

extra pressure will distort them. 

The composite squeegee can be used for either hand or one-arm units as the blade is held in 

metal grippers along its entire length. The composite squeegee can be taken apart for 

cleaning. The advantage of the composite squeegee is that it can have a number of small 

blades attached to it, thereby enabling the user to print different colours on the same print 

stroke. 

3.1.6 The Blade 

The squeegee blade is made up of either rubber, which is inexpensive but becomes blunt 

very quickly, or polyurethane, which maintains its sharp edge for more printings.53 Both 

types of blades come in three different grades: hard, medium and soft. Hard blades are used 

for printing on shiny flat surfaces that are non-absorbent, such as glass, plastic or ceramic, 

where the minimum of spreading can be tolerated. Medium flexibility squeegees are used 

for printing on all absorbent surfaces, where a higher pressure is used for printing, as when 

using a one-arm squeegee or an automatic machine. Soft blades are ideal for hand printing 

since they flex to accommodate undulations in the printing stock and are sensitive to 

fluctuations in pressure, allowing difficult areas to be printed. It is formed of a flexible 
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material such as polyurethane or neoprene and comes in two basic shapes, diamond, and 

trailing edge, as lowering the substrate or raising the screen. Figure 11 shows the 

comparison of type of blades typically used during screen-printing electrodes. 

Knife edge Diamond Trailing edge 

Figure 11. Represents three types of blades which can be utilised for screen-printed 
electrodes. 57 

3.1.7 Angle of squeegee 

The angle at which the squeegee is held determines the thickness of the ink deposit. The 

more upright the blade the thinner the deposit, the lower the blade the thicker the ink will 

print. Figure 12 below shows some of the distinguishable influential components that are 

present whilst the printing process is performed. 
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Figure 12. Represents the essential components during the screen printing process. 58 

It is important to understand that the right mechanical combination of printing integrity 

(frame size/type, fabric, tension, stenCil/emulsion thickness/application, clarity of image, 

off-contact, peel-off, squeegee issues, press set-up/make-ready, etc.) interacting against the 

substrate that begets a successful print. 

3.1.8 Weight and size of substrates 

The weight of the substrate should be taken into account when screen printing is 

performed . If the substrate is large, it also needs to be heavy to enable it to be handled 

successfully. For example, the weight of paper, which is expressed in grams per square 

metre. This is calculated by weighing 1,000 sheets of meter square paper, thus 1,000 sheets 
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of 400 grams per square ~eter paper weigh 400 kilograms. Note, the heavier the weight 

gets, the more difficult it becomes to handle. 

3.1.9 Getting ready for screen printing 

To facilitate printing, a squeegee no longer than 5 cm either side of the image should be 

used, as the longer it is, the more effort is needed to manipulate it in printing. All surfaces 

must be clean, using a general cleaning product to wipe down remove any contaminates 

present. A pile of substrates should be available to test the quality of the print. 

3.1.10 Drying process 

The drying of the finished screen-printed electrodes differ depending on what type of ink or 

substrate is being utilised. In this thesis, the substrate being used remained the same 

throughout. On the other hand, the ink composition differs from one analysis to another as 

different ink compositions are used depending on what the target analyte is. An oven is 

used to dry the screen-printed electrodes which is typically set to 60°C for thirty minutes. 

3.1.11 Cleaning up 

There are a number of general-purpose cleaning products available to remove ink from the 

screen or if a colour needs to be changed in between printing layers. The compatibility of 

these cleaners with the printing ink should be established by reading the manufacturers 

instructions. The cleaning up is one of the most difficult aspects of screen printing. However, 

fOllowing a set procedure each time can make this process fairly quick and easy. The ink is 
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collected by the squeegee and brought to the front of the screen, where it is collected on to 

the blade against the front inside edge of the frame. The ink can be scrapped off the 

squeegee into a disposable waste bin using a wooden spatula. The small quantity of ink 

remaining in the screen can be removed by washing with a volatile solvent such as acetone. 

This process is continued until the screen is clean. The screen should be thoroughly 

inspected after cleaning to make sure no ink or contaminates are present. This can be 

achieved using a light and carefully inspecting the screen, in particular the holes of the 

screen where the ink is passed through. 

3.2 Print Quality 

Poor print resolution simply means that the printed film does not match the layout in terms 

of dimensions or shape. It can be because of spreading of the print because of improper 

rheology, or a flaw in the screen. Figure 13 shows smooth screen separation behaviour 

during the screen-printing process. These factors help to improve resolution of the pattern; 

o Emulsion thickness - thinner emulsion is better. 

o Pattern alignment to wire mesh - 45° is optimum. 

o Attack angle - shallow attack angle is better. 

o Durometer - softer durometer is better. 

o Speed - slower speed is better. 

o Downstop - smaller downstop is better. 

o Alignment - tighter alignment is better. 

o Rheology - high viscosity is better. 

o Pressure -lower pressure is better. 

o Screen tension - degrading of tension worsens resolution. 
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Figure 13. The rheology of screen printing: the ideal profile of a squeegee and substrate 

whilst printing, showing smooth screen separation behaviour.58 

3.3 Good Practice 

Some good practices to follow in a printing environment are to avoid excessive wiping of the 

screen. This will stretch the screen and may introduce contaminants into the ink. A few 

drops of solvent can lower the viscosity by several orders of magnitude. The essential key 

ingredient to successful screen printing is cleanliness. Another point to remember is to avoid 

to overworking paste as this will cause the solvent to evaporate, increasing the viscosity, 

and causing the paste to dry out. Furthermore, excessively working the paste without 

allowing time for the viscosity to recover will lower the viscosity. 
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Chapter 4 

Other Fabrication Processes 
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4.1 Other fabrication methods 

Screen printing was the dominant fabrication process used throughout this thesis. However 

plating and sputtering methods were used in addition to the screen-printed electrodes. In 

both cases, screen printing is done first in order to produce a conducting carbon surface and 

later plating or sputtering can be performed. 

4.2 Plating 

Plating or electroplating is a deposition process of a metal to coat an electrode. An example 

(figure 14 below) will be given to explain this process. In this particular case, an electrolytic 

cell is being used to silver plate the spoon. The power supply is used to force the electrons 

from the left (anode) to the right (cathode). The cell contains a salt solution (silver nitrate) 

of the metal to be plated. As the spoon is negatively charged, it attracts the positively 

charged silver ions that are floating around in the solution, thus plating the spoon with 

silver. The amount of silver that is deposited is directly proportional to the number of 

electrons that the battery provides. 

Electroplating offers many benefits. In particular, electrochemists utilise this fabrication 

process since it is corrosion resistant. Once a material has been electroplated with a metal, 

it forms a protective layer of oxide on the surface and no longer reacts with oxygen. 

Furthermore, durability is increased and can provide insulation to the electrode. later in this 

thesis (chapter 9) an example is given where fabrication of the screen-printed electrode is 

done via plating. 
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Figure 14. Shows the electroplating process whereby a spoon is plated by the silver ions in 

the solution. 63 

4.3 Sputtering 

Sputtering is a physical-vapour deposition . A process which is used in order to deposit very 

thin films on to a substrate. Sputtering occurs when an ionised gas molecule is used to 

displace atoms of a specific material. These atoms then go onto bond at the atomic level to 

a substrate and create a thin film. Figure 15 below represents how this process is 

performed. There are many types of sputtering procedures available on the market. The 

most common are ion beam, diode and magnetron sputtering. The high voltage is achieved 

across a low pressure gas (usually argon) in order to create a high-energy plasma. The 

energised plasma ions strike a target, which consists of the desired coating material. This 

force releases the atoms from the target material and they subsequently bond with those of 

the substrate. As sputtering is undergone in a high-energy environment, it forms an 

unbreakable bond between the film and the substrate (at the atomic level), thus creating a 
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thin, uniform and cost-effective film. Sputtering is a cheap method for scientist to employ as 

the target material is relatively cheap and is available for many demanding metals. 

Sputteri~ 
Gas .. 

Substrate and film growth 

-. ---Art- 00 0 
o 0 

Sputtering Target 

Figure 15. Shows the process of sputtering. 64 

L 

Sputtering is heavily employed in the semi-conductor industry to deposit thin films of 

various materials in integrated circuit processing. The fabrication of CD's and DVD's also 

involves sputtering for the deposition of the metal (aluminium) layer. A distinct advantage 

of sputtering is it can easily deposit materials with very high melting points. On the other 

hand, it is difficult to achieve layer by layer growth. Later in this thesis (chapter 13), an 

example is demonstrate where the fabrication of metallic microdomains can be simplified 

by sputter coating screen-printed electrodes. 
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Chapter 5 

Electrochemistry 
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5.1 Electrochemistry 

In order to fully understand and develop the complete sensor (or electrochemical sensor), 

electrochemistry must be employed. Electrochemistry sets the principles applied on the 

electrochemical sensors. Electrochemistry lies in the cross-field of analytical and physical 

chemistry. Electrochemistry is the study of chemical reactions which take place in a solution 

by applying a potential difference between the electrode and electrolyte and recording the 

current that is induced to flow. This is represented by a voltammogram from plotting 

current, I, as a function of the applied potential, E. 

5.2 Electrochemical Techniques 

Electrochemical techniques provide analytical information on the processes taking place, in 

particular the study of interactions between the electrode and the solution containing the 

analyte. 

5.3 Equilibrium Electrochemistry 

Electrochemical techniques can be sub-categorised as equilibrium and dynamic 

electrochemistry. The first technique of equilibrium electrochemistry is where the 

electrochemical potential remains constant (in equilibrium) across the chemical system, 

therefore eliminating the chemical reaction stated by Gibbs law (equation 5.1): 

ll.G = ll.H - T AS (5.1) 
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Gibbs developed a theory to predict whether a chemical reaction is spontaneous or not, 

based on free energy. 

The Nernst equation80 (equation 5.2) can be used to determine the equilibrium potential of 

a half cell in the solution. The potential applied at the electrode is proportional to that 

applied from the analyte in the electrochemical cell. 

Eelectrode = F'red - RT/nF In (aredl'aox) (5.2) 

To help understand this electrochemical process, a well known system can be given. The ion 

selective electrode, which can be measured using a volt meter, contains two electrodes 

which are the same (Ag/Agel), are immersed into an aqueous solution containing the ions to 

be measured, together with a separate, external reference electrode. A potential difference 

is developed across the ion-selective electrode membrane when the target ions diffuse 

through the high concentration side to the lower concentration side. 

5.4 Mass Transport 

There are three forms of mass transport that can influence an electrolysis reaction: 

migration, convection and diffusion. 

5.4.1 Migration 

Migration consists of the movement of ionic specices in the liquid phase towards the 

oppositely-charged electrode (figure 16 below). This is essentially an electrostatic effect 

which arises due to the application of a voltage on the electrodes. This in effect creates a 

charged interface (thus the electrodes). Any charge ions or partially charged ions in the 
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solution coming near that interface will either be attracted or repelled from it by 

electrostatic forces. 

~ 

<±) C) 

<±>.-<±) 
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Figure 16. Change in the applied potential to a solid electrode in a solution containing ions 

affects charge migration for increasing negative charge at the electrode surface. 65 Applying 

a negative charge at electrode surface when in solution affects the charge migrotion of ions. 

The migration flux, Jm induced can be described mathematically using: 

zF a<p 
Jm = - RT D [x] ax (5.3) 

where Jm is dependent on the concentration of the ions, x and their charges z, R is the molar 

gas constant, F is Faraday's constant 96485 Clmol, T is the absolute temperature, a<p is the 

galvanic potential and ax is the distance from the electrode. 
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5.4.2 Convection 

Convection results from the forced movement of solution species by mechanical forces. This 

can be a pump, a flow of gas, stirring or even gravity. There are two types of convection, the 

first is known as natural convection and is present in any solution. Natural convection is 

generated by small thermal or density differences and acts to mix the solution in a random 

and therefore unpredictable fashion. The other form of convection is termed forced 

convection. It is typically several orders of magnitude greater than any natural convection 

effects and therefore effectively removes the random aspect from the experimental 

measurement. 

5.4.3 Diffusion 

Diffusion occurs in all solutions and is the random movement of molecules from a region of 

higher concentration to regions of lower concentration (figure 17 below). The rate at which 

a molecule diffuses is dependent upon the difference in concentration between two points 

in solution, known as the concentration gradient and diffusion coefficient. The movement of 

a chemical species under the influence of a concentration gradient can be described by 

Fick's First law 81: 

] = -D iJ[A] (5.4) 
iJx 

where J is the flux in mol cm-2 
S-l, D represents the diffusion coefficient in cm2 S-l and [A] 

expresses the concentration of the species in mol cm-2• 
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Figure 17: Represents the redox reactions which occur on the electrode surface 

5.5 Voltammetric Techniques 

The two main techniques which were utilised during this thesis are linear sweep and cyclic 

voltammetry. Both techniques are very similar, the only difference being that in cyclic 

voltammetry, when a desired potential is reached, the experiment reverses. In comparison, 

linear sweep voltammetry (LSV) method measures the current at the working electrode 

while the potential between the working electrode and reference electrode is swept linearly 

in time. Consider a general n-electron reduction: 

Aox + ne- ¢:::> Ared (5.5) 

Using the Nernst equation, we can understand how the potential of the working electrode 

changes during the course of the experimental procedure. The experiment will begin at a 

potential value, fl. A powerful electrochemical machine known as a potentiostat is used for 
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these dynamic electrochemical techniques. The general purpose of a potentiostat is to 

control the voltage whilst measuring the potential or vice versa. 

5.5.1 Cyclic Voltammetry 

Cyclic voltammetry is a fundamental electrochemical technique which can be used to study 

redox behaviour of compounds. Cyclic voltammetry is very similar to LSV. However in this 

case, the voltage is swept between two values at a fixed rate. When the voltage reaches E2, 

the scan is reversed and the voltage is swept back to El. During analysis, the potential is 

varied between two potential limits to cause electroactive chemical species to be reduced 

or oxidised at the electrode. The resultant current is proportional to the concentration of 

the chemical species. Triangular waveform of the potential in potential sweep techniques 

(figure 18). 

(5.6) 

(A < t S 2 A) E = Ei + 2 v A - v t (5.7) 

where t is the time of the potential sweep, A is the time corresponding to the switching 

potential, fA, fi is the initial potential and v is the scan rate in v S·l. 

Cyclic voltammetry is a very versatile electrochemical technique which allows to probe the 

mechanics of redox and transport properties of a system in solution. This is accomplished 

with a three-electrode arrangement whereby the potential relative to some reference 

electrode is scanned at a working electrode while the reSUlting current flowing through a 

counter (or auxiliary) electrode is monitored in a quiescent solution. The technique is ideally 
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suited for a quick search of redox couples present in a system; once located, a couple may 

be characterized by more careful analysis of the cyclic voltammogram. More precisely, the 

controlling electronics are designed such that the potential between the reference and the 

working electrodes can be adjusted . The big impedance between these two components 

effectively forces any resulting current to flow through the auxiliary electrode. When the 

potential of the working electrode is more positive than that of a redox couple present in 

the solution, the corresponding species may be oxidized (i.e. electrons going from the 

solution to the electrode) and produce an anodic current. Similarly, on the return scan, as 

the working electrode potential becomes more negative than the reduction potential of a 

redox couple, reduction (i.e. electrons flowing away from the electrode) may occur to cause 

a cathodic current. By IUPAC convention, anodic currents are positive and cathodic currents 

are negative. 

c.,.,.. 1 cy.:.1a 2 C., .... a E..... I - ..... I .......... I t .. __ I ..... ,... I _Vol 1 ......... I Anodic CUrT@nt 

(> 0 ) 

e ... 
r------1--____ ~------~ 

Time C1O) 

Figure 18. A cyclic voltammetry potential 

waveform with switching potentials.82 
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Figure.19 The expected response of a reversible 

redox couple during a single potential cycle.82 
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The magnitude of the observed Faradaic current can provide information on the overall rate 

of the many processes occurring at the working electrode surface. As is the case for any 

multi-step process, the overall rate is determined by the slowest step. For a redox reaction 

induced at a working electrode, the rate determining step may be anyone of the following 

individual step depending on the system: rate of mass transport of the electro-active 

species, rate of adsorption or de-sorption at the electrode surface, rate of the electron 

transfer between the electro-active species and the electrode, or rates of the individual 

chemical reactions which are part of the overall reaction scheme. 

For the oxidation reaction involving n electrons the Nernst Equation gives the relationship 

between the potential and the concentrations of the oxidized and reduced form of the 

redox couple at equilibrium (at 298 K): 

E - E ' + 0.059 1 - 0 - og n 10 

[Ox] 

[Red] 
(5.8) 

where E is the applied potential and f'J' the formal potential; [ox] and [Red] represent the 

surface concentrations at the electrode/solution interface, not bulk solution concentrations. 

The Nernst equation mayor may not be obeyed depending on the system or on the 

experimental conditions. 

A typical voltammogram is shown in figure 19. The current is first observed to peak at Epa 

(with value ipa) indicating that an oxidation is taking place and then drops due to depletion 

of the reducing species from the diffusion layer. During the return scan the processes are 

reversed (reduction is now occurring) and a peak current is observed at Epc (corresponding 

value, ipc). 
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Providing that the charge-transfer reaction is reversible, that there is no surface interaction 

between the electrode and the reagents, and that the redox products are stable (at least in 

the timeframe of the experiment), the ratio of the reverse and the forward current ipr/ipf = 

1.0 (in Figure. 19 ipa = ipfand ipc = ip,). In addition, for such a system it can be shown that: 

o The corresponding peak potentials Epa and Epc are independent of scan rate and 

concentration, 

o The formal potential for a reversible couple tJ' is centered between Epa and Epc: f!J'= 

(Epa + Epc)/2 

o The separation between peaks is given by ~Ep = Epa - Epc = 57 In mV (for an n 

electron transfer reaction) at all scan rates. (The measured value for a reversible 

process would generally be higher due to uncompensated solution resistance and 

non-linear diffusion. Larger values of ~Ep, which increase with increasing scan rate, 

are characteristic of slow electron-transfer kinetics). 

To distinguish between reversible (diffusion-controlled) and irreversible (charge-transfer 

controlled) kinetics of electrode process potential, the scan rate is used as diagnostic tool. 

The rate of reagent transport is proportional to the square root of the scan-rate. Thus, in 

one experimental set, a shift in reversibility might be executed and analysis of ~Ep vs. Vl2 

gives information on reversibility and applicability of further calculations. 

In simple terms, the working electrode may be regarded as a "reagent" of adjustable 

oxidizing or reducing strength. However, this is a purely conceptual image. In actual fact, the 

electrochemical processes are occurring at the interface of two different phases, the 

electrode and the electro-active species in solution. In other words, the processes under 

studies are heterogeneous in nature. For the electron transfer to occur, the molecules in 
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solution have to approach the electrode. In a cyclic voltammetry experiment, the solution is 

kept unstirred; in this situation, mass transport can occur only by diffusion due to 

concentration gradients created around the electrode surface. Such concentration-distance 

profiles at different steps of a cyclic voltammogram scan are illustrated in Figure. 18. The 

magnitude of the observed signal will be very much a function of these diffusional 

properties of the system. Intuitively, the current intensity (i.e. the flow of electrons) is 

expected to depend on the surface area of the working electrode and the concentration of 

the electro-active species. Also, one can expect the voltage scanning rate to affect the 

concentration profile around the electrode which in turn directly affects the rate of charge 

transport, and for this matter the diffusion coefficient appears explicitly. The expression of 

the peak current (lp) for the forward sweep in a reversible system at 298 K is given by the 

Randles-Sevcik equation: 

Ip = 0.4463 n FA C (n F v D / R Tt' (5.9) 

Where n is the number of electron equivalent exchanged during the redox process, A (cm2
) 

the active area of the working electrode, D (cm2 S-l) and C(mol cm-3) the diffusion 

coefficient and the bulk concentration of the electroactive species, and v is the voltage scan 

rate (V S-l). In the present experiment, the dependence of Ip on scan rate and concentration 

will be examined. 

