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Abstract 

Hydrodynamically modulated voltammetry in microreactors 

Luwen Meng 

This thesis describes modulated methods using both voltammetric and microfluidic 

perturbations to study mechanisms of electrolysis reactions.  

The initial chapters provide an overview of applications and research development in the 

fields of micro-engineering and electrochemistry, including microfabrication methodology, 

electrochemical detection techniques and analysis methods. Some typical electrochemical 

reactions have been studied for different kinds of industrial applications. Also hydrodynamic 

modulation methods have been investigated.  

The result chapters begin in Chapter 3 with detailed investigation of various electrochemical 

reactions by using cyclic voltammetry (CV) and large amplitude Fourier transformed 

alternating current voltammetry (FTACV) under microfluidic conditions. Single electron 

transfer reactions with different kinetics were studied first by using potassium ferrocyanide 

and ferrocenecarboxylic acid (FCA). Dual electron transfer reactions with different pathways 

were investigated by using 2,5-dihydroxybenzoic acid for one step oxidation and N,N,N’,N’-

tetramethyl-para-phenylene-diamine (TMPD) for two consecutive one-electron step 

oxidation. An irreversible reaction was explored by using borohydride solution. Examples of 

homogeneous reaction mechanisms were studied by using the combinations of Fe(CN)6
4-

/L-

cysteine or TMPD/ascorbic acid. The current response of all the electrolysis reactions except 

single electron transfer reactions was first reported under microfluidic conditions with 

FTACV, which has shown sensitive with the change of volume flow rates and the substrate 

concentrations when homogeneous reactions are involved. The linear relationships between 

peak current and volume flow rates or substrate concentrations can be obtained in every 

harmonic component.  

In chapter 4, the modulated technique was applied to microfluidic hydrodynamic systems. A 

range of electrolysis mechanisms including single electron transfer reactions, dual electron 

transfer reactions, irreversible reaction and homogeneous reactions were studied under 

hydrodynamic modulated conditions. The system showed rapid response with the change of 



   

 

volume flow rates during one measurement. The linear relationships between peak current and 

flow rates, as well as substrate concentrations, can be obtained simultaneously in one scan, 

which reveals a promising approach to get more information in a short-time measurement.  

Chapter 5 demonstrated a new protocol by forcing an oscillation of the electrochemical active 

solution flowing. Analysis of transition time and its effect on limiting current are presented to 

begin exploration of this new tool for supporting researchers on understanding redox 

mechanisms. A short simulated study was carried out to help better understand the mechanism 

under different hydrodynamic conditions.  