5.5.1.1 Irreversible and Quasi-reversible Systems 

For irreversible processes (those with sluggish electron exchange), the individual peaks are 

reduced in size and widely separated. Totally irreversible systems are characterized by a 

shift of the peak potential with the scan rate:66 
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(5.10) 

where a is the transfer coefficient and n is the number of electrons involved in the charge­

transfer step. Thus, Ep occurs at potentials higher than EO, with the overpotential related to 

kO (standard rate constant) and a Independent of the value kO, such peak displacement can 

be compensated by an appropriate change of the scan rate. The peak potential and the half­

peak potential (at 25°q will differ by 48/an mY. Hence, the voltammogram becomes more 

drawn-out as an decreases 

The peak current, given by: 

(5.11) 

where the constant is understood to have units (i.e. 2.98 x 105 C mor1 VY2). Assuming a. = 

0.5, the ratio of the reversible-to-irreversible current peaks is 1.27 (i.e. the peak current for 

the irreversible process is about 80% of the peak for a reversible one). For quasi-reversible 

systems (with 10-
1 > kG > 10-5 cm/s) the current is controlled by both the charge transfer and 

mass transport. Overall, the voltammograms of a quasi-reversible system are more drawn 

out compared to a reversible system and exhibits a larger separation in peak potentials. 

For quasi-reversible systems (with 10-1 > kO > 10-5 cm/s) the current is controlled by both the 

charge transfer and mass transport. For a quasi-reversible reaction (AEp up to 200 mV) a 

numerical approach brings values of function lV:83 
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~Ep / mV 64 68 72 84 92 105 121 141 212 

4J 6 3 2 1 0.75 0.5 0.35 0.25 0.1 

to calculate the rate constant, using following equation:83 

(5.12) 

One of the problems an electrochemist is faced with in cyclic voltammetry, is it can only be 

used empirically, since little theory existed for relating quantitatively the shapes of the 

curves to the mechanism of the electrochemical reaction. This is when Robert Nicholson68 

introduced a numerical approach for solving integral equations derived from the 

appropriate boundary value problems. New correlations make it possible to characterise 

unknown systems by studying the variation of peak current, half-peak potential, or ratio of 

anodic to cathodic peak currents as a function of rate of voltage scan.68, 69 

5.5.2 Chronoarnperornetry 

The method of chronoamperometry may be applied for measuring the oxidation or reduction 

currents of analytes at the working electrode. The Faradaic current under diffusion-controlled 

conditions is related directly to the concentration gradient. Thus, since the slope of the 

concentration profile for oxidation decreases with time following the potential step, so will 

the observed current. 
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Chronoamperometry experiments are most commonly either single potential step, in which 

only the current resulting from the forward step, or double potential step, in which the 

potential is returned to a final value. The most useful equation for this technique is the 

Cottrell equation, which describes the observed current at any time following a large forward 

potential step in a reversible redox reaction, as a function of t l12
• 

• nF A Do Co lp-----
1l"tlh 

(5.13) 

where n is the stoichiometric number of electrons involved in the reaction, Do is the diffusion 

constant for the electroactive species, Co is the concentration of the electroactive species and 

A is the electrode area. 
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Chapter 6 

Electrode Design on Electrochemical sensors 
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6.1Electrode Design 

One of the most fundamental aspects which effects the electrochemical response of an 

electrochemical sensor is the working electrode material. Furthermore, to improve the 

electrochemical response, the diffusion of the electroactive analyte towards the working 

electrode surface must be controlled. Discussion about the diffusion profiles has previously 

been mentioned in this thesis (chapter 1). In particular the diffusion profile of a compound 

towards the working electrode surface affects the diffusion limited current value and thus 

the overall response of the sensor. 

The peak height in this case is well defined (due to an increase to the current value). In 

comparison, a macroelectrode response represents a Gaussian shaped peak, where the 

peak area measurement gives more precise results compared to measuring the peak 

heights, unless the redox peak of the macroelectrode is very sharp.57 

Microelectrodes are far more favourable for an electrochemist to utilise because they offer 

a response of a mixture of electroactive species, which is better to interpret, since the peak 

heights and peak potentials are well separated and observed. Furthermore, the limitations 

of the small peak current values obtained from the microelectrodes were soon turned 

around by the development of multimicroelectrodes. In multimicroelectrodes, there is no 

overlapping of their diffusion profiles (microelectrodes are independent) and each 

microelectrode equally contributes to the overall electrochemical response of the sensor 

therefore a bigger response is achieved. 
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A simulation approach was developed by Guo and Linder.
67 

Figure 20 below shows this 

representation in which a sigmoidal shaped response is commonly associated with 

microelectrodes. 

Microelectrode Macroelectrode 

Vs 

Figure 20. Represents the typical response obtained from microelectrodes and 

macroelectrodes and the difference in current value and peak measurement.66 

The design of an electrode is therefore fundamental in terms of diffusion profile of the 

analyte. Simply adding more microelectrodes in a specific region in order to achieve the 

behaviour stated above and increase the current values is not necessarily the best approach 

since there is a limit factor, where the diffusion profiles of each of the microelectrodes could 

interfere with another electrode. 
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Chapter 7 

Examples of Screen-Printed Electrodes 
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7.0 Next Generation Screen-Printed Electrochemical Platforms: Non­
Enzymatic Sensing of Carbohydrates using Copper (II) Oxide Screen-Printed 
Electrodes 

7.1 Abstract 

In this chapter, the first example of a copper (II) oxide screen-printed electrode is 

presented which is characterised with microscopy and explored towards the 

electrochemical sensing of glucose, maltose, sucrose and fructose. It is shown that the non-

enzymatic electrochemical sensing of glucose with cyclic voltammetry and amperometry is 

possible with low micro-molar up to milli-molar glucose concentrations readily detectable 

which compares competitively with nano-catalyst modified electrodes. The sensing of 

glucose shows a modest selectivity over maltose and sucrose while fructose is not 

detectable. An additional benefit of this approach is that metal oxides with known oxidation 

states can be incorporated into the screen-printed electrodes allowing one to identify 

exactly the origin of the observed electro-catalytic response which is difficult when utilising 

metal oxide modified electrodes formed via electro-deposition techniques which result in a 

mixture of metal oxides/oxidation states. These next generation screen-printed 

electrochemical sensing platforms provide a simplification over previous copper oxide 

systems offering a novel fabrication route for the mass production of electro-catalytic 

sensors for analytical and forensic applications. This work was published in Analytical 

Methods 1, 183, 2009 and included contributions from Dimitrios Kampouris, Rashid 0' 

Kadara, and Craig E. Banks. 
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7.2 Introduction 

The pursuit of non-enzymatic glucose sensing is a vigorous and competitive area of research 

due to efficiencies. The development and fabrication of cost effective, simple, accurate, 

portable and rapid sensors for glucose are socially important, aiding diabetics who represent 

"'5% of the world population.1 Additionally glucose sensing has applications in medical and 

food industries, biochemistry and glucose-oxygen fuel cells.2
•

3 A Related topic to this i~ the 

sensing of carbohydrates which finds widespread exploitation in analytical and forensic 

applications.4 For example, carbohydrate content of tobaccos can distinguish between 

varieties which would enable, for example, the matching of an unknown tobacco found at a 

crime scene.4. 5 Chromatography coupled with electrochemical detection is widely used and 

reported for carbohydrate sensing,4 particularly in foodstuffs and determining food 

adulteration. The electrochemical oxidation of glucose is highly dependent on the chosen 

electrode and copper finds wide interest for the analysis of glucose, carbohydrates and 

amino acids.
6
• 7 A range of electrode materials have been reported such as platinum, nickel, 

gold and silver for the sensing of carbohydrates but using these can be problematic due to 

poisoning/fouling of the electrode surface, especially at gold and platinum electrodes.8 

Additionally the cost of these precious metals needs to be considered. In comparison, cobalt 

and copper electrodes are reported to provide enhanced stability, with low detection limits 

and wide analytical ranges achievable.9 

A range of advantageous approaches have been reported such as flower-shaped copper 

oxide nanostructures
10 

and nanospheresll which are immobilised onto suitable electrode 

surfaces. In these cases and others where catalytic materials are simply immobilised onto an 

electrode surface, consideration needs to be given to surface stability. Other approaches 
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have reported amperometric glucose biosensors based on the dispersion of glucose oxidase 

(GOx) and copper oxide within a graphite paste composite.12 A variant on paste electrodes 

are screen-printed electrodes. Screen-printed electrodes are produced by spreading a 

thixotropic fluid evenly across a mesh screen which defines the geometry of the desired 

electrode. The thixotropic fluid or ink contains a variety of substances such as graphite, 

carbon black, solvents and polymeric binder. The mesh screen is a negative of the desired 

shape or electrode and various screens are used to build up the desired designs. Copper­

plated screen-printed electrodes have been reported for various analytes,13, 14, 15 and in 

particular Jumar and Zen have reported Cu plated screen-printed carbon electrodes for the 

amperometric detection of hydrogen peroxide where glucose oxidase was immobilized on 

to the copper layer.16 

In this thesis, we report the first example of a copper-oxide screen-printed electrode where 

micron-sized copper (II) oxide is incorporated within the surface of the screen-printed 

electrode. Such an electrode precludes the need for copper plating, greatly simplifying the 

electrode fabrication and provides a strategy for fabricating electrodes in large quantities. 

Copper (II) oxide screen-printed electrochemical sensing platforms have been tested for the 

non-enzymatic detection of carbohydrates, in particular, glucose sensing. 
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7.3 Experimental Section 

All chemicals used were of analytical grade and were used as received without any further 

purification from Sigma Aldrich. These were: copper(lI) oxide powder «5 mm, 98%), 

glucose, sucrose, maltose, fructose (all ACS reagents), potassium chloride (>99.0%), 

potassium phosphate monobasic (>99%) and sodium hydroxide (> 99%). All solutions were 

prepared with deionised water of resistivity not less than 18.2 MO cm. A fresh solution of 

the chosen carbohydrate was prepared daily. Voltammetric measurements were carried out 

using a m-Autolab III (Eco Chemie, The Netherlands) potentiostat/galvanostat and 

controlled by Autolab GPES software version 4.9 for Windows XP. All measurements were 

conducted using a three electrode configureuration with a large surface area platinum wire 

as a counter and a saturated calomel electrode as the reference electrode. Connectors for 

the efficient coupling of the screen-printed electrochemical sensors were purchased from 

Kanichi Research Services ltd (http://kanichi-research.com/). In amperometric experiments, 

convection was applied via the use of a stirrer plate and a magnetic stirring bar rotating at 

6000 rpm. Screen-printed carbon electrodes were fabricated in-house with appropriate 

stencil designs using a microDEK 1760RS screen printing machine (DEK, Weymouth, UK). The 

surface topography was studied by surface profilometry (Dektak). The surface topography of 

each screen-printed electrode was measured by a Dektak ST stylus surface profilometer 

which has the capability of measuring step height down to a few nm. The Dektak is 

controlled by a PC running Windows with software offering several data processing 

functions as well as image capturing and storage. Scanning electron microscopy (SEM) 

images were obtained using a JEOL JSM-5600LV model. 
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7.4 Results and Discussion 

7.4.1 Characterisation ofthe copper oxide screen-printed electrodes 

Previously the fabrication of screen-printed electrodes17
• 18 has been reported and in this 

case, commercially purchased copper (II) oxide was mixed into the ink formulation prior to 

screen printing. This adversely affects the rheology of the ink which needs to be modified 

with organic solvents and the standard printing parameters that were previously used,17. 18 

need to be tailored to ensure an efficient printing process. Parameters that need to be 

monitored/tailored from adding in the copper (II) oxide are printing pressure, viscosity of 

the ink, dispersion of the metal oxide, time of drying and so on. Increasing amounts of 

copper (II) oxide were incorporated into the screen-printed electrodes over the range of 0 -

10% (Mp/MJ), where Mp is the mass of particulate and MJ is the mass of ink formulation used 

in the printing process. Figure. 7.1 depicts SEM images of the bespoke copper (II) oxide 

screen-printed electrochemical sensing platform where a 'webbed' appearance is evident. 

Figure 7.1: SEM images of a 5% copper-oxide screen-printed electrochemical sensing 

platforms 
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Analysis of the electrode surfaces was explored with profilometric analysis where Ra values, 

which are the arithmetical mean surface roughness (in microns), were measured for the 2, 5 

and 10% (Mp/MI) copper (II) oxide screen-printed electrode and found to correspond to 1.2, 

1.8 and 2.5, respectively. In the absence of copper (II) oxide, the screen-printed electrodes 

have a Ra value between 1-1.317 and clearly the introduction of the copper (II) oxide results 

in the electrode surface becoming more 'coarse' as the amount of copper (II) oxide is 

increased in the ink. It should be noticed that this surface roughness is critical since it 

defines the inherent reproducibility and electrochemical performance of the sensors. An 

additional benefit of using screen-printing technology is that the oxidation state of the 

copper can be readily controlled and changed, allowing users to easily identify exactly which 

oxidation states are responsible for their observed electrochemical response; this can 

sometimes be time consuming and not straight forward when metals and their inherent 

oxides are produced in-situ via electro-deposition. It has been reported that copper (or 

copper oxide) electrodes provide superior and enhanced sensitivity for carbohydrates. (19) In 

particular, Kano et 0/.19 have shown for the electrochemical oxidation of glucose in sodium 

hydroxide, that copper(lI) oxide modified electrodes are superior over copper (I) oxide 

modified electrodes; consequently we have focused on fabricating copper (II) oxide screen­

printed electrodes and exploring their use towards glucose and associated compounds. 
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7.4.2 Electro-catalytic sensing of carbohydrates 

Emphasis is turned to exploring the electrochemical sensing of carbohydrates using the 

copper(\I) oxide screen-printed electrodes, with Figure. 7.2A depicting the voltammetric 

profiles resulting from the addition of glucose where a quantifiable peak is observed at N 

+0.6 V (vs. Ag/ Agel). Analysis of the peak height from glucose additions is shown in Figure. 

2B where a linear response is observed over the range 100 mM to 500 mM, beyond which, 

the plot is observed to plateau. Based on this linear range (3 sigma) a limit of detection was 

found to correspond to 27 (±2) mM (/H/A = 0.08 AM + 3.83 X 10-6 A; R2 = 0.992). 

The insert of Figure. 7.2A depicts the voltammetric response of the copper oxide screen­

printed electrode in sodium hydroxide only, which is likely due to the electrochemical 

oxidation of copper(lI) to copper(III).2o The electrochemical performance of the copper oxide 

screen-printed electrode was explored in pH 7 for glucose detection but no significant 

response was observed supporting the inference that the copper(lII) oxide serves as a 

catalyst in the electrochemical oxidation.19 
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Figure 7.2. Cyclic voltammetric profiles (A) resulting from the addition of glucose into a 0.1 M 

NaOH solution using a 2% copper (II) oxide screen-printed electrochemical sensing platform. 

The insert of (A) is the response of the copper (II) oxide screen-printed electrode in 0.1 M 

NaOH. All scans recorded at 50 mVs·1. The analysis of the peak height versus glucose 

additions is shown in (8). 
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Figure. 7.2B shows that at high glucose concentrations a Michaelis-Menten type22 response 

is observed. The catalytic reaction for the electrochemical oxidation of glucose may be 

described by the formation and decomposition of an intermediate charge transfer complex, 

similar to that of Michaelis-Menten kinetics: 

Cu(ll) ~ Cu(lII) + e-

2Cu(lII) + G ( Ktl ) 2Cu(lI)GL Kt2 
) 2Cu(lI) + GL 

K_I 

K -_ K_t +K+2 
Where G is glucose and the apparent Michaelis-Menten constant, M K' .The 

+1 

maximum current, iL = nFAK+2 and the observed current, i, is expressed as:21 

.. [G] 
I = I 

L Km +[G] 

The apparent Michaelis-Menten constant can be estimated using lineweaver-Burke:22 

and Eadie-Hofstee transformations of the Michaelis-Menten equation:23 

where ; is the observed current, h is the maximum current observed at high glucose 

concentration, [G] is the concentration of glucose, and Km is the Michaelis-Menten rate 

constant. The average Km was estimated to be 0.33 mM. The low value indicates a good 
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affinity of the copper (II) oxide microdomains and the glucose substrate. This value is 

comparable to those previously reported, such as zinc oxide nanowires modified with 

glucose oxidase22 and with the reported value of 0.022 mM for a glassy carbon electrode 

modified with single walled carbon nanotubes, which in turn is modified with an ionic liquid, 

gold nanoparticles and glucose oxidase.23 

The mechanism of the electrochemical oxidation of carbohydrates at copper (II) 

oxide electrodes according to Xie and Huber24 involves the chemisorption of hydroxide ions 

on CuD surface lattices followed by oxidation of the hydroxide to a hydroxyl radical: 

CuO + H 20 
_____ CuO + H + 

I _ 
OH 

--i.~ CuO + e 

I 
·OH 

At adjacent lattice sites, the target analyte adsorbs onto the copper oxide surface: 

CuO + RCH 20H --...... CuO 
I 
RCH 20H 

The rate determining step involves the formation of a bridge cyclic intermediate and the 

abstraction of a hydrogen atom from the carbon in the alpha position to the functional 

group: 

Cuo + 

I 
'OH 

Cuo 

I 
RCH 20H 

... Cu-o-Cu-o 

I I 
OH OH 

. ---I....... 2CuO + RCHOH + H 20 

-"- / 
'HCH 

! 
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After abstraction, the analyte radical is rapidly oxidised to a carboxylate or other product 

[241. 

RCHOH + 40H" RCO 

8 

An alternative mechanism for the electrocatalytic oxidation of glucose at a copper oxide 

19 surface was later proposed by Kano et 01. as: 

/0 H-C~ H-C/ 2e- 2e- 2e-
H-LoH 

~ 
OH-J-H 

OH-l-H 7 7 ~ 7 ~ H-t-oH 
H-C-OH mr HCOO- H-~-oH Olf Hcon Olf HCOO-

H-t-OH 2H" H-~-OH 2H" 2H" 

~ I 
H 

7.4.3 Amperometric detection of carbohydrates 

2e- 2e- 2e-

7 ~ 7 ~ HCH07 '< HCOO 

Olf HCOO· Olf HCOO· Olf 2W 

2H" 2H" 

Next, attention was turned to exploring the amperometric determination of glucose 

using the copper (II) oxide screen-printed electrodes. Figure 7.3 depicts the amperometric 

response obtained using a 5% copper (II) oxide screen-printed electrode from glucose 

additions over the range 50 ~M up to 1200 ~M. Two linear portions are clearly evident. The 

first is from 50 to 600 ~M (lH I A = 3.2 X 10-4 AIM + 3.3 x 10-8 A ; If = 0.997) and the second 

from 650 to 1200 ~M (lH I A = 2.4 X 10-4 AIM + 7.5 X 10-8 A ; If = 0.998). Based on the first 

linear part, the limit of detection (based on three sigma) was found to correspond to 4 ~M. 

This limit of detection is analytically competitive and compares to recent reports utilising 

dimethylglycoxime functionalized copper nanoparticles,l2s1 flower-shaped copper oxide 

nanostructurespOJ CuO nanorod modified electrodes,l261 and is superior over nickel 
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hydroxide modified carbon ionic liquid electrodes.l27] Since microdomains of copper (II) 

oxide are utilised, they comparable favourably to recent reports using nano-catalysts. 

The amperometric detection of glucose was repeated using 2% and 10% copper 

oxide screen-printed electrodes. The response of the 10% copper oxide screen-printed 

electrode was observed to be highly un-reproducible with no stable response achievable. 

This is likely due to the reduction in the number of conductive pathways. Figure 7.4 depicts 

the response obtainable at a 2% copper (II) oxide screen-printed electrode where a linear 

response was obtained over the range O.S mM to 6 mM (lH I A = 3.2 X 10-5 AIM + 3.3 x 10-8 A 

; Ff = 0.997). 

Clearly these approaches have potential for determining glucose levels in the range 

concerned with identifying hydroglycemia. While the 2% has a reduced sensitivity to 

glucose, this analytical response appears useful for extending the sensing range to higher 

glucose concentrations. 
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Figure 7.3: A typical amperometric response obtained at a 5% copper (II) oxide screen­

printed electrochemical sensing platform resulting from 50 11M additions of glucose into a 

0.1 M NaOH solution. The potential was held at + 0.6 V (vs. SeE). Also shown is the analysis 

0/ the current from the glucose additions. 
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Figure 7.4. Calibration plot resulting from amperometry using a 2 % copper oxide screen­

printed electrochemical sensing platform resulting from additions of glucose into a 0.1 M 

NoOH solution. The potential was held at + 0.6 V (vs. SCE). 

Next, we turn to exploring the copper (II) oxide screen-printed electrode towards the 

sensing of other carbohydrates. Figure 7.5A depicts the cyclic voltammetric profiles 

obtained at the copper oxide screen-printed electrodes from the electrochemical oxidation 

of sucrose, maltose and fructose. No significant voltammetric response was observed for 

fructose while voltammetric profiles were observed at + 0.99 V and + 1.06 V for the maltose 

and sucrose (vs. SeE) respectively. 
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Figure 7.5A: Cyclic voltammetric profiles obtained using a 2% copper oxide screen-printed 

electrochemical sensing platform recorded in 0.1 M NaDH solution containing ImM glucose, 

ImM fructose, ImM, maltose and ImM sucrose. The dotted line is the screen-printed 

electrode in the absence of any carbohydrates. All scans recorded at 50 mVs·1• Part (B) 

compares the amperometric response obtained for glucose (circles), sucrose (triangles) and 

maltose (diamonds). The potential was held at + 0.6 V (vs. SCE). 

82 



Figure SB depicts the analysis from the amperometric measurements of glucose from 

holding the potential at +0.6 V. This was repeated for the case of sucrose and maltose which 

is found to have a reduced activity using the copper {II} oxide screen-printed electrode. 

Maltose, a disaccharide of two a -1,4- limited glucose units has been shown that the 

number of electrons transferred during the oxidation is surface oxide dependant where 'one 

unit' is easy to oxidise where to increase the number of electrons, a significant amount of 

oxide required.20 While glucose is unaffected by the level of oxide, this suggests that 

disaccharides are sensitive to the micron sized copper {II} oxide domains. Based on this 

response the copper oxide domains allow a modest selective sensing of glucose over other 

carbohydrates. 

7.5 Conclusions 

The first example of a copper {II} oxide screen-printed electrode is reported which 

has been characterised with microscopy and explored towards the non-enzymatic sensing of 

glucose. This next generation screen-printed electrochemical sensing platform provides a 

simplification over previous copper oxide systems and provides a novel fabrication route for 

producing inexpensive, sensitive sensors which can be readily mass-produced. In 

comparison to other analytical systems, the screen-printed electrodes which contain 

micron-sized copper {II} oxide particles compares favourably with electrode modified with 

nano-catalysts allowing low micro-molar up to milli-molar glucose to be readily detected. 

Additionally, we envisage that the use of such an electrode can be used in conjugation with 

chromatography precluding the need for electrode polishing/re-generation between 

measurements. 
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This approach is beneficial over systems where the electro-deposition of copper is 

undertaken as this can result in differing copper oxidation states and the underlying 

catalytic mechanism may not be easily de-convoluted. In contrast, screen-printed electrodes 

can be readily fabricated with copper (II) oxide and copper (I) oxide and explored with the 

analytical target to fully understand the underlying (electro) chemical processes. 

We note that copper oxide finds use in other areas such as supercapacitors,27 

cydohexanol oXidation,28 lithium-ion batteries,29 nitrite,30 , amikacin31 and sulfite 

detection
32 

and we expect that our copper oxide screen-printed electrochemical sensing 

platforms can be beneficially utilised in such areas. 
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8.0 Disposables Highly Ordered Pyrolytic Graphite-Like Electrodes: 
Tailoring the Electrochemical Reactivity of Screen-Printed Electrodes 

8.1 Abstract 

In this chapter, it has been demonstrated that the electron transfer properties of disposable 

screen-printed electrodes can be readily tailored via the introduction of a polymeric 

formulation into the ink used to fabricate these electrochemical platforms. This approach 

allows the role of the binder on the underpinning electrochemical properties to be explored 

and allows the electrochemical reactivity of the screen-printed electrodes to be tailored 

from that of edge plane to basal plane of highly ordered pyrolytic graphite. This work was 

published in Electrochemistry Communications 12, 6, 2010 and included contributions from 

Dimitros Kampouris and Craig E. Banks. 

8.2 Introduction 

Carbon-based materials are extensively used in electrochemistry and are used in a plethora 

of applications 1,2,3,4. Understanding the underpinning electrochemical properties of these 

materials is Widely recognised5 but are largely overlooked. The available carbon materials 

are characterised by the dimensions of the crystallites comprising the material and have key 

structural factors which is the average graphite crystallite size (or lateral grain size), La, and 

le, which is the interplanar crystallite size perpendicular to the graphene planes. Highly 

ordered pyrolytic graphite (HOPG) has the largest La value of the order of ... 1 IJm with an lc 

value of 10 IJm. Different graphite materials have differing values of La and lc which are the 

smallest for amorphous carbon, glassy carbon and carbon blacks. To understand the 
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reactivity of carbon electrodes, well defined and controllable graphite surfaces are 

employed such as that of HOPG. These graphitic materials consist of atomically flat basal 

plane graphite terraces separated by steps and defects exposing the edge of the graphite 

layers which have an interlayer spacing of 0.335 nm 2,5,6,7. Through applying the use of edge 

plane and basal plane pyrolytic graphite electrodes the electrochemical reactivity of the 

ever popular carbon nanotubes was shown to be due to edge plane like defects/sites which 

occur at the ends and along the axis of the tubes7
• HOPG has the advantage that by cleaving 

the electrode surface, the proportion of edge plane sites can be increased or decreased.7 

This is a significant advantage as it is useful for extracting mechanistic information and by 

using an HOPG with a low proportion of edge plane like - sites/defects, the electrode can be 

modified with electro-catalytic materials such as carbon nanotubes and nano-particles 

precluding the contribution of the underlying electrode to the observed voltammetric 

7 8 9 10 . b I response.' .. Elegant work by Compton and co-workers has shown by covenng asa 

plane terraces of HOPG with a passivating polymer that the contribution to the 

voltammetric response is negligible with electrochemical reactions at edge plane graphite 

being anomalously fast6
• Extreme situations can occur when this is not the case and it has 

been shown that by slowing the rate of diffusion by applying a Nafion coating to HOPG, 

electron transfer at basal plane terraces of HOPG can become significantll• Another carbon-

based electrode that is often used in a range of electroanalytical situations is screen-printed 

electrodes
12

• The screen printing of electrochemical sensing platforms is alluring due to its 

reproducibility, simplicity and ability to produce large volumes at an economical cost. 

Screen-printed electrochemical platforms provide excellent platforms for modification with 

various nano-particles and materials and require no pre-treatment such as electrode 

POlishing or electrode pre-treatment as is common with other electrode materials. While 
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these electrodes find widespread usage,13, 14, 15, 16, 17 the fundamental understanding of the 

electrochemical reactivity at these electrodes is seldom studied. For the work reported 

herein, we identify the role of edge plane like - sites/defects in screen-printed electrodes 

with cyclic voltammetry and show for the first time how the heterogeneous transfer rate 

can be readily tailored allowing the electrochemical reactivity to be controlled. 

8.3 Experimental Section 

All chemicals used were of analytical grade and were used as received without any further 

purification from Sigma-Aldrich. All solutions were prepared with deionised water of 

resistivity not less than 18.2 MO cm. Voltammetric measurements were carried out using a 

I-Autolab III (Eco Chemie, The Netherlands) potentiostat/galvanostat and controlled by 

Autolab GPES software version 4.9 for Windows XP. All measurements were conducted 

using a three electrode configureuration with a platinum wire as the counter and a SCE as 

the reference electrode. Screen-printed carbon electrodes were fabricated in-house with 

appropriate stencil designs using a microDEK 1760RS screen printing machine (DEK, 

Weymouth, UK). A carbon-graphite ink formulation previously utilised [18] was first screen­

printed onto a polyester flexible film (Autostat, 250 1m thickness). This layer was cured in a 

fan oven at 60°C for 30 min. Next a silver/silver chloride reference electrode was included 

by screen printing Ag/AgCI paste (Gwent Electronic Materials Ltd., UK) on to the plastic 

substrate. last a dielectric paste ink (Gwent Electronic Materials Ltd., UK) was printed to 

cover the connection and define the 3 mm diameter graphite working electrode. After 

curing at 60°C for 30 min the screen-printed electrode is ready to use. This procedure was 

repeated with the initial carbon-graphite ink formation modified with increasing 
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proportions of a polymeric binder19
, poly(vinyl chloride), which is mixed into the ink 

formulation over the range of 0-80% (MB/M 1), where MB is the Mass of the polymeric binder 

and MI is the Mass of ink formulation used in the printing process. Scanning electron 

microscopy (SEM) images were obtained using a JEOl JSM-5600lV model. 

8.4 Results and Discussion 

Figure 8.1A and C depicts SEM images of a standard electrode surface which has a 'webbed' 

aspect. In these electrodes, powdered graphite which has values between 100 and 1000 A. 

for both La and Lc is used along with a small proportion of carbon black and the polymeric 

formulation which is used to bind the components together. 

The graphite used has La and Lc values similar to that of pyrolytic graphite but due to the 

other components, a slower electron transfer rate is observed compared to an electrode 

material comprised solely of pyrolytic graphite. Shown in Figure 8.1B and 0 is a 40% (MalMI) 

modified electrode. Instantly one can observe that the electrodes surface consists of 

discrete domains of graphite and polymeric binder, the latter is observed in the top and 

bottom of Figure 8.10. It is found that increasing the amount of binder introduced into the 

ink formulation greatly increases the proportion of polymeric domains. Additionally this 

'fills' in the gaps between the graphite which is observed on comparison of Figure 8.1C and 

E which will reduce the number of conductive pathways through the electrode surface (see 

later). Note that the white spots in Figure 8.1E are artefacts from electrolyte (salt) deposits 

which are from using the electrodes in the test redox system, which we now turn to 

exploring. The voltammetric performance of these screen-printed electrochemical platforms 
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were explored in 1 mM [Ru(NH316]3+ /1 M KCI. Figure. 8.2 illustrates five cyclic 

voltammograms recorded at 0.5 V S-1. 

A 

Figure 8.1. SEM images of the screen-printed electrochemical platforms of the bare 

unmodified (A and C) with that of a 40% (Ma!M/J modified (B and OJ and 80% (Ma!M/J (EJ 

electrochemical platform. 
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Due to the difference in surface area between the electrochemical platforms, which is due 

to the change in surface geometry through introducing the polymeric binder, the y axis is 

represented by I/Ip for comparative purposes. Clearly in Figure 8.2, introducing the 

polymeric binder has a profound affect on the cyclic voltammetric profiles. As the binder is 

introduced, the resistance of the electrodes is slightly increased as evidenced in the non-

faradaic currents on the cyclic voltammetry. 

A 0.8 B 0.8 
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Figure 8.2. Cyclic voltammetric profiles for the reduction of 1 mM [Ru(NH3ht+/l M KCI at 

diffi . 
ermg % (MaiM,) screen-printed electrodes: (A) 0%1 (8) 20%, (C) 40%, (0) 60%, and (E) 

80%. All scans recorded at 0.5 V S·l vs. SCE. 
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The corresponding fit of the electrochemical platforms with a numerical simulation package 

allows the effective electron transfer rate constant, kO 
eff to be deduced. Note that no 

compensation ohmic drop was applied in accordance with previous studies.20 Figure. 8.3 

depicts the effect of increasing the amount of polymeric formulation in the ink on the 

effective electron transfer rate constant; this term is used since the screen-printed 

electrode consists of basal plane, edge plane and polymeric domains. 

6 
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0 20 40 60 80 
% (MIIMI) 

Figure 8.3. Plot of heterogeneous eleCtron transfer rate constant as a function of % {MaiM/J. 

Clearly a reduction in the effective electron transfer rate constant is observed which is likely 

due to the increment in polymeric domains and the reduction in conductive pathways and 

ch . h . 
angmg t e percolation nature of the electrode structure. The effect of binder on the 

electron transfer rates of screen-printed electrodes, to our knowledge, has never been 
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investigated. The global coverage of edge plane defects (Hedge) on the electrochemical 

platform can be approximated from the following relationship: 

o e 0 
K eft = edge Kedge (1) 

Analysis of the electron transfer rate of edge plane of highly ordered pyrolytic graphite 

(kOedge) with a commercial simulation package has reported a value of 0.4 cm S-1.6,20 Using 

this value, the deduced coverage of edge plane defects was found to be 5.5%, 2.5%, 1.6%, 

1.5% and 0.3% for 0%, 20%, 40%, 60% and 80% (MB/M1), respectively; thus the electron 

transfer rate of screen-printed electrode surface can be readily tailored. These % values 

agree well with that previously reported for highly ordered pyrolytic graphite which can be 

over the range of 1-10% depending on surface preparation6
, 20 indicating that we have 

fabricated disposable highly ordered pyrolytic graphite-like electrodes. The cyclic 

voltammetric (I-E) response observed at a screen-printed electrochemical platform from 

various contribution components may be described by the following: 

I - ESPE = (3 [I - Ebasal] + Y[I- Ebinder] + E [1- Eedge] (2) 

It has been shown that due to nonlinear diffusion over an electrode surface, the individual 

contributions of edge and basal plane graphite do not scale with relative areas6
• In Eq. (2) b, 

c and e are complicated functions that take into account the relative areas and sizes of the 

two electrode materials as well as the contribution from nonlinear diffusion6• It has been 

conveniently demonstrated for electroactive species with diffusion coefficients of "'lx10-6 

C 2 -1 
m s and greater, there is no contribution from basal plane terraces.6 
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Additionally in this work, we have demonstrated that the polymeric formulation used in ink 

formulations is electrochemically inert and does not contribute to the cyclic voltammetric 

response but allows for a convenient methodology for modifying the electrochemical 

reactivity of screen-printed electrochemical platforms. Thus Eq. (2) reduces to Eq. (3) and 

describes cyclic voltammetry observed at screen-printed electrodes: 

1 - ESPE = E [I - Eedge] (3) 

8.5 Conclusions 

To conclude, previously the understanding of the electrochemical performance of screen­

printed electrodes has not been reported. This work shows that the polymeric formulation 

used to construct the electrodes has no contribution to the electrochemical response of a 

screen-printed electrode. It is also demonstrated that the electrochemical reactivity of 

screen-printed electrodes can be readily tailored such that basal plane like disposable 

electrodes, that is, electrodes with a low proportion of edge-plane like - sites/defects can 

be readily produced. Given the cost of HOPG which can be tailored through cleaving the 

surface against that of disposable electrodes, it is anticipated that these tailored screen­

printed electrodes will become widely used as a convenient and economical electrode 

alternative to basal plane pyrolytic graphite electrodes. For example, having a convenient 

electrode-to-hand allows one to readily explore and understand the role of basal vs. edge in 

electrochemical experiments which are of fundamental and applied use; these new type of 

electrodes will allow researchers to design efficient and intelligent electrodes for a plethora 

of applications. 
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9.0 Screen-Printed Electrodes Provide Micro-Domain Sites for Fabricating 
Disposable Electro-Catalytic Ensembles 

9.1 Abstract 

Building on the fundamental screen-printing concept, attention is turned to bespoke 

screen-printed electrodes which are basal plane-like in nature can be used as a template to 

produce randomly dispersed electro-catalytic micro-domains for analytical sensing 

purposes. Proof-of-concept is shown for the case of copper ensembles for nitrate detection 

and palladium ensembles for hydrazine sensing. The advantageous disposable nature of the 

ensemble precludes the need of pre-treatment between measurements. The screen-printed 

ensembles act as excellent substrates for the deposition of a range of metals allowing the 

screen-printed electrodes to act as a template for micro-domain ensembles of many 

different electrode materials for a variety of analytical challenges. 

This work was published in Electrochemistry Communication, 2010, 12, 406 and included 

contributions from Rashid 0' Kadara and Craig E. Banks. 
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9.2 Introduction 

One of the key questions in electrochemistry is which electrode should one use? When 

choosing an electrode substrate there are many compelling reasons to select an array of 

microelectrodes over a single macroelectrode; the increased mass transports results in an 

improved signal-to-noise ratio and reduced double layer capacitance with large and easily 

quantifiable signatures allowing lower analytical detection limits and ranges. Additionally 

the careful choice of the electrode material permits the electro-catalysis of the target 

analyte.1
,2,3 All these unique properties make microelectrode arrays attractive for the trace 

analysis of target analytes. For example, it has been shown that boron-doped diamond 

microelectrode arrays can act as a versatile substrate onto which many different types of 

electro-catalytic materials may be electro-deposited which exhibits beneficial electro­

analytical properties.4 Interestingly, numerical simulations have shown that a random array, 

of equal macroscopic coverage, can match the voltammetric response of the regular arral 

suggesting that the response of an array, which can be costly and expensive to design and 

manufacture, can be conveniently replaced with a random dispersion of suitable electro­

catalytic material on a electrode surface. Recently, we have demonstrated that the electron­

transfer properties of disposable screen-printed electrodes can be readily tailored by 

manipulating the amount of polymeric formulation in the ink used to fabricate the 

electrochemical platforms.6 

This approach has allowed the role of the polymeric binder on the underpinning 

electrochemical properties to be explored allowing the electrochemical properties of 

screen-printed electrodes to be readily tailored such that they can act either akin to edge 

plane or basal plane of highly ordered pyrolytic graphite.6 These bespoke screen-printed 
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electrodes can be used as convenient and economical electrode alternatives to basal plane 

of highly ordered pyrolytic graphite electrodes allowing the understanding of the role of 

basal vs. edge in electrochemical experiments to be readily determined. 

For the first time, it is reported that disposable screen-printed electrodes are basal plane­

like in nature6 act as excellent substrates for producing random micro-domain ensemble 

modified electrodes. As the amount of polymeric binder is introduced into the ink 

formulation, electrodes are produced where the edge-plane domains are distributed 

randomly across the electrode surface and become separated from their nearest neighbour 

and due to no regular spacing between neighbouring micro-domains as is found in a 

microelectrode array, the word ensemble is employed7
• The disposable nature of these 

electrodes preclude the need for electrode polishing to return the electrode to its former 

state before further depositing the electro-catalytic material of choice. We demonstrate 

proof-of-concept for the use of micro-domain ensembles towards a variety of analytical 

challenges which include the fabrication of copper ensembles for nitrate sensing and 

palladium ensembles for hydrazine detection. 
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9.3 Experimental 

All chemicals used were of analytical grade and were used as received without any further 

purification from Sigma-Aldrich. All solutions were prepared with deionised water of 

resistivity not less than 18.2 MQ cm. Voltammetric measurements were carried out using a 

I-Autolab III (Eco Chemie, The Netherlands) potentiostat/ galvanostat. Screen-printed 

carbon electrodes were fabricated in-house to produce a working electrode with a 3 mm 

diameter as previously described.6 All measurements were conducted using a three 

electrode configureuration with a large surface area platinum wire as a counter and a 

saturated calomel electrode (SCE, metrohm) as the reference. Connectors for the efficient 

connection of the screen-printed electrochemical sensors were purchased from Kanichi 

Research Services ltd. (UK, http://kanichi-research.com/). All measurements were 

conducted at 23°C. Scanning electron microscopy (SEM) images were obtained using a JEOl 

JSM-5600lV model. 
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9.4 Results and Discussion 

First attention is turned to exploring the electrochemical performance of a standard 

electrochemical sensing platform as fabricated in previous studies 8,9with that of a bespoke 

electrochemical platform. Figure. 9.1 depicts the voltammetric profiles obtained in 1 mM 

potassium ferrocyanide/1M potassium chloride. 

A 

.. . i .. 

- 0.2 0.2 0.6 
Potential! V 

Figure 9.1: (A) Cyclic voltammetric profiles obtained in 1 mM potassium ferrocyanide in 1 M 

Kel using the standard electrochemical platform (solid line) with that of a bespoke 

electrochemical platform (dashed line). Scans recorded at 100 mV S-l vs. SCE. 
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Recently, it has been reported that the electron transfer rates of screen-printed electrodes 

can be tailored by introducing more binder into the screen-printed ink6. The electrochemical 

response of this bespoke electrochemical platform is shown in Figure. 9.1 which has a larger 

peak-to-peak separation than that of the standard electrochemical platform indicating 

slower heterogeneous electron transfer rates. The heterogeneous rate constant, kO, for the 

standard and bespoke electrochemical platforms were found to be 1.5 x 10-3 cm S-l and 7.9 x 

10-
6 

cm S-l respectively; the former is in excellent agreement with literature reports9 while 

the latter demonstrates the unique heterogeneity of the screen-printed electrode which will 

be shown below to be highly beneficial in electro-analytical sensing. The bespoke 

electrochemical platform has electrochemical characteristics consistent with that of a basal­

plane pyrolytic graphite electrode and can play an important role in understanding the 

structure and reactivity of, for example, carbon electrodes and associated materials such as 

carbon nanotubes.lO,l1 

The batch to batch reproducibility of screen-printing these bespoke electrodes was explored 

using the ferro/ferri redox probe where random electrode were taken across four batches 

with the % relative standard deviation of the magnitude of the voltammetric peaks found to 

fall lower than 2.9%. To highlight the contrasting behaviour between the standard and 

bespoke electrochemical platforms, the electro-deposition of copper was undertaken. A 

deposition potential of - 1.2 V (vs. SCE) for 30 s was employed in a solution containing 50 

mM Cu
2
+ in 0.1 M sodium sulfate12 (adjusted to pH 2.5 with HCI). Figure. 9.1 depicts SEM 

images comparing the copper modified standard (Figure. 9.1B) with that of the bespoke 

(Figure. 9.1C) electrochemical platform. The standard electrochemical platform is plated 

with a copper film while the bespoke electrochemical platform has formed random 

distributed copper domains. Analysis of the electrode surface with SEM reveals that the 
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copper domains are on average spherical in nature, but some are clearly non-spherical. 

Analysis of the SEM images reveals an average diameter of 2.5 (standard deviation of 0.5) 

1M• This corresponds to an average total surface coverage of appropriately 3.4 x 105 micro­

particles with a surface coverage, IH; of 0.23.1 Note that when employing glassy carbon, for 

example, a random dispersion of metal micro-sized particles can be deposited due to the 

electrode heterogeneity13. However, this approach has its drawbacks, as do other 

electrodes used in this fashion due to the requirement to clean and return the electrode to 

its former state before modification. Clearly a disposable version is highly advantageous and 

we report the first example where a screen-printed electrode is made more heterogeneous 

to facilitate a large random dispersion of micro-domain sites. It should be noted, that in this 

thesis we have not explored or are concerned with the mechanism of deposition of the 

target metal and but rather the use of the deposited metal as catalytic micro-domain sites. 

However, it is highly likely, in line with other studies on graphitic surfaces that the metal 

nucleates onto edge plane-like sites/defects14 of the graphite particles used to fabricate the 

screen-printed electrodes. The deposition and stripping mechanisms in terms of nucleation 

processes are important when determining metals at screen-printed electrodes, for 

example the determination of lead at an unmodified screen-printed electrode and the 

authoritative work of Honeychurch et 01.15 and Brainina et 01.16 is recommended. 

Next the electrochemical reduction of nitrate was explored at the copper ensemble. Using 

an ex situ prepared copper ensemble, the electrochemical reduction of nitrate was explored 

in 0.1 M sodium sulfate (adjusted to pH 2.5 with hydrochloric acid). The first voltammetric 

scan, as shown in Figure. 9.2A has two distinct voltammetric features at N - 0.56 V and - 0.78 

V (vs. SCE). According to previous studies these peaks are due to stripped copper being 

complexed with chloride ions present in the electrolyte solution, and as a result the re-
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reduction occurs at more negative potentials in two processesP The first peak at IV - 0.56 V 

is the reduction of copper (II) to copper (I) followed by copper (I) to copper to) at - 0.78 V. 

Additions of nitrate were explored with the copper ensemble where it was observed that 

the peak at - 0.78 V grows in magnitude with increasing additions. Figure. 9.2B depicts the 

plot of peak height against concentration of nitrate where a linear response is obtained over 

the range 10--70 1M (IH/A = 0.15 [nitrate] AM-1 -1.3 x 10-6 A; R2 = 0.998; N = 13). Note that the 

peak height was measured by subtracting the peak current obtained in the absence of 

nitrateP Further additions were made with a second linear range observed over the range 

125-1000 1M (IH/A = 0.11 [nitrate] AM-1 
- 3.2x10-6 A; R2 = 0.997; N=8). Based on the linear 

range shown in Figure. 2B, a limit of detection was found to correspond to 2.8 1M• 

This copper assemble is superior to copper nanoparticle modified boron-doped diamond 

electrodes.
1S 

The micro-domains are randomly distributed across the electrode surface and 

it is likely that partial overlap of diffusion zones occurring around each micro-domain result 

rather than Independent behaviour but to a lesser extent than that observed at copper 

nanoparticle boron-doped diamond electrodes and hence the improvement in the detection 

towards hydrazine. 
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Figure 9.2. Cyclic voltammetric profiles (A) obtained for the electrochemical reduction of 

nitrote using a copper assemble with the corresponding analysis of the peak height vs. added 

nitrote concentration shown in (8). 

Previous work using copper modified electrodes have been demonstrated to be analytically 

useful in determining nitrate in treated sewage discharge water. Given the voltammetric 

position of our observed analytical signal with that reported previously, which is well 
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resolved from interferents,14 we expect our methodology to perform similarly but with 

enhancements in the analytical signal from enhanced mass transport due to the micro­

domain nature of the fabricated electrode. However, it must be noted that the electrode 

will still be susceptible to the adsorption of small molecular sized species which may be 

present. 

We now turn to exploring the fabrication of palladium ensemble micro-domains. The 

methodology for forming palladium micro-domains is based on a previous method for 

producing elegant nanowires on highly ordered pyrolytic graphite.ll The first step involves 

the electrochemical oxidation/activation of the edge plane sites/defects on the graphite 

surface via potential cycling from +1.8 to -0.4 V (vs. SCE) at 200 mV S·l for 10 cycles in 0.5 M 

Na2S04. It is thought that this introduces oxygen containing functional groups on the surface 

of the graphite. The second step involves transferring the electrode into a 1 mM PdCh 

solution in 0.1 M H2S04 with potential cycling from +0.4 to + 1.5 V for five cycles at 200 mV 

S·l. This produces palladium oxide (s) and/or complexes of Pd on the edge plane-like defect 

sites at various oxygen containing functional groups.ll The last step involves the formation 

of palladium micro-domains by transferring the modified electrode into 0.1 M H2S04 and 

potential cycling from +1.1 to -0.5 V at a scan rate of 300 mV S·l for five scans. SEM images 

of the modified electrode surface reveal palladium metal micro-domains, again with the 

majority spherical in nature but of course with some micro-domains which are non­

spherical. Analysis of the SEM images reveals an average radius of 2.7 (standard deviation 

0.4) ~m. 
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Figure 9.3. SEM images of the copper plated standard (A) and bespoke (B) screen-printed 

electrochemical platforms. 

The surface coverage of palladium micro-domains, H, is estimated to be 0.27. Hydrazine is 

used in a range of industrial applications and has carcinogenic and mutagenic properties 

. . 19 20 21 22 h I I t · I requlrmg careful control and measurements protocols. ' , , Tee ectro-ana y Ica 

oxidation of hydrazine was explored at the palladium ensemble where a large and easily 

quantifiable peak is observed to occur with a steady-state response, as shown in Figure. 9.3, 

which is consistent with the high current density at random arrays. This catalytic oxidation 

wave is resolved from the solvent window and occurs exclusively on the palladium surface 

with no voltammetric responses observed in the accessible potential window using the bare 
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screen-printed micro-domain electrode. The electrochemical oxidation of hydrazine has 

been studied on palladium previously with the voltammetric wave likely due to the 

following:23,24 

The response of the palladium ensemble was explored by making additions of hydrazine 

into pH 7 phosphate buffer solutions. Figure 9.4A depicts the voltammetric profiles from 

additions of hydrazine with the analysis of the limiting current (lL) taken at + 0.15 V (vs. SeE) 

vs. added hydrazine, depicted in Figure. 9.3B, which exhibits a linear response from 12.5 to 

175 IJM(lJA = 1.7 x 10-2 AM-1 + 6.7 X 10-7 A; R2 = 0.997; N = 12). Based on this linear range a 

limit of detection (based on 30) was found to correspond to 8.9 IJM. 
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Figure 9.4. Cyclic voltammetric profiles (A) obtained for the electrochemical oxidation of 

hydrazine using a palladium assemble with the corresponding analysis of the peak height vs. 

added hydrazine concentrotion shown in (8). 
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The application of hydrazine sensing finds use in niche applications which will be further 

explored to determine specificity in that context. The limit of detection compares well with 

that reported by Batchelor- McAuley and co-workers using palladium plated boron-doped 

diamond arrays24, palladium nanoparticles25 and gold electrodes modified with iron 

phthalocyanine complexes.26 

9.5 Conclusions 

It has been shown that screen-printed electrode which have basal plane-like 

qualities can be used as templates to produce randomly dispersed micro-domains. Proof-of­

concept is shown for the electro-analytical detection of hydrazine using palladium 

ensembles and the sensing of nitrate using copper ensembles. These sensors can be readily 

mass produced and disposable nature precludes the need for pre-treatment between 

measurements. 
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10.0 Electrochemical Sensors - Modification of the conductive carbon ink: 
Electrolytically Fabricated Nickel Microrods on Screen-Printed Electrodes: 
Electro-Catalytic Oxidation of Alcohols 

10.1 Abstract 

Nickel-modified graphite screen-printed electrodes are explored towards the sensing of 

alcohols in alkaline solutions. Electrochemically formed nickel microrods with average 

dimensions of 12 liM length and 2 liM diameter are shown to be readily formed on the 

surfaces of graphite screen-printed electrodes. This is the first example of electrolytically 

formed nickel nanorods which exhibit electro-catalysis towards the sensing of ethanol over 

the range 2.6 - 23 mM and and glycol over the range 230 - 1840 liM with limits of detection 

of 1.4 mM and 186 llM respectively. This work was published in Analytical Methods, 3, 74, 

2011. 

10.2 Introduction 

The electrochemical oxidation of alcohols is of wide importance in high performance fuel 

cells which hold promise as renewable and low cost alternative fuels sources.i
• 2 A plethora 

of electrocatalytic materials have been explored with platinum based materials which are 

the current contenders, with research into other possible materials a highly active area in 

order to reduce the associated cost.3 One such potential electro-catalyst is nickel oxide 

which has been explored as a potential catalyst towards alcohols.i • 4. S. 6. 7 While research is 

heavily focused with a view to develop fuel cell technologies, the analytical utilisation of 

such a system should not be overlooked and novel low cost, simple and disposable 
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analytical tools are urgently required. For example, this might be utilised as a sensor for the 

monitoring of operational safety in the form of fuel cell leaks. Towards these goals, recently 

nickel nano-particle modified boron-doped diamond electrodes have been explored 

towards the sensing of ethanol and glycerolS as well as a nickel microparticle modified 

boron-doped diamond electrode for methanol sensing.9 There is considerable merit in this 

approach over that of a solid electrode consisting completely of nickel which includes 

reduced cost, ease of fabrication and a renewable surface and an improvement in the 

accessible linear ranges towards the target analyte due to improvements in diffusion to 

effectively a nickel micro/nano array. An alternative to commercially available solid 

electrodes such as boron-doped diamond and glassy carbon are disposable and cost 

effective screen-printed electrodes.10
, 11, 12, 13 In this chapter we explore the fabrication of 

electrolytically fabricated nickel microstructures using graphite screen-printed graphite 

electrodes. It is found that nickel microrods can be readily formed at the surface of a screen­

printed electrode with average lengths and diameters of 12 mM and 2 mM respectively. 

While screen-printed electrodes have been routinely used as templates for the electro­

deposition of different nanoparticles compositions for a range of analytical targets, 14, 15, 16 

we find no literature reports of producing microrod structures in this way. 

Additionally we note that nickel hydroxide microrods have seldom been reported with 

fabrication methods involving solvothermal approaches17 and vertically aligned nickel oxide 

microrods on silicon substrates have also been reported via thermal heating.18 The 

electrolytically fabricated nickel microrods are explored as a potential electro-catalyst, in 

particular, towards the electro-catalytic oxidation of alcohols. 
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10.3 Experimental Section 

All chemicals used were of analytical grade and were used as received without any further 

purification from Sigma-Aldrich. All solutions were prepared with deionised water of 

resistively not less than 18.2MO cm. All solutions were vigorously degassed with nitrogen to 

remove oxygen. Voltammetric measurements were carried out using a ll-Autolab III (Eco 

Chemie, The Netherlands) potentiostat/galvanostat and controlled by Autolab GPES 

software version 4.9 for Windows XP. Screen-printed graphite macroelectrodes which have 

a 3 mm diameter working electrode were fabricated as reported previously.19 These 

electrodes have been characterised electrochemically as previously reported in this thesis 

and have heterogeneous electron transfer rate constants'" 1.7x10-3 cm S-l. 12 In addition to 

the screen-printed graphite electrodes being used as the working electrode, a large surface 

area platinum wire as a counter electrode and a Saturated Calomel Electrode (SCE) as the 

reference electrode were utilised. Connectors for the efficient connection of the screen­

printed electrochemical sensors were purchased from Kanichi Research Services ltd.20 

Scanning electron microscopy (SEM) images were obtained using a JEOl JSM-5600lV model. 

10.4 Results and Discussion 

Screen-printed graphite macroelectrodes were electrolytically modified with nickel using a 

previously reported methodologl from a solution containing 1 mM nickel (II) in a 0.1 M 

sodium acetate solution (pH 5) employing a deposition potential of -1.2 V for 300 s. Figure. 

10.1 depicts SEM images of the modified electrode which indicates that the electrode 

surface has been modified with unique structures which have average lengths of 12 mm 

with diameters of 2 mm. 
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Figure 10.1. SEM images of nickel modified screen-printed platforms. 

It is interesting to note that using identical electrochemical parameters and solutions as 

reported in the literature8 that utilising boron-doped diamond electrodes results in the 

formation of nanoparticles which indicates that the nucleation dynamics are quite different 

to that observed at boron-doped diamond electrode surfaces. Given the wide range in the 

size of the microrods, as observed in Figure. 10.1, a progressive growth processes arising 

from continued nucleation of metallic nickel to the active sites of the screen-printed surface 

is highly Iikely?l A survey of the literature reveals that nickel microrods have been 

fabricated but never electrochemically as presented here.17, 18 We next turn to exploring the 

nickel microrod modified screen-printed graphite macroelectrodes towards the 

electrochemical sensing of alcohols. Figure. lO.2A depicts voltammetric profile of the nickel 
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microrod modified electrodes in 1 M sodium hydroxide where an oxidation wave at +0.44 V 

(vs. SCE) and a reduction wave at +0.35 V (vs. SCE) are observed. 

EDAX analysis of the nickel microrods exhibited three peak corresponding to nickel, an 

oxygen peak and of course a carbon peak from the underlying electrode surface. It is well 

established in the literature that deposited nickel metal spontaneously forms Ni(OHh in 

alkaline solutions,8 likely surface oxide rather than complete bulk transformation and we 

observe an electrochemical oxidation wave at .... +0.4 V which is due to the Ni2+/Ni3+ signal as 

described by equation (1). Previous research has shown that the nickel can exist in two 

crystallographic forms, hydrated a-Ni(OHh and anhydrous b-Ni(OHh which produces two 

voltammetric oxidation peaks.8 However in our case the observation of a single 

voltammetric wave indicates that the nickel micro rods are highly likely to be in the b­

Ni(OHh form.
8 

Figure. 1D.2A also depicts the voltammetric profiles resulting from the 

additions of 1.3 mM ethanol using a nickel microrod modified electrode where analysis of 

the anodic wave, as depicted in Figure. 1D.2B increases with additions of ethanol coupled 

with the position of the voltammetric peak moving to more anodic potentials with each 

addition. It is clear at this concentration level a linear response over the range 4 to 10 mM 

(Figure. 10.2B) is observed. The observed voltammetric profiles are due to the Ni2+/Ni3+ 

redox couple which is electro-catalytic origin undergoing the following process: 

(1) 
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Figure 10.2.Cyclic voltammetric profiles showing 1.3 mM ethanol additions into a 0.1 M 

sodium hydroxide obtained with a nickel microrod modified screen-printed electrochemical 

platform. All scans recorded at 50 mVs-1 vs. SCE. Below are plotted graphs for the oxidation 

peak height (B) and reduction peak height (C) as a function of added ethanol concentrations. 
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With the adsorption of the target alcohol on the electrode surface occurring with the NiOOH 

and the adsorbed target alcohol undergoing a hydrogen-abstraction reaction producing an 

intermediate and starting material (Ni(OHh) with the subsequent oxidation of the adsorbed 

intermediate.4•
7

• 22 Also observed in Figure. 10.2A is the increase of the cathodic wave in a 

linear fashion, the analysis of the voltammetric peak as a function of concentration is 

depicted in Figure. 10.2C where a linear response is observed and while the exact origin of 

this is unclear, it is evident that it may be used as a possible indirect sensing methodology. 

The analytical response of the nickel microrods was further explored towards the sensing of 

ethanol using chronoamperometry. Ethanol additions were made into a 0.1 M sodium 

hydroxide solution using the nickel microrod modified screen-printed sensor with analysis of 

the current at +0.4 V (vs. SCE) as a function of concentration reveals a linear response (1/ A = 

0.08AM-
1 

+ 2.9x10-6A; If = 0.983; N = 17), as depicted in Figure. 10.3, over the range 2.6 mM 

to 23 mM beyond which the plot plateaus. The limit of detection, based on 3-sigma23 is 

found to correspond to 1.4 mM. This linear range and detection limit is identical to state-of-

the art nickel hydroxide nanopartic\es modified boron-doped diamond electrodes.8 

To understand further the electrochemical oxidation mechanism using the nickel microrods, 

the Langmuir adsorption isotherm is employed.3• 24 Assuming that the catalytic peak current 

(lcat) is proportional to the surface concentration of the alcohol under investigation, the 

electrochemical adsorption equilibrium constant, b, can be determined according to the 

Langmuir equation 

[alcohol] [alcohol] 1 
-"------=- = + ---

leat leat.max Plcat •max 
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Figure 10.3. Analysis of chronoamperometric response of the nickel microrod modified 

screen-printed graphite electrode resulting from ethanol additions over the range of 0 to 26 

mM. The electrode was held at a potential of +0.4 V (vs. SeE). 

A plot of [alcohol] against [alcohol] allows the adsorption equilibrium constant, p, to be 
ICaI 

estimated as 356 (± 3) M- l
. Thus the Gibbs energy changes due to adsorption may be 

deduced from: 

~GO =-RTlnp 

which was found to correspond to -14.7 kJ morl suggesting that the overall electrochemical 

oxidation reaction is governed by adsorption-controlled kinetics rather than diffusion 

processes. 
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Next, attention is turned to exploring the nickel microrod modified screen-printed platforms 

for the sensing of glycerol. Figure. 10.4 depicts typical voltammetric profiles obtained from 

additions of glycerol into a 0.1 M NaOH solution where a linear type response is observed 

(Figure. 10.4B). 

To access the analytical response of the nickel microrods towards the sensing of glycerol, 

chronoamperometry was employed. As shown in Figure. 10.4C, analysis of the limiting 

current as a function of added glycerol concentration exhibits a linear response (1/ A ~ 0.004 

AM-
1 

+ 1.3 x 10-6A; Ii = 0.991; N = 8) over the range of 230 mM to 1840 mM with a limit of 

detection (3-sigma) found to correspond to 186 mM. Unfortunately this limit of detection is 

not as competitive as nickel nanoparticle modified boron-doped diamond electrodes or a 

nickel macroelectrode.8 Given that a very good analytical output is observed for the case of 

ethanol (see above) this suggests that the nickel microrods likely have a different amount of 

oxide on the nickel metal which might reduce the rate of reaction in the rate determining 

hydrogen-abstraction step in the electrochemical oxidation mechanism. While this is 

speculation, the unexpectedly poor analytical performance might still have analytical utility 

in niche applications. 
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Figure 10.4. Cyclic voltammetric profiles (A) recorded showing 230 J.LM glycerol additions into 

a 1M sodium hydroxide solution using the nickel microrod modified screen-printed graphite 

electrode. All scans recorded at 50 mVs-1 vs. SCE. Part B depicts the analysis of the oxidation 

peak height as a function of glycerol concentrations. Part C is the analysis of 

chronoamperometric responses using the nickel microrod modified screen-printed graphite 

electrode. The electrode was held at a potential of + 0.4 V (vs. SCE). 
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10.5 Conclusions 

The first electrochemical fabrication of nickel microrods is reported which have been shown 

to be electroanalytical useful for the sensing of ethanol which perform analytically similar to 

current state-of-the-art using nickel nanoparticle modified electrodes and to a lesser extent 

the microrods can be utilised for glycerol sensing. The simple and low cost fabrication 

process of the nickel microrods suggest their use in the electroanalytical quantification of 

ethanol and glycol, for example in the monitoring for potential fuel cell leaks. The potential 

use of the nickel microrods in alcohol fuel cells as a electro-catalyst should also not be 

overlooked and are also being explored in other sensing applications. 
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11.0 Gold Nanoparticle Ensembles Allow Mechanistic Insight into 
Electrochemical Processes 

11.1 Abstract 

Gold-nanoparticle-modified electrodes find wide and diverse applications in the area of 

electrochemistry. We demonstrate for the first time that gold-nanoparticle-modified 

electrodes can provide mechanistic information and we exemplify this with the 

electrochemical deposition of arsenic{III}. Our approach of using nanoparticle ensembles is a 

facile and economical methodology that provides an alternative to using expensive gold 

single-crystal electrodes that require careful surface preparation before each measurement. 

This work was published in ChemPhysChem, 11, 875, 2010, which included contributions 

from Mohammed Khairy, Mohammed Ouasti, Dimitrios Kampouris, Rashid 0' Kadara and 

Craig E. Banks. 

11.2 Introduction 

Nanoparticles find wide and diverse applications in a plethora of technologically important 

diSciplines ranging from catalysis\ nano-engineering of surfaces2
, energy generation using 

fuel cells
3 

and solar cells4
, and sensor applications.2 Nanoparticle covered surfaces provide 

unique benefits which have been exploited in amplifying electrochemical DNA sensors,s, 6 

nanowiring redox enzymes/ and allow the development of advanced glucoseB and peroxide 

9 
sensors. The advantages of employing nanoparticles over micron-sized particles is the 

enhancement of mass transport of the target analyte, high effective surface area, control 

over nano-environment and electro-catalysis1o. Nanoparticle modified surfaces, where the 

surfaces are usually an electrode substrate providing electronic communication to randomly 
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distributed nanoparticles, are readily employed due to their facile fabrication and due to 

diffusional interaction between neighboring nanoparticles, an electrode surface modified 

with a few percentage of nanoparticles acts akin to that of a macroelectrode constructed 

from the same electrode material but is a fraction of the costll• 12. Note in the case of 

randomly distribute nanoparticles on an electrode surface the distance between 

neighboring nanopartic\es is variable across the surface of the electrode and are termed 

nanoparticle ensembles.13 

While reports of using gold nanoparticle ensembles as sensors are abundant, no 

attempt to use nanoparticle ensembles to gain electrochemical mechanistic information has 

been reported to date. We demonstrate for the first time the ability to use gold 

nanoparticle ensembles to extract mechanistic information which is demonstrated with the 

example of the electro-deposition of arsenic. Note that the determination of arsenic (III) is a 

widely sought analytical task due to its toxicity and natural occurrence worldwide in drinking 

water and its electrochemical reduction mechanism is of vital theoretical and practical 

significance. 

Our approach of using nanoparticle ensembles reported herein precludes the need 

for gold single crystal electrodes which are expensive and require carefully surface 

preparation in the form of heat annealing before each measurement. In contrast, disposable 

nanoparticle ensembles can be readily and inexpensively fabricated and can be disposed 

after measurement and thus do not suffer any 'memory affects' from prior analysis which 

would otherwise give inaccurate mechanistic information. 

Screen-printed electrodes were fabricated as described in the experimental section 

and explored towards the electrochemical oxidation of 1mM potassium ferrocyanide / 0.1 
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M potassium chloride. The response of the bare screen-printed electrode exhibits a large 

peak-to-peak separation which is indicative of slow heterogeneous electron transfer which 

is consistent with these screen-printed electrodes. The response from dispersing gold 

nanoparticles onto the bare screen-printed electrochemical platform was explored. The 

deposited mass of gold, M gold on the electrode can be deduced from the knowledge of the 

gold nanoparticle suspension (gIL) and the volume of the applied suspension, V (in L) from 

equation (1): 

Mgold =cV (1) 

If we assume that the gold nanoparticles are spherical in shape with a constant radius, r, we 

may estimate the total number of gold nanoparticles on the electrode surface, N, using 

equation (2): 

3M gold N=---,,---;:-
4plrr3 (2) 

where p is the density of gold. From this the microscopic coverage of gold nanoparticles on 

the electrode surface, E>, can be deduced from equation (3): 

(3) 

where A is the area of the underlying electrode surface. 
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11.2 Experimental 

All chemicals used were of analytical grade and were used as received without any further 

purification from Sigma-Aldrich. All solutions were prepared with deionised water of 

resistively not less than 18.2 MO cm. All solutions were vigorously degassed with nitrogen to 

remove oxygen. 

Voltammetric measurements were carried out using a ~-Autolab III (Eco Chemie, The 

Netherlands) potentiostat/galvanostat and controlled by Autolab GPES software version 4.9 

for Windows XP. 

Screen-printed carbon electrodes were fabricated in-house with appropriate stencil designs 

using a microDEK 1760RS screen-printing machine (DEK, Weymouth, UK). A carbon-graphite 

ink formulation previously utilisedswas first screen-printed onto a polyester flexible film 

(Autostat, 250 ~m thickness). This layer was cured in a fan oven at 60 degrees for 30 

minutes. Next a silver/silver chloride reference electrode was included by screen printing 

Ag/AgCI paste (Gwent Electronic Materials ltd, UK) on to the plastic substrate. last a 

dielectric paste ink (Gwent Electronic Materials ltd, UK) was printed to cover the 

connections and define the 3mm diameter graphite working electrode. After curing at 60 

degrees for 30 minutes the screen-printed electrode is ready to use. All measurements 

were conducted using a three electrode configureuration with a saturated calomel 

electrode as the reference rather than the onboard silver-silver chloride reference electrode 

to allow comparison with the literature. Connectors for the efficient connection of the 

screen-printed electrochemical sensors were purchased from Kanichi Research Services 

Ltd.6 
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Scanning electron microscopy (SEM) images were obtained using a JEOl JSM-5600lV model. 

Polaron (Quorum Technologies) SC76640 Auto/Manual High Resolution Sputter coater was 

used to produce the palladium sputtered electrodes. 

11.3 Results and Discussion 

The effect on the electron transfer rate, as evaluated with the potassium ferro/ferricyanide 

redox probe, is clearly observed in figure 11.1 which depicts the analysis of the inverse of 

the peak-to-peak separation as a function of coverage. As the microscopic coverage of gold 

nanoparticles is increased on the surface of the screen-printed electrochemical platform the 

heterogeneous electron transfer rate increases. This is due to the introduction of the gold 

nanoparticles which results in a gold ensemble where heterogeneous electron transfer is 

faster on the gold nanopartic\e than the underlying graphite surface of the screen-printed 

electrode. 

At higher coverage's a decrease in the heterogeneous electron transfer is observed likely 

due to the high microscopic coverage of gold nanoparticles becoming unstable which likely 

become displaced from the electrode surface during measurements. The gold nanoparticles 

produced have been shown to be single crystals and thus the overall response of the gold 

nanopartic\e is averaged over the total number of nanoparticles on the electrode surface 

due to diffusional interaction and consequently should behavior voltammetrically similar to 

a gold single crystal electrode. 
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Figure 11.1. Typical plot of the inverse of the peak-to-peak separation as a function of 

coverage. Data recorded using lmM potassium ferrocyanide /0.1 M potassium chloride. 

The cyclic voltammetric response of the gold nanoparticle ensemble was recorded in O.lmM 

sodium arsenite in phosphate buffer (pH 1). Figure 11.2 depicts a typical cyclic 

voltammogram where an electrochemical reduction wave corresponding to the 

electrochemical deposition of arsenic metal is observed on the cathodic sweep while on the 

anodic scan, the electrochemical stripping of arsenic back to arsenic (III) is clearly evident; 

this electrochemical process forms the basis of arsenic (III) electro-analytical sensors. 

It was found that employing an in-situ pre-treatment before arsenic (III) was added is 

critical. A range of deposition times and potentials were explored with its impact on the 

profile of the cyclic voltammograms with the aim of reducing the background non-faradaic 
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processes. We infer that the gold ensemble due to their chemical synthesis and fabrication 

of the gold nanoparticle ensemble, results in the formation of a thin layer of gold oxide on 

the gold nanoparticles which is removed by applying the in-situ pre-treatment. It was found 

that by holding the potential at -1.0 V for 5 second prior to the addition of arsenic (III), the 

background currents observed on the cyclic voltammetric profiles are greatly reduced 

allowing mechanistic information to be deduced. Without this pre-treatment meaningless 

data was extracted and we believe that this has been an issue as to why gold nanoparticle 

modified electrodes have never been reported before allowing mechanistic information to 

be extracted. 

Returning to the cyclic voltammetry of arsenic (III) at the gold ensemble, intergration of the 

anodic peak allows the charge resulting from the application of different deposition 

potentials for different deposition times to readily be calculated, where the deduced 

charged is directly proportional to the amount of arsenic deposited on the gold nanoparticle 

ensembles. 

It can be assumed that one arsenic atom deposited on the electrode is associated with one 

gold surface atom where the deposition/stripping mechanism involves 3 electrons, the 

number of arsenic monolayers deposited on the gold nanoparticle ensembles as a function 

of the applied deposition time and deposition potential from knowing that the specific 

charge data at gold (111) surface atom number of 1.5 x 1015 atom cm-2•1S 
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Figure 11.2. Typical cyclic voltammogram using the gold ensemble in 1mM Arsenic (11/) in pH 

1 phosphate buffer at a scan rate Of 5 mv/s. The potential was held at -1.0 V for 5 seconds 

before the addition of arsenic (III). 

Plots of arsenic monolayers versus deposition time are shown in figure 11.3A where it is 

observed that the amount of arsenic limits as the deposition time is increased. Figure 11.3B 

depicts a plot of arsenic monolayers versus natural logarithm of the deposition time and it is 

clear that the amount of arsenic deposited on the gold (111) surface is less than one 

monolayer which limits as the deposition time is increased. As the amount of the arsenic 

deposit on the gold nanoparticle ensembles increases, the rate of deposition decreases. 
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Figure 11.3. Number of Arsenic monolayers deh~b~tJ1n the gold nanoparticle ensemble at 

the deposition potential of - O. 25 V (squares) and - 0.6 V (circles) in phosphate buffer (pH 1) 

and 0.1 mM arsenic (III) solution as function of the deposition time (A) and of the natural 

logarithm of the applied deposition time (8). Shown in (8) is the linear regression fits of the 

data. 

Previous theory has been developed to extract mechanistic information from the 

electrochemical deposition of Arsenic (III) on a gold (111) single crystal electrodes.15 The 

theory considers that for the electrochemical reduction of as described by equation (4), 

142 



(4) 

that n occurs in continuous steps, as described below: 

and s%rth 

where m steps are in equilibrium, as described in the general form: 

(5) 

In the electrochemical reaction, the rate-determining step is described by: 

(6) 

and (n-m-1) steps are in equilibrium: 

An-1 + e- < ) R 

The overall current can be described as: 

. ~[(aFq) (aFq)) -1=1 exp RT -exp - RT (7) 

where 1] = Eeq - E is the cathodic overpotential and Eeq is the equilibrium potential and the 

constants a = m + a and a = n - m - a are the apparent transfer coefficients. Note that 

a+a=nand at the same time li'a= (m+a)/(n-m-a). 
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In the case that the total number of electrons in the electrochemical process is 3, we 

may write ala= (m+a)/(3-m-a). 

If the transfer of the first electron is the rate-determining step, m = 0 and 

ala=al(3-a) since O~a~l, 0~ala~0.5 

If the transfer of the second electron is the rate-determining step, m = 1 and 

a la= (1+a)/(2-a) .In this case, 0.5 ~ al a~ 2. 

If the transfer of the third electron is the rate-determining step, m = 2 and 

- - - -al a= (2+a)1 (I-a) .In this case, 2 ~ al a~oo. 

When the cathodic overpotential is large enough and its satisfies 71» 0 and 

equation (7) is simplified to 

E E RT 1.0 RT I . 71 = - =-- nl +-- nl 
eq iiF iiF 

(8) 

and when the anodic overpotential is large, 71« 0 , equation (7) becomes: 

E E RT 1.0 RT I . 71 = - =-- nl +-- nl 
eq liF liF (9) 

Tafel plots based on equations (8) and (9) were constructed from the cyclic voltammetric 

profiles of arsenic (III) electrochemically reduced on the gold nanoparticle ensemble. Figure 

11.4 depicts typical Tafel plots from the cyclic voltammetric profiles. 
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Linear regression fit of the cathodic and anodic Tafel plots were determined with the 

cathodic Tafel slope found to be -0.296 V Dec·1 where a =0.25 and the anodic Tafel plot 

found to correspond to 0.02 V Dec·1 where a=2.62. As a+a=n, we deduced that a+a 

=2.87 This value is in excellent agreement to the expected number of transferred electrons 

of 3. Note that literature reports of using a gold (111) single crystal yielded a n value of 

3.19.
15 

From the conditions identified above the rate determining step can be deduced, thus 

a I a = 0.09 and given that 0:::;; a I a:::;; 0.5 indicates that the transfer of the first electron is 

the rate determining step. This is in excellent agreement with that reported using single 

crystal gold electrodes15 again confirming the accuracy of our method. The overall reaction 

mechanism may now be written as: 

As(ll/)(aq) + e~ As(ll)(aq) rds (10) 

As(ll)(aq)+el ~ As(l)(aq) equilibrium (11) 

As(l)(aq)+e ~ As(O)(ads) equilibrium (12) 

From the analysis above, a = m + a and a = n - m - a which can now be written as: 

a=m+a=0.25 where a=0.25 and a=3-a=2.62 wherea=0.38. The average value of 

a is thus 0.32. This lower value results from a dissymmetry of the potential energy curves of 

the reactant and products in the context of Butler-Volmer kinetics which is due to the 

irreversibility of the first electron transfer (rate determining step) in the electrochemical 

depOSition of arsenic. 
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Figure 11.4. Cathodic and anodic Tafel plots of arsenic (11/) deposited on a gold ensemble in 

phosphate buffer (pH 1) and 0.1 mM arsenic (11/) solution at a scan rate of 5 mVs-1
• An in-situ 

pre-treatment was applied by holding the potential at - 1.0 V for 5 second in phosphate 

buffer (pH 1) only. The lines between points are linear regression fits of the data. 
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Next the deposition of arsenic on the gold nanoparticle ensembles was explored 

over a range of voltammetric scan rates. A plot of cathodic peak current versus the square 

root of scan rate is depicted in figure 11.5A displaying a highly linear response. A plot of 

cathodic peak potential versus the logarithm of scan rate is also highly linear, as shown in 

figure 11.5B, indicating that the deposition of arsenic is an irreversible reaction. 

The relationship between the peak potential, Ep as a function of the logarithm of the scan 

rate, since the transfer of the first electron is the rate determining step, is the same as that 

of a one-step, one-electron reaction:1S 

(13) 

where E is the cathodic peak potential, EO'is the formal potential, D is the diffusion 

coefficient of As(III), kO is the standard electrode reaction rate constant, v is the 

voltammetric scan rate and a is the cathodic transfer coefficient of the rate-determining 

step. From equation (13) a can be readily deduced from the plot of E versus log v. 

Consequently a was deduced to be 0.30 which is in excellent agreement with that deduced 

above. 

The electron transfer of the first electron is rate-determining, the peak current for a totally 

irreversible one step, one electrode reaction is given by equation (14): 

(14) 

where i is the cathodic peak current, n is the number of electrodes transferred, D is the 

diffusion coefficient of arsenic (III), C is the concentration of Arsenic (III) and v is the scan 

rate. 
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Figure 11.5. A: Plot of cathodic peak current obtained from cyclic voltammetric profiles of 

arsenic deposited using a gold ensemble in 0.1 mM arsenic (/II) in pH 1 phosphate buffer as a 

function of the square root of scan rate. B: Cathodic peak potential of the cyclic 

voltammetric profiles as a function of the logarithm of scan rate. The lines between points 

are linear regression fits of the data. 
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The electrode area was deduced by assuming that the gold nanopartic\es form hemispheres 

on the electrode surface since the underlying graphite screen-printed electrode is relatively 

porous which was found to correspond to 0.019 cm2
• From invoking equation (14) and using 

a a value of 0.30 and an n of 3, the diffusion coefficient of arsenic (III), using was 

determined to be 2.5 x 10-5 cm2s-1 (in pH 1 phosphate buffer). This value agrees extremely 

well with literature reports16 of 0.99 (±0.02) x 10-5 cm2s-1 in 0.2 M KBr + 1M H2S04 and 1.5 x 

10-5 cm2s-1 (pH 1 phosphate buffer)15 indicating the applicability of the gold ensembles for 

extracting mechanistic electrochemical information. 

11.5 Conclusion 

To conclude, it has been demonstrated that gold nanoparticle ensembles can be 

conveniently used to extract mechanistic information from electrochemical processes. 

Given the inherent facile fabrication and low cost compared to gold single crystal electrodes 

we envisage that nanopartic\e ensembles will become widespread in the pursuit of 

fundamental electrochemical information. 
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12.0 Cosmetic Electrochemistry: The Facile Production of Graphite 
Microelectrode Ensembles 

12.1 Abstract 

The facile and rapid production of microelectrode ensembles is shown to be possible using 

off-the-shelf cosmetic products and is exemplified with the electrochemical sensing of a 

toxic metal offering a novel fabrication methodology. This work was Published in 

PhysChemChemPhys, 12, 2285, 2010. 

12.2 Introduction 

As previously discussed in chapter 1, microelectrode arrays are a unique tool in the 

electrochemist's arsenal due to their well identified advantages such as large current 

densities, high spatial resolution, reduced capacitive charging currents and find beneficial 

use in a range of applications such as clinical chemistry, electroanalysis, biosensing, 

enVironmental sensing and electrophysiology.1, 2, 3, 4, 5, 6, 7, 8 In microelectrode arrays, 

microelectrodes are at a fixed distance from their nearest neighbour and an alternative is to 

have a random array of microelectrodes which are termed as ensembles due to no regular 

spacing between neighbouring microelectrodes.3• 9 It has been shown by simulations that a 

random array can produce the same (but never greater) current-potential response as that 

of a regular array of equal macroscopic coverage10 and, due to their nature, random arrays 

are generally easier to fabricate.ll• 12, 13, 14 
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Inspired by the technological importance of microelectrode arrays/ensembles in a plethora 

of areas, we explore the novel and rapid methodology for producing graphite 

microelectrode ensembles. 

12.3 Experimental 

All chemicals used were of analytical grade and were used as received without any further 

purification from Sigma-Aldrich. All solutions were prepared with deionised water of 

resistively not less than 18.2 MO cm. All solutions were vigorously degassed with nitrogen to 

remove oxygen. 

Voltammetric measurements were carried out using a J..I.-Autolab III (Eco Chemie, The 

Netherlands) potentiostat/galvanostat and controlled by Autolab GPES software version 4.9 

for Windows XP. 

Screen-printed carbon electrodes were fabricated in-house with appropriate stencil designs 

using a microDEK 1760RS screen-printing machine (DEK, Weymouth, UK). A carbon-graphite 

ink formulation previously utilised5was first screen-printed onto a polyester flexible film 

(Autostat, 250 J..I.m thickness). This layer was cured in a fan oven at 60 degrees for 30 

minutes. Next a silver/silver chloride reference electrode was included by screen printing 

Ag/AgCI paste (Gwent Electronic Materials ltd, UK) on to the plastic substrate. Last a 

dielectric paste ink (Gwent Electronic Materials ltd, UK) was printed to cover the 

connections and define the 3mm diameter graphite working electrode. After curing at 60 

degrees for 30 minutes the screen-printed electrode is ready to use. All measurements 

were conducted using a three electrode configureuration with a saturated calomel 

electrode as the reference rather than the onboard silver-silver chloride reference electrode 
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to allow comparison with the literature. Connectors for the efficient connection of the 

screen-printed electrochemical sensors were purchased from Kanichi Research Services 

Ltd.6 The polymeric formulation used to create the ensembles is the commercial product 

'Nivea for Men silver protect 24h', Beiersdorf AG, Germany. Spray distances refer to the 

distance from the dispensing nozzle to the electrode surface. 

Scanning electron microscopy (SEM) images were obtained using a JEOL JSM-5600LV model. 

Polaron (Quorum Technologies) SC76640 Auto/Manual High Resolution Sputter coater was 

used to produce the palladium sputtered electrodes. 

12.4 Results and Discussion 

Screen-printed macroelectrodes (3 mm diameter) were fabricated as reported previousllS' 

16 and their electrochemical performance examined in 1 mM potassium ferrocyanide-1 M 

potassium chloride17 as depicted in Figure. 12.l. 

The heterogeneous rate constant, kO, was evaluated from fitting of the voltammetric peaks 

over a range of scan rates with a simulation package which was found to correspond to 0.7 x 

10-
3 

cm S-l indicating a quasi-reversible electron-transfer process in agreement with 

previous studies.1S
, 16 The screen-printed electrode was then 'sprayed' with a commercial 

deodorant, "Nivea For Men Antiperspirant". The modified macroelectrode was then 

examined using potassium ferrocyanide, and, as depicted in figure 12.1, a change in the 

voltammetric profile is clearly evident. Increasing the spray time has a dramatic effect 

compared to the bare macroelectrode where the peak-to-peak separation increases and the 

magnitude of voltammetric peaks decreases, the response of which is consistent with that 

of a partially blocked electrode.1s 
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Figure 12.1. Cyclic voltammetric profiles obtained at a bare screen-printed electrochemical 

platform (dotted line) and then following modification with the cosmetic product at a 

distance of 200 mm for 2, 5, 8 and 12 seconds. All scans recorded at 0.1 V S·l vs. SCE. 

The heterogeneous rate constant observed at the partially blocked electrode surface, kO 
obs, 

is related to the fractional coverage (y) and the heterogeneous rate constant observed at 

the unmodified (bare) electrode kObare via:18 

~ obs = ~bare (1- 8) (1) 

Note that for an overlapping random distribution, the real coverage is given by:19 

(2) 
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Consequently the real fractional coverage, SR, of the partially blocked electrode from 

increasing spray times was deduced to be 0.3 (±0.1) and 0.5 (±0.12). In the case where 

quasi-reversible voltammetric profiles are obtained in the accessible range of scan rates, as 

found here, information for the diffusion domain sites and their sizes is unable to be 

gathered. However an approximate value of the active site radius (Ra) may be estimated 

(the exposed working electrode area). The maximal value for Ro (which is the radius of the 

diffusion domain, blocking part) can be determined by:18 

( DRT) 1 
Ro < Fl1 (3) 

- 14.8 B (1-0R 

Where for disc-type active sites: 

In the above expressions, F is the Faraday constant, 0 is the diffusion coefficient of the 

electro-active species (6.5 x 10-6 cm2 
S-l), T is the temperature, R is the gas constant and n is 

the scan rate. The average radius of the active sites, Ra, which is the underlying substrate, 

can then be estimated from: 

It follows that Ra :s; 2.0 (±0.2) mm and thus the surface now consists of randomly 

distributed graphite domains which have a radius smaller than 2 microns. SEM images are 
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shown in Figure. 12.2 where comparison of a standard electrochemical platform and a spray 

modified electrochemical platform is observed to cover the electrode surface and a 

decrease in the 'webbed' aspect is clearly evident indicating that the polymer in the 

cosmetic spray has filled in these gaps and thus reduces the amount of accessible graphite 

which is attributable for the reduction in the voltammetric profiles. 

Noticeable is the presence of smaller clumps of polymer and spherical objects with EDAX 

indicating that these are aluminium which is a common component in cosmetic 

'antiperspirant' sprays. It was found that the aluminium, which is commonly used in 

deodorant products, is not electrochemically active and consequently does not interfere 

with our electrochemical measurements. 

A recent paper by Zen et al.20 reported on an electroanalytical method to determine the 

aluminium content of deodorant products and also reported that electrochemical signals 

are only possible on silver screen-printed electrodes and not graphite screen-printed 

electrodes, confirming our observations. 

From modification with a cosmetic product, a macroelectrode has been turned into a 

partially blocked electrode with numerous graphite microdomains. We can estimate the 

number of graphite domains from the following: 

N= 

where A is the electrode area of the macroelectrode. From this we can estimate the number 

of graphite domains to be of the order "'4 x lOS. 
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Figure 12.2. SEM images of the unmodified (top) and spray modified (bottom) screen-printed 

electrodes. 

The voltammetric profiles indicate diffusional overlap between neighbouring microdomains 

such that there is no regular spacing and thus an ensemble3 of graphite microdomains has 

been fabricated. Other ways of fabricating ensembles include covering the electrode surface 

with inert materials/9 sealing microelectrodes into epoxy resin,3 covering the electrode 

surface with a polymer,21 and sonochemical fabrication.22 Clearly this approach allows the 

fabrication of microdomains within seconds and given the low cost of the underlying 

electrode substrate and the cosmetic modifier these electrodes are very economical. We 
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believe that through the controlled modification with the cosmetic product this is a 

potential manufacturing route for these devices. 

last to explore, the electroanalytical utility of our fabricated microdomain electrode, 

attention is turned to showing proof-of-concept for the electrochemical detection of lead 

using cathodic stripping voltammetry.23 The cathodic stripping is, due to its very nature, 

highly selective, with chromium, nickel, cadmium and zinc having no measurable effect on 

the electroanalytical measurement. In the case of copper and iron, these may be detected 

by this methodology but their stripping peaks occur at well resolved potentials from that of 

lead.23 Using a solution of 0.1 M nitric acid and a deposition potential of +1.65 V (vs. SeE) in 

accordance with previous studies, additions of lead were made over the range 0 to 300 mM 

using a 30 s accumulation time. Figure 12.3 depicts a typical voltammetric profile where a 

large and easily quantifiable peak is observed at +1.38 V (V5. SeE) which is in excellent 

agreement with literature reports.23 

Analysis of the peak height {lH} plotted against added lead concentration (as shown in the 

inset of Figure. 12.3) reveals two distinct linear ranges, the first over the range 20 to 50 mM 

(lH/A = 3.0 X10-
1
AM-1 

- 6.2 X 10-6 A; If = 0.987) and 75 mM to 200 mM (lH/A=8.6 X 10-2 AM-1 

+ 8.8 X10-
6 

A; If = 0.988). Based on the first linear part, the limit of detection (3s) was found 

to correspond to (N = 3) 9.5 mM. This linear range and the un-optimised detection limit are 

comparable to ultrasound-assisted deposition using a boron-doped diamond electrode23 

employing a 60 s accumulation time. This comparability is due to the enhanced mass 

transport at the graphite microdomains. 
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Figure 12.3. Square-wave voltammogram in the absence (dashed line) and presence (solid 

line) of 20 mM lead (in 0.1 M nitric acid) using the graphite microdomain ensemble. 

Parameters: square-wave voltammetry using a conditioning potential at -0.5 V (vs. SeE) for 

20 s fOllowed by+l.65 V for 30 s. Spraying conditions were 200 mm for 12 s. The inset shows 

the analYSis of peak height from additions of lead. 
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12.4 Conclusions 

To conclude, it has been demonstrated that microelectrode behaviour can be conferred on 

a macroelectrod~ through the use of readily available commercial cosmetics. That is, by 

taking a cosmetic product which is then used to spray a macroelectrode surface, a partially 

blocked electrode is rapidly and easily fabricated which exhibits steady-state type 

voltammetric behaviour. The polymer contained within the cosmetic product rapidly binds 

to the electrode surface and sets within seconds coating the electrode surface but leaving 

the underlying graphite electrode exposed in the form of graphite micron-sized sites; this 

new application of commercial products with electrochemistry is aptly termed "cosmetic 

electrochemistry" . 
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13.0 Cosmetic Electrochemistry II: Rapid and Facile Production of Metallic 

Electrocatalytic Ensembles 

13.1 Abstract 

A facile methodology for the production of metallic electro-catalytic micro-domain 

ensembles for a range analytical sensing challenges is reported. A commercially available 

off-the-shelf cosmetic product can change the voltammetric characteristics of a metallic 

macro-electrode created via electro-deposition into that of a random ensemble of metallic 

microelectrode domains. Proof-of-concept is show for three examples; a palladium 

ensemble for hydrazine sensing, a gold ensemble for the electroanalytical arsenic (III) via 

anodic stripping voltammetry and platinum ensembles for the direct oxidation of arsenic 

(III). Last, that the fabrication of metallic micro-domains is demonstrated which can be 

simplified by sputter-coating (as discussed in chapter 2) screen-printed electrochemical 

senSing platforms which are beneficially constructed using this cosmetic methodology. 

Given the facile fabrication and low cost of the underlying electrode substrate and the 

cosmetic modifier, the widespread implementation of this novel fabrication methodology is 

expected. This work was published in Electraanalysis, 22, 1831, 2010. 
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13.2 Introduction 

In the pursuit of enhancing electroanalytical performance towards target analytes, 

one can employ a microelectrode array where the increased mass transport compared to 

that achievable at a macroelectrode results in an improved signal-to-noise ratio, reduced 

double layer capacitance and large and easily quantifiable signatures allowing access to 

lower analytical detection limits and ranges?' 2, 3, 4, 5, 6, 7 Microelectrode arrays consist of 

microelectrodes in a suitable arrangement separated at a fixed distance from their nearest 

neighbour but despite their inherent advantages in sensing, their application can be limited 

by their cost of fabrication.1 A lesser known approach is to employ a microelectrode 

ensemble where in this arrangement there is no regular spacing between neighbouring 

microelectrodes and are termed ensembles.2,3 It has been shown by simulations that a 

random array can produce the same, but never greater, current-potential response as that 

of a regular array of equal macroscopic coverage? Microelectrode ensembles are generally 

easier to fabricate with notable approaches including, sealing thousands of microelectrodes 

in epoxy resin,2 electro-deposition of polymers onto screen-printed electrode followed by 

sonochemical ablation revealing the underlying carbon surface,4 fabrication of boron-doped 

diamond nano-disc electrodes by a three step methodology involving polymeric coatings.s 

In chapter 12, the concept of Cosmetic Electrochemistry has been introduced6 where 

a commercially available cosmetic product, a deodorant, can be used to confer 

microelectrode behaviour on a macroelectrode. Proof-of-concept was demonstrated, that a 

graphite screen-printed electrode can be sprayed with an off-the-shelf cosmetic product 

and within seconds is ready to use. The polymer contained within the cosmetic product 

partially blocks the graphite screen-printed electrode surface leaving the underlying 
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graphite electrode exposed in the form of graphite micron-sized sites which are randomly 

distributed across the electrode surface. The creation of microdomain sites enhances mass 

transport of the target analyte and it was demonstrated that the electroanalytical 

performance of the cosmetically modified electrode, via the cathodic stripping of lead could 

achieve a similar performance to current state-of-the-art sensing employing power 

ultrasound. 

In this chapter, proof-of-concept is further demonstrated for fabricating graphite 

micro-ensemble and demonstrate that this facile methodology can be utilised for the 

manufacture of electro-catalytic micro-ensembles for a range of electroanalytical 

challenges. 

13.3 Experimental Section 

All chemicals used were of analytical grade and were used as received without any further 

purification from Sigma-Aldrich. All solutions were prepared with deionised water of 

resistively not less than 18.2 MO cm. All solutions were vigorously degassed with nitrogen to 

remove oxygen. 

Voltammetric measurements were carried out using a ll-Autolab III (Eco Chemie, The 

Netherlands) potentiostat/galvanostat and controlled by Autolab GPES software version 4.9 

for Windows XP. 

Screen-printed carbon electrodes were fabricated in-house with appropriate stencil designs 

using a microDEK 1760RS screen-printing machine (DEK, Weymouth, UK). A carbon-graphite 

ink formulation previously utilised5was first screen-printed onto a polyester flexible film 

(Autostat, 250 llm thickness). This layer was cured in a fan oven at 60 degrees for 30 
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minutes. Next a silver/silver chloride reference electrode was included by screen printing 

Ag/AgCI paste (Gwent Electronic Materials Ltd, UK) on to the plastic substrate. Last a 

dielectric paste ink (Gwent Electronic Materials Ltd, UK) was printed to cover the 

connections and define the 3mm diameter graphite working electrode. After curing at 60 

degrees for 30 minutes the screen-printed electrode is ready to use. All measurements 

were conducted using a three electrode configureuration with a saturated calomel 

electrode as the reference rather than the onboard silver-silver chloride reference electrode 

to allow comparison with the literature. Connectors for the efficient connection of the 

screen-printed electrochemical sensors were purchased from Kanichi Research Services 

Ltd.
6 

The polymeric formulation used to create the ensembles is the commercial product 

'Nivea for Men silver protect 24h', Beiersdorf AG, Germany. Spray distances refer to the 

distance from the dispensing nozzle to the electrode surface. 

Scanning electron microscopy (SEM) images were obtained using a JEOL JSM-5600LV model. 

Polaron (Quorum Technologies) SC76640 Auto/Manual High Resolution Sputter coater was 

used to produce the palladium sputtered electrodes. 
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13.4 Results and Discussion 

First, the response of a gold plated screen-printed electrode is considered. Using a gold 

solution consisting of 1 mM HAuCI4 in O.lM H2S04 a screen-printed electrode, reported 

previously,1 was electrochemically modified with gold via chronoamperometry by holding 

the potential at - 0.4 V (vs. SCE) for 300 seconds. The gold modified electrode was explored 

in 1 mM potassium ferrocyanide / 0.1 M potassium chloride with figure 13.1 depicting 

typical cyclic voltammetric profiles. 

The heterogeneous rate constant, kO, was evaluated from fitting of the voltammetric 

peaks over a range of scan rates with a simulation package which was found to correspond 

to 3.2 x 10-3 cm S-l indicating a quasi-reversible electron transfer process. This gold modified 

screen-printed electrode was modified with the polymeric formulation using a constant 

spraying distance of 200 milli-metres with the effect of different spray times explored. As 

depicted in figure 13.1, a change in the voltammetric profile is clearly evident. Increasing the 

spray time has a dramatic effect compared to the bare macro-electrode where the peak-to­

peak separation increases and the magnitude of voltammetric peaks decrease, the response 

of which is consistent with that of a partially blocked electrode.1o SEM was used to explore 

the gold modified screen-printed electrode before and after modification with the cosmetic 

product which is shown in figure 13.2. 
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Figure 13.1. Cyclic voltammetric profiles recorded in lmM potassium ferrocyanide / 0.1 M 

potassium chloride obtained with a gold modified screen-printed electrochemical platform 

(thick line) and from applying spray times of 2 (thin line), 4 (dashed line) and 6 (dotted line) 

seconds at a distance of 200 mm. All scans recorded at 50 mVs·1 vs. SCE. 

It is evident that the electrode surface is covered with a polymeric formulation and 

has reduced the amount of accessible graphite which is attributable for the reduction in the 

voltammetric profiles. Noticeable is the presence of smaller clumps of polymer and 

components of the cosmetic 'antiperspirant' spray which was identified via EOAX as 

aluminium and magnesium. The magnitude of modification is greater in this example 

compared to that observed at cosmetically modified graphite screen-printed electrodes6 

indicating a possible greater adherence of the polymeric formulation to the gold surface. 
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Figure 13.2. SEM images of a gold plated screen-printed electrode (top image) and after 

polymeric modification (bottom image). 

The voltammetric profiles (see figure 13.1) clearly indicate that polymeric 

formulation has not completely covered the electrode surface and discrete domain of the 

underlying gold surface must be accessible to give rise to the voltammetry observed in 

figure 13.1 but unfortunately is not easily identified with SEM. 

Returning to the voltammetric profiles observed in figure 13.1, the heterogeneous 

rate constant observed at the partially blocked electrode surface, k:
bs 

is related to the 
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fractional coverage (~ and the heterogeneous rate constant observed at the unmodified 

(bare) electrode k;are via: 

(1) 

Note that for an overlapping random distribution, the real coverage is given by: 

(2) 

Consequently the real fractional coverage, B R of the partially blocked electrode was 

deduced to be 0.30, 0.51 and 0.56 for spray times of 2, 4 and 6 second respectively. In the 

case where quasi-reversible (as discussed in chapter 5) voltammetric profiles are obtained in 

the accessible range of scan rates, as found here, information for the diffusion domain sites 

and their sizes is unable to be gathered. However an approximate value of the active site 

radius (Ro) may be estimated. The maximal value for Ro (which is the radius of the diffusion 

domain, in this case the blocking polymer) can be determined by: 

(3) 

I 

where B(I-eR ) = O.3(1-eR )"2 for disc-type active sites. In the above expressions, F is the 

Faraday constant, D is the diffusion coefficient of the electro-active species (6.5 x 10-6 cm2 s· 

1) 11 T" h 
, IS t e temperature, R is the gas constant and v is the scan rate. The average radius of 

the active sites, Ro which is the underlying substrate, can then be estimated from: 

I 

Ra = Ro (1- eR )2 It follows that Ra ~ 1.3 (± 0.4) ~m and thus the surface consists of 

rando I d· t·b d .. 
m y IS n ute gold domainS which have an average radius smaller than 1.3 microns; 
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this is in excellent agreement with that reported previously for producing graphite 

microdomains via this methodology.6 It is clear from the voltammetric characterisation that 

the modification of the gold macroelectrode has resulted in the creation of random array of 

gold microelectrodes and the terminology, gold ensembles, is quite appropriate. We now 

turn to demonstrating that a range of electro-catalytic ensembles are possible for a range of 

analytical challenges. 

Attention was turned to exploring the analytical utility of the gold ensembles with 

the example of the electroanalytical sensing of Arsenic (III). Arsenic (III) is an important 

analyte due to its reported toxicity and presence in drinking water samples/wells.s, 9, 10, 11 

Gold ensembles were produced by spray coating the gold modified screen-printed electrode 

with the polymeric formulation using a spray distance and time of 200 mm and 6 seconds 

respectively. Linear sweep voltammetry was employed using a deposition time and 

potential of 120 seconds and - 1.2 V (vs. SeE) respectively with micro-molar additions of 

Arsenic (III) made into 1M nitric acid solution(double distilled sulphuric) Figure 13.3 depicts 

typical voltammograms. Analysis of the peak height (I H) from Arsenic (III) additions were 

found to be linear over the range 111M to 15 11M (/H / A = 266 X 10-3 AM-1 + 1.02 X 10-6 A; ~ = 

0.998; N = 5) with a detection limit found to correspond to 4.8 x 10-7 M. This detection limit 

is comparable to gold nanoparticle arrays 12 and with further optimisation by applying linger 

deposition times and more sensitive electrochemical techniques, improvements to the limit 

of detection are possible. 

Next attention is turned to exploring the fabrication of platinum ensembles. A graphite 

screen-printed electrode was modified via chronoamperometry by holding the potential at _ 
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1.2 V (vs. SCE) for 300 seconds in a solution containing 1mM PtCll- / O.lM KCI. The platinum 

ensemble was fabricated by applying the polymeric formulation with a distance and time of 

200 milli-metres and 8 seconds respectively. Work by Dai and Compton13 have shown that 

platinum nanoparticle decorated glassy carbon electrodes can be used for the electro­

analytical sensing of Arsenic (\II) without any interference from copper. Copper is always 

present in water samples and the voltammetric signal from copper can, in some cases, 

detrimentally affect the voltammetric signal of Arsenic (III). The methodology of Dai and 

Compton is based on the direct electrochemical oxidation of Arsenic (III) to Arsenic (V) 

which occurs at relatively high potentials, well resolved from the voltammetric signals from 

copper.13 

The platinum ensembles towards the electrochemical oxidation of Arsenic (III) were 

explored. Using 0.1 M H2S04 (double distilled) additions of Arsenic (III) were made over the 

range 100 to 1000 IlM. Figure 13.4A depicts the electrochemical response of the platinum 

ensembles where the electrochemical oxidation of Arsenic (III) to Arsenic (V) is evident at + 

0.85 V (vs. SCE) which is in excellent agreement with previous studies.13 
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Figure 13.3. Linear sweep voltammetry resulting from additions of arsenic(lII) into 1 M 

sulfuric acid using a gold ensemble. Parameters: deposition potential and time of -1.2 V (vs. 

SeE) and 120 seconds. Part B is the analysis of the peak current as a function of added 

arsenic(II/} concentrations. 
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A large background current is evident which may likely be related to the thickness of 

the platinum film used to create the platinum ensembles. The analysis of the peak height 

against Arsenic (III) concentration is shown in figure 13.4B where a linear response (IH / A = 

11 X 10-3 AM-1 + 5.76 X 10-6 A; If = 0.998; N = 10) is observed over the concentration range 

studied. A limit of detection, (based on three sigma), was found to correspond to 1.3 ~M. 

This analytical response in terms of linear range, detection limit and sensitivity is 

comparable to that previously reported using platinum nanoparticle modified glassy carbon 

electrodes.13 It was found that the detection of lower concentrations of Arsenic (III) is not 

possible even through tailoring the size and distribution of the polymeric formulation by 

adapting the spraying times and applied distances. While the analytical protocol may have 

some analytical merit given that the concentration of arsenic in Bangladesh water wells has 

been reported to be as low as 0.06 ~M up to 10 ~M, this methodology appears to not be 

suitable for Arsenic (III) determination via the direct electrochemical oxidation.13• 14 

Next, exploring the response of palladium ensembles was studied. The method of Ji et 01.9 

was utilised which involves four steps. The first step involves the electrochemical oxidation 

activation of the edge plane like - sites/defects on the screen-printed electrode surface by 

cycling the potential from +1.8 V to -0.4 V (vs. SCE) using a scan rate of 200mV S-l for 10 

cycles in O.5M Na2S04. This step likely introduces oxygen containing functional groups on 

the edge plane like - Sites/defects on the surface of the screen-printed electrode. The 

second step involves transferring the screen-printed electrode into a 1mM PdCh solution in 

O.lM H2S04 with potential cycling from +0.4 V to +1.5 V for 5 cycles at 200 mV S·l. 
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Figure 13.4 (A) Linear sweep voltammetry resulting from the direct oxidation of arsenic(lII) 

using a platinum ensemble. (8) is the analysis of the peak current as a function of added 

arsenic(III) concentrations. 
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Palladium oxide (s) and/or complexes of palladium on the screen-printed electrode surface 

at various oxygen containing functional groups is expected to be produced at this stage. The 

third step involves the formation of palladium metal by transferring the modified electrode 

into O.lM H2S04 and potential cycling from +1.1 V to -0.5 V at 300 mV S-1 for 5 scans. The 

final step involves spray coating with the polymeric formulation to produce palladium 

ensembles. 

Next the electrochemical oxidation of hydrazine using the palladium ensembles was 

explored_ Figure 13.5A depicts the voltammetric profiles observed from additions of 

hydrazine in to a pH 7 solution where a well defined limiting current is observed. Figure 59 

depicts the analysis of the peak height (IH) recorded at + 0.45 V vs. SeE which is observed to 

produce a linear response over the concentration range 8 to 72 IlM (IH / A = 1.1 X 10-7 A/IlM 

+ 3.1 x 10-
6 

A; R2= 0_998; N = 9). The limit of detection (based on three sigma) was found to 

correspond to 3_7 IlM. 

This is competitively comparable to palladium plated boron-doped diamond arrays,15 

caffeic acid modified glassy carbon electrode,16 catechol modified carbon nanotubes,17 

Ni(II)-baicalein complex modified multi-wall carbon nanotube paste electrode,18 and is 

enhanced over electrospun palladium nanoparticle/carbon nanofibers19 and nickel 

hexacyanoferrate nanoparticles.2o 
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Figure 13.5 Linear sweep voltammograms (A) of the electrochemical oxidation of hydrazine 

into a pH 7 buffer solution using a palladium ensemble. (8) depicts the analysis of the peak 

current versus hydrazine additions. 
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last, consideration into the possible scaling up of the methodology was explored. Rather 

than use electrochemical deposition to modify the screen-printed electrodes, the bare 

electrode was placed into a sputtering device to produce a palladium film. This electrode 

was explored towards the sensing of hydrazine using the same parameters used in figure 

13.5. 

Typical voltammetric profiles and analysis of the analytical signal as a function of hydrazine 

concentration is depicted in Figure 13.6. 

An analytically useful response is observed with a linear response over the range 8 to 48 

mM (lH (A) = 0.46 AIM + 1.0x10·6 A; R2=0.998; N = 6) is evident with a limit of detection 

(based on three sigma) found to correspond to 1.9 mM. This analytical performance is 

quantitatively similar to that observed above with the exception that the linear range is not 

as extended as observed in Figure 13.5 but yet the sensitivity is improved likely due to the 

porous nature of the sputtered film. The analytical response indicates that the underlying 

catalytic electrode can be fabricated via other methods which might be easier to scale up for 

mass production. 
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Figure 13.6. Typical voltammetric response (A) resulting from the electrochemical oxidation 

of hydrazine in a pH 7 buffer solution using a pal/adium ensemble produced via sputtering. 

(8) depicts the analysis of the peak current versus hydrazine additions. 
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13.5 Conclusions 

In this chapter, proof-of-concept has been demonstrated that recently developed cosmetic 

electrochemistry can be adapted to produce ensembles of electrocatalytic materials for a 

selection of analytical challenges. Given the facile route of fabrication and low cost of the 

sensors coupled with the benefits in the electrochemical response from using an ensemble, 

this methodology is expected to be widely adopted. 
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14.0 Cosmetic Electrochemistry III: Electroanalytical Sensing of Nitrite 

14.1Abstract 

The use of Cosmetic Electrochemistry, is reported, towards the electro-analytical 

sensing of nitrite based on the direct oxidation of the target analyte at graphitic micro 

ensembles. The sensing of nitrite is shown to be possible over the linear range 1 11M to 17 

11M with a limit of detection of 0.7 11M feasible in model aqueous solutions. This approach is 

shown to be possible to the sensing for nitrite in canal water samples. 

14.2 Introduction 

Nitrite is a found in a plethora of samples and ingestion has detrimental health 

problems following ingestion due to the transformation into N-nitrosamines which are 

known to be mutagenic, tetratogenic1 or carcinogenic.1• 2. 3 The fatal dose of nitrite ingestion 

is reported to lie between 8.7 11M and 28.3 I1M4• s. 6 and the World Health Organisation state 

that nitrite should have a guidance level of 65 11M for short-term exposure and 4.3 11M for 

long-term exposure.7 It is clear that the sensing of nitrite is of importance with sensitive and 

selective methodologies are required. 

Due to the significance of nitrite, there are a range of analytical techniques that have 

been developed such as short-column lon-Pair chromatographic separation with 

chemiluminescence detection,S High Performance liquid Chromatography with fluorescence 

detection
9 

and electrochemical strategies; Moorcroft and co-workers have provided an 

elegant overview of this area.1 Electrochemical techniques are favourably looked upon due 
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to their portability, relative low cost and rapid throughput. It was thought however that the 

direct oxidation of nitrite at bare electrode is reported to be inadequate due to the 

oxidation products adsorbing onto the electrode limiting the analytical utility of the 

approach.10, 11 As a consequence electrodes have been modified with platinum,12 tin,13 

cobalt,14 silver nanoparticles,15 boron dope diamond,16 glassy carbon,17 manganese 

dioxide,18 and copper oxide19 in order to try and provide electro-catalytic responses. 

However, recently Kozub and co-workers recently revisited the electrochemical oxidation of 

nitrite at a bare unmodified glass carbon electrode demonstrating that the detection of the 

target analyte was indeed feasible.2o While the main aim of their work was to demonstrate 

that modifying the electrode surface with mediators may not be beneficial in terms of 

electroanalytical sensing, some passivation of the electrode surface was evident which 

required the application of power ultrasound to remove adsorbates. 

Previous studies by Khairy et 0/. have reported the use of screen-printed shallow 

recessed graphite microelectrode arrays to sense nitrite in river water samples.4 These 

unique screen-printed arrays comprise 6 microdiscs with radii of 116 microns separated by 

their nearest neighbour by 2500 microns in an hexagonal array and are recessed by 4 

microns. The screen-printed arrays allow the low micromolar sensing of nitrite in aqueous 

solutions via cyclic voltammetry with the assessable linear range and detection limit further 

reduced through the application of amperometry. The protocol was shown to be feasible for 

the sensing of nitrite in river water samples at levels indicated by the World Health 

Organisation.
3 

Additionally no passivation issues were observed. 

Previously the concept of Cosmetic Electrochemistry was introduced in chapters 12 

and 13 where a commercially available cosmetic product, a deodorant, can be used to 
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confer microelectrode behaviour on a macroelectrode?2. 23 We have demonstrated proof­

of-concept that a graphite screen-printed electrode can be sprayed with an off-the-shelf 

cosmetic product and within seconds is ready to use. The polymer contained within the 

cosmetic product partially blocks the graphite screen-printed electrode surface leaving the 

underlying graphite electrode exposed in the form of graphite micron-sized sites which are 

randomly distributed across the electrode surface. The creation of microdomain sites 

enhances mass transport of the target analyte and it has been demonstrated that the 

electroanalytical performance of the cosmetically modified electrode, via the cathodic 

stripping of lead could achieve a similar performance to current state-of-the-art sensing 

employing power ultrasound.21 

The concept of Cosmetic Electrochemistry was recently extended22 for fabricating 

graphite micron ensembles demonstrating that this facile methodology can be utilised for 

the manufacture of electro-catalytic graphitic micro-ensembles for a range of electro­

analytical challenges where the underlying metallic substrate can be tailored. 
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14.3. Experimental Section 

All chemicals used were of analytical grade and were used as received without any further 

purification from Sigma Aldrich. These were: sodium nitrite, double-distilled sulphuric acide 

(99.8%), potassium chloride, sodium phosphate dibasic dehydrate and sodium phosphate 

monobasic dehydrate, disodium tetra borate, sodium acetate and sodium hydroxide (> 99%). 

All solutions were prepared with deionised water of resistivity not less than 18.2 MO cm. A 

fresh solution of sodium nitrite (in pH 3) was prepared daily. Canal water was sampled from 

the Manchester canal on Oxford road, Manchester, UK and collected and utilised in a 

polyethylene sample container. The sample was stored in the fridge until use, typically one 

day following collecting the sample. This was acidified to the desired pH (3) with a small 

addition of concentrated hydrochloric acid. 

Voltammetric measurements were carried out using a ll-Autolab III (Eco Chemie, The 

Netherlands) potentiostat/galvanostat and controlled by Autolab GPES software version 4.9 

for Windows XP. All measurements were conducted using a three electrode 

configureuration with a large surface area platinum wire as a counter and a saturated 

calomel electrode as the reference. Connectors for the efficient coupling of the screen­

printed electrochemical sensors were purchased from Kanichi Research Services ltd UK. In 

amperometric experiments, convection was applied via the use of a stirrer plate and a 

magnetic stirring bar rotating at 6000 rpm. 

Screen-printed carbon electrodes were fabricated in-house with appropriate stencil 

deSigns using a microDEK 1760RS screen-printing machine (DEK, Weymouth, UK). A carbon­

graphite ink formulation was first screen-printed onto a polyester flexible film (Autostat, 

250 mm thickness). This layer was cured in a fan oven at 60 degrees for 30 minutes. Next a 
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silver/silver chloride reference electrode was included by screen printing Ag/AgCI paste 

(Gwent Electronic Materials ltd, UK) on to the plastic substrate. last a dielectric paste ink 

(Gwent Electronic Materials ltd, UK) was printed to cover the connections and define the 3 

mm diameter graphite working electrode. After curing at 60 degrees for 30 minutes the 

screen-printed electrode is ready to use. All measurements were conducted using a three 

electrode configureuration with a silver-silver chloride reference electrode included by 

screen printing Ag/AgCI paste (Gwent Electronic Materials ltd, UK) on to the plastic 

substrate. The polymeric formulation used to create the random micro-electrode is a 

commercial product "Nivea for Men silver protect 24 h", Beiersdorf AG, Germany. The 

screen-printed electrode was sprayed using this cosmetic product with the spray distance 

and time explored following modification the electrode instantly dries and is ready to use. 

The polymer in the cosmetic product coats the electrode surface leaving micron sized holes, 

which are the underlying graphite screen-printed electrode accessible to the solution and 

hence we have quickly and readily produced a graphite ensemble, since these micron sized 

holes are randomly distributed across the electrode surfaces. Spray distances refer to the 

distance from the dispensing nozzle to the electrode surface. 

14.4 Results and Discussion 

The voltammetric response of nitrite sensing using the cosmeti~ally modified screen­

printed graphitic electrode was initially considered, which results in a graphite microdomain 

ensemble, in a 1 mM nitrite solution in pH 3 buffer. Figure 14.1 depicts a typical 

voltammetric profile corresponding to the electrochemical oxidation of nitrite. Note that 

rather than a peak shaped response being observed, typical of that observed on graphitic 
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surfaces,20 a steady-state type response is observed due to the random nature of the 

graphitic microdomains?l 
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Figure 14.1 Typical cyclic voltammetric profile recorded in a solution of 1 mM nitrite in a pH 

3 solution obtained from cosmetically modifying a screen-printed graphitic electrode. Scan 

Rate: 50 mVs-1• 
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Based on previous work2o• 21 the electrochemical mechanism on graphitic surfaces is thought 

to be: 

(1) 

(2) 

(3) 

Given that the graphite surface is the same as that used in the fabrication of Screen-printed 

recessed arrays,4 it is safe to assume this is the same mechanism here. Furthermore, the 

effect of nitrate is negligible as reported previously.4 

Attention was turned to exploring the analytical utility of the cosmetically modified 

screen-printed graphitic microdomain ensemble towards the sensing of nitrite. Using a pH 3 

solution, additions of nitrite were made over the range of 20 llM to 400 llM. Figure 14.2 

depicts typical voltammetric responses obtained resulting from the additions of nitrite with 

analysis of the peak height versus concentration of nitrite also shown in figure 14.2. A linear 

response is observed over the range 20 llM to 360 llM (lp(A) = 1.941X10·g AIM + 1.962X10·7 

(A) ; Ff = 0.989; N = 18) with a limit of detection (based on 3 SDblank) determined to be 7.25 

llM. 
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Figure 14.2: Typical cyclic voltammogams resulting from nitrite additions into a pH 3 solution 

using the graphite micro- ensemble (Top). Also shown are the analysis of the current as a' 

function of nitrite concentration (Bottom). 
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A constant spray distance and time, which was applied throughout all analyses, was 

determined to be 15 mm and 1 second respectively. This was determined to by a series of 

trial and error analyses, where the spray times were varied from 1 second to 8 seconds. We 

found the time limit to be 1 second, after which the electrode surface becomes blocked and 

no significant electrochemical response is obtainable. Similarly, the distance was varied 

from 10 mm to 20 mm, in which case 15 mm was proven to be the optimum conditions to 

use. The distance from 15 mm was selected as it formed an even spread thin-layer as 

opposed to 10 and 20 mm where the surface was either too thick or too thin .. This 

analytical response in terms of linear range, detection limit and sensitivity compare well to 

previous studies reported where they used a screen-printed shallow recessed graphite 

microelectrode array using voltammetry for the micro-molar detection of nitrite in river 

water sample and aqueous solutions. As such our approach can be used as an alternative to 

arrays. 

Next, the amperometric response was studied, of the cosmetically modified screen­

printed graphitic microdomain ensemble in exploring nitrite at micro molar range where a 

linear response range from 1 IlM to 17 IlM (lp(A) = 6.16 x 10-8 AIM + 6.24 X 10-8 (A) ; If = 

0.993; N = 10) was analysed. Figure 14.3 shows the amperometric measurement obtained 

from such analysis where a limit of detection (3SDblank) was found to correspond to 0.7 IlM. 

This limit of detection is within the required range with accordance to the World Health 

Organisation.
3 

Furthermore, this LOD is comparable to shallow recessed screen-printed 

microelectrode arrays,4 edge plane pyrolytic graphite - cobalt phthalocyanine modified 

electrodes,24 lead (IV) oxide modified carbon powder epoxy electrodes25 and screen-printed 

edge band ultramicroelectrodes.2o 
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Figure 14.3: Amperometric response using a graphite micro-ensemble for the 

electroanalytical sensing platform resulting from additions of nitrite into a pH 3 buffer 

solution. The potential was held at + 0.75 V. 
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Next, the electroanalytical sensing using the cosmetically modified screen-printed graphitic 

microdomain ensemble was explored, towards nitrite in canal water samples. Note that the 

canal water sample was pre-treated to reach the pH 3 by adding small amounts of 

hydrochloric acid. It was found that the spray time/distance determined above was not at 

all useful for the measurement in the canal water sample and the voltammetric response 

degraded back to that observed at a macroelectrode due to dedegradation of the polymeric 

layer. Thus an adjustment was made to the spray time and distance. In such cases, a spray 

time of 1 second and a fixed distance of 15 mm were proven to be sufficient to achieve such 

behaviour. As reported previously in chapters 12 and 13, increasing the spray time will 

eventually block the electrode surface with no electrochemical response will be observed. 

Figure 14.4 depicts the voltammetric response of the modified screen-printed microdomain 

ensemble towards the sensing of nitrite in canal water sample and explored however no 

significant detection of nitrite was measured implying nitrite only occurs at low levels, thus a 

recovery experiment was carried out on the canal water sample. This sample was spiked 

with 20 llM additions of nitrite and a recovery of 94.6 (±1%) was obtained. 
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Figure 14.4. Typical standard addition plot resulting from cyclic voltammetry where 

additions of 20 11M of nitrite were made into a canal water sample using the graphite 

microensemble. The desired pH 3 was reached by simply adding small amounts of 

concentrated hydrochloric acid to the canal water sample. A recovery of 96.4% is possible. 

14.5 Conclusion 

This chapter has reported the use of cosmetically modified screen-printed microdomain 

ensemble for the low micromolar sensing of nitrite in canal water samples and aqueous 

solutions. The detection limits and linear range compares well to existing literature, given 

the facile and rapid production of these unique microelectrode ensembles this methodology 

will likely to be adopted by electrochemists. 
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15.0 Plaster-Trodes for Electro-Analytical Sensing via Electro Deposition 
with Electro-Catalytic Metals 

The conclusion of this thesis was with the development of plaster-trodes, a novel concept 

where a commercial plaster can be easily modified (electrocatalytically with metals) to 

detect various analytes. 

15.1 Abstract 

It is demonstrated that commercially available plasters (band aid) usually used for wound 

healing, can be electrolytically modified with a range of electro-catalytic metals for a range 

of analytical sensing purposes. These 'Plaster-trodes' consist of a mesh type surface which 

have star-shaped microelectrodes of "'150 microns radius in a hexagonal pattern which are 

separated from its nearest neighbours by "'1250 microns with interlinking connections 

between each microelectrode which are generally electrochemically active resulting in 

micro-band-type connections. Proof-of-concept is shown for a range of electro-analytical 

targets where the Plaster-trode is electrolytically modified with palladium for the sensing of 

hydrazine and nickel for the direct oxidation of ethanol. Given the low cost of the Plaster-

trode which can be readily modified with electro-catalytic metals, this new electrode is 

expected to be widely utilised in electro-analysis. This work was published in the Analyst, 

136, 1153,2011. 
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Figure 15.1. Represent a commercially available plasters (band aid) usually used for wound 

healing, can be electrolytically modified with electro-catalytic metals for a range of analytical sensing 

purposes 

15.2 Introduction 

Electro-analysis is a highly active area of research due to its potential portability, low 

cost, ease of miniaturisation and incorporation into embodiments with other sensors and 

consequently forms the basis of many commercial sensors. The judicious choice of working 

electrode can impart the desired sensitivities and selectivities of the electrochemical sensor 

and consequently electro-analysts are always on the search for new electrodes which can 

either be used 'as is' or following modification with various electro-catalysts or electro-

catalytic metals. Another approach gaining momentum is the use of microelectrode arrays 

which have well documented benefits in electroanalytical sensing.1
, 2 A variation on this is to 

use thousands of microelectrode wires embedded into epoxy producing an electrode of 

'random assemblies of microelectrodes' (RAM).3 Note that these vary from microelectrode 

arrays in the fact that the distance between neighbouring microelectrodes is not uniform 
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but rather random. It has been shown via elegant simulations that a random array can 

produce the same, but never greater, current-potential response as that of a regular array 

of equal macroscopic coverages4 and generally random arrays are easier to fabricate. Note 

that arrays can act as templates for electrolytic modification of electro-catalytic materials 

and use less material compared to that required for modifying a macroelectrode and thus 

the approach is more cost effective, especially where expensive metals are utilised, and if 

designed corrected can have substantial analytical benefits from the enhancement in mass 

transport. 

As discussed in chapter 12 we introduced Cosmetic Electrochemistry,S where a commercially 

available cosmetic product, a deodorant, is used to confer microelectrode behaviour on a 

graphite macroelectrode. Proof-of-concept was demonstrated where the polymer 

contained within the cosmetic product partially blocks the graphite screen-printed electrode 

surface leaving underlying randomised graphite microdomains. The change in geometric 

structure from that of a graphite macroelectrode to graphite microdomain sites results in a 

change in mass transport of the target analyte and it was demonstrated with the example of 

the cathodic stripping of lead achieving low ppb levels. More recently in chapter 13, we 

have demonstrated that this methodology can be extended for the production of metallic 

electro-catalytic microdomain ensembles.6 

In this chapter, the introduction of Cosmetic Electrochemistry is extended and demonstrates 

that an off-the-shelf plaster (band aid) can be used as a template for electrolytically 

fabricated electro-catalytic metals for sensing a range of target analytes. This electrode is 

termed 'Plaster-trode' and has a mesh-like surface which consists of star-shaped 

microelectrode-like geometries of "'150 micron radius in a hexagonal pattern which are 

separated from its nearest neighbours by "'1250 microns with interlinking connections 
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between each microelectrode which generally are electrochemically active producing micro­

band type connections. The Plaster-trode is explored towards the sensing of hydrazine and 

ethanol via the electrolytic modification of palladium and nickel oxide respectively and has 

the advantage of being cost-effective and disposable. 

15.3 Experimental 

All chemicals used were of analytical grade and were used as received without any further 

purification from Sigma-Aldrich. All solutions were prepared with deionised water of 

resistivity not less than 18.2 MO cm. Voltammetric measurements were carried out using a 

m- Autolab III (Eco Chemie, The Netherlands) potentiostat/galvanostat and controlled by 

Autolab GPES software version 4.9 for Windows XP. All measurements were conducted 

using a three electrode configureuration with a large surface area platinum wire as a 

counter and a Saturated Calomel Electrode (SCE) as the reference. A commercial off the 

shelf plaster product 'Elastoplast Aqua Protect Silver Healing' was used as the working 

electrode. 

Figure 15.2 depicts an image of such· a plaster. In preparation of the Plaster-trode, the 

plastic film of the plaster is peeled off and discarded. Usually one would put the non-woven 

Wound pad, which has a polyethylene net onto a wound; the net is shown schematically in 

Figure. lS.2A and an SEM image is shown in Figure. 1S.2B. Here we use the non-woven 

wound pad as the electrode surface and use epoxy (Epoxy Technology, Inc, Billerica, MA 

01821, USA) to create a defined geometric area of 1 cm2• To this an electric connection is 

made to the pad. All experiments were performed in deaerated solutions. Scanning electron 

microscopy (SEM) images were obtained using a JEOL JSM-5600LV model. For the 
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modification of the Plaster-trode with palladium, the method of Ji et al.8 was utilised which 

involves three key steps. 

Step one involves the electrochemical oxidation activation by cycling the potential from +1.8 

V to -0.4 V (vs. SCE) using a scan rate of 200 mV S-l for 10 cycles in 0.5 M Na2S04- Step 2 

involves transferring the Plaster-trode into a 1 mM PdCh solution in 0.lMH2S04 with 

potential cycling from +0.4 V to +1.5 V for 5 cycles at 200 mV S-l. Palladium oxide(s) and/or 

complexes of palladium on the Plaster-trode surface at various oxygen containing functional 

groups are likely produced at this stage. Step three involves the formation of palladium 

metal by transferring the modified Plaster-trode electrode into 0.1 M H2S04 and potential 

cycling from +1.1 V to -05 V at 300 mV S-l for 5 scans_ 

15.4 Results and Discussion 

Figure 15.2 depicts the plaster which has a non-woven wound pad with a polyethylene net 

which is impregnated with metallic silver and the initial aim was to try and utilise the 

metallic silver contained with the plaster as a silver type-electrode. EDAX was performed on 

the Plaster-trode which shows 66.76% carbon, 27.39% oxygen, 1.30% chloride, and 454% 

silver ions. However, in aqueous solutions we found no electrochemical signals 

corresponding to the impregnated metallic silver. 
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Figure 15.2. Schematic picture of the plaster (A) which is modified and used as the electrode 

substrote. SEM images (8) of the polyethylene net which is used as the electrode surface. 

SEM images of a pal/adium modified Plaster-trode (C and OJ. 

The Plaster-trade was explored in a solution of 1 mM[Ru(NH3)6]Cr/1MKCI and as shown in 

Figure 15.3, where a reduction wave is observed at a high overpotential with no 

corresponding oxidation wave. 
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Figure 15.3. Cyclic voltammogram recorded in 1 mM [Ru(NH3)6JCf /1 M KCI solution using the 

unmodified Plaster-trade. Scan rate: 5 mV S-1 vs. SCE. 

It appears that the impregnated silver allows charge transfer but needs to be driven 

since the potential for the electrochemical reduction of the redox probe is at an unusually 

negative potential than would usually be observed on conventional electrode substrates. 

Further study of this observed electrochemical wave from the redox probe proved that it is 

under the absorption control and it is clear that the Plaster-trode is not useful 'as is'. Clearly 

the metallic silver which is impregnated on the polyethylene net allows it to be conductive 

yet the quality of the silver is not of electrochemical (purity) grade. Consequently to 

improve the electrochemical performance of the Plaster-trode we turn to electrolytically 
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modifying its surface with various electro-catalytic metals which are explored using well­

known analytes to gauge the Plaster-trodes analytical usefulness. 

The Plaster-trode was modified as described in the Experimental section and Figure 15.2 

depicts SEM images of the unmodified polyethylene net {Figure. 15.28} and that of a 

palladium modified Plaster-trode {Figure. 15.2C and D} where star-shaped 

microelectrodetype structures are observed, which are approximately 300 microns in 

diameter and are arranged in a hexagonal arrangement with centre-to-centre distances of 

"'1250 microns between neighbouring structures. SEM images as shown in Figure 15.2 

demonstrate that some of the interlinking connections are electrochemically active and act 

like microbands contributing to the microelectrode array type structure and hence 

diffusional overlap is observed. 

Next, the analytical performance of the palladium modified Plaster-trode was explored with 

the electro-analytical sensing of hydrazine. Figure 15.4A depicts the voltammetric profiles 

obtained using a bare and palladium modified Plaster-trode. Note that the voltammetric 

response is distinctively different from that usually observed at conventional electrodes 

with a no clear defined voltammetric profile which is attributable to the large surface area 

of the Plaster-trode. Additions of hydrazine were made into a pH 7 buffer solution with the 

voltammetric response monitored. Figure 15.38 depicts the analysis of the observed current 

recorded at + 0.55 V vs. SCE as a function of hydrazine concentration which is observed to 

produce a linear response over the range 50 to 500 mM (I/A = 0.41 AM-1 - 4.6xl0-6 A; R2 = 

0.995; N = 10.). In the analysis note that the response of the Plaster-trode in the absence of 

the analyte was subtracted from that in the presence of the analyte. 
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Figure 15.4. Cyclic voltammetric profiles (A) recorded using the palladium modified Plaster-

trode in pH 7 in the absence (dotted line) and presence of 500 mM (solid line) hydrazine. 

Scan rate: 50 mVs-
1 

vs. SCE. Also shown is the calibration plot for palladium modified Plaster-

trode (squares) compared with an un-modified Plaster-trode (squares) resulting from 

additions of hydrazine using chronoamperometry with the potential held at +0.55 V vs. SCE. 
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The response of the un-modified Plaster-trode is also shown in Figure 15.4B which clearly 

shows that the palladium surface provides an enhancement in electron transfer facilitating 

the analytical sensing of hydrazine. The measurement was repeated four times and the limit 

of detection (based on 30) was found to correspond to 31 mM. This detection limit is 

competitive to other electrochemical methodologies9
,lo but is not as low as that obtainable 

using palladium nanoparticles and arrays.ll This is likely due to the heavy diffusional overlap 

observed on the Plaster-trode (see above) which is acting not similar to that of a 

microelectrode array nor a macroelectrode but somewhere in between. The benefits are 

that only a small fraction of metal is needed that would be required to construct the 

equivalent palladium film macrodisc electrode. 

Next we turn to exploring the modification of the Plaster-trode with nickel. The Plaster­

trade was modified by a recently reported (chapter 13) method13 by holding the potential at 

-1.2 V (vs. SCE) for 500 seconds in a solution containing 1 mM nickel (II) in O.lM acetate 

buffer solution (adjusted to pH 5). Figure 15.5A depicts a typical voltammetric profile in 0.1 

M sodium hydroxide containing 10 mM ethanol where as observed above there is no clearly 

defined voltammetric profile which is attributable to the large surface area of the Plaster­

trode.13 

Additions of ethanol were made into a O.lM NaOH solution using the nickel modified 

Plaster-trode via chronoamperometry employing a potential of + 0.4 V (vs. SCE) over the 

range of 10 mM to 70 mM. Figure. 15.58 shows typical chronoamperometric responses and 

Figure 5C depicts the analysis of the chronoamperometric responses as a function of added 

ethanol concentration. 
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Figure 15.5. Cyclic voltammetric profiles (A) obtained at a nickel plated Plaster-trode 

recorded in 10 mM ethanol in 0.1 M NaOH. Part B shows a typical chronoamperometric 

response in the absence (dotted line) and presence of 50 mM ethanol in a 0.1 M NaOH. Part 

C shows the analysis of chronoamperometric experiments resulting from additions of 

ethanol into a 0.1 M NaOH solution using the nickel modified Plaster-trode (squares) and the 

response of a bare Plaster-trade (circles). The potential was held at +0.4 V (vs. SCE). 

In the analysis note that the response of the Plaster-trade in the absence of the analyte was 

subtracted from that in the presence of the analyte. A linear range is observed from 10 mM 

to 40 mM with further additions resulting in a deviation from linearity. The measurement 
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was repeated four times and a limit of detection (based on 30) was found to correspond to 

6.3 mM. It is well documented that the insertion of the deposited nickel into alkaline 

conditions results in the formation of Ni {OHh where the Ni2+/Ni3+ redox couple is utilised in 

the electro-catalysis of ethanol. While the observed linear range is shorter (at the higher 

end) than that of current state-of-the-art using nickel nanopartic\es,13 the limit of detection 

is identical. The electro-catalytic rate constant of the nickel oxide modified Plaster-trode 

towards the oxidation of ethanol can be deduced from the chronoamperometry 

experiments. The electro-catalytic rate constant can be determined from the following 

equation: 

where the Ie is the catalytic current in the presence of hydroxide, I L is the diffusion limited 

current in the absence of hydroxide and Y = kc I t where k is the catalytic rate constant, C 

is the initial concentration of hydroxide and t is the time of the chronoamperometric 

experiment. When the value of Ie IlL = rll2[Jl'1/2erf(rll2) +exp( - Y) I r1l2] exceeds 1.5 the 

error function becomes almost equal to 1 and the reaction is in a purely kinetic region and 

equation (l) becomes: 

which leads to: 
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Experimentally, the measurement time used in the chronoamperometric experiments (100 

seconds) is greater than 80 ms to avoid charging of the double layer at the electrode 

surface. The advantage of this chronoamperometric protocol is that the diffusion coefficient 

of the electro-active species and the electrode area (viz. Plaster-trodes) are not required to 

be known. The electro-catalytic rate constant using the above analysis (eqn (3)) was found 

to correspond to 2.5 M-1 
S-1 which is modest compared to other chemically modified 

electrodes towards alcohol sensing but is a similar order of magnitude for nickel hydroxide 

surfaces
14 

but clearly has analytical benefits as compared to current state-of-the-art 

methodologies. 

15.5 Conclusion 

We have demonstrated that an off the shelf cosmetic product, a band aid, can be used as a 

electrode substrate which can acts as a template for the electrolytic modification with 

electro-catalytic metals for a range of sensing purposes. The analytical performance of the 

Plaster-trode compares well to existing electrochemical methodologies indicating its 

potential use as a costeffective electrode. 
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Chapter 16 - Conclusions 
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16.1 Overall Conclusion 

As we have discussed in this thesis, screen-printed electrodes have been widely studied and 

explored in different electrochemical scenarios. As discussed in chapter 7, the development 

of a glucose sensor has been reported using copper (II) screen-printed electrodes. This 

development offers an alternative in the current market which is a cost effective approach 

to produce a glucose sensor on a large scale. 

Screen-printed electrodes were further explored in the following chapters, in particular the 

introduction of tailoring the electrochemical reactivity of screen-printed electrodes which 

allowed the electrodes to be tailored from edge-plane to basal-plane of highly ordered 

prycolytic graphite. This work demonstrated that the electron transfer properties of screen­

printed electrodes can be tailored via the introduction of a polymeric formulation into the 

ink which is used to fabricate these electrochemical platforms. 

In addition to this, proof of concept has been shown in the introduction of Cosmetic 

Electrochemistry, which is a newly formed concept that is expected to be adopted by 

electrochemists. This novel concept gives the chemist a cheaper, alternative to using 

conventional electrodes, thus making a major breakthrough in the field. Furthermore, we 

reported earlier the concept of 'plaster-trodes' (chapter 15) where a commercial product 

can be taken and used for a range of analytical purposes. In addition to this, we can explore 

this concept further by tailoring the diameter of the plaster mesh in order to suit the 

particular analyte in consideration. This in effect gives this concept further scope for 

development in the future. 
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As highlighted in the introduction of this thesis, one of the key problems in the current 

market is the high cost of sensors (test kits) and companies are constantly trying to reduce 

these costs and so to reduce the final price of the product but there are some limiting 

factors for this to be feasible. With screen-printed electrodes, we have demonstrated in 

many cases that cost-effective sensors can be easily produced which also compare well to 

existing literature for their limit of detection. As reported, the incorporation of chemicals in 

screen-printed electrodes gives this a distinct advantage over rival conventional electrodes 

and further highlights the dominating overtake of screen-printed electrodes in the market 

and in the foreseeable future for these electrodes to be household names. 

16.2 Future Work 

The process of fabricating screen-printed electrodes has been widely explored throughout 

this thesis. We have already multi-microelectrodes on screen-printed platforms and to 

develop this concept further would be to produce ultra multi microelectrodes. 

Another exciting area for further development could be graphene. As graphene has become 

very popular as an electrode material recently, I believe graphene is a material for the 

future and can be incorporated in the area of screen-printed electrodes, in particular 

cosmetic electrochemistry. The study into graphene-modified (with polymeric spray _ 

cosmetic electrochemistry) electrodes for the use as a graphene based electrochemical 

sensor or biosensor is a future prospective area which is anticipated to be explored. 
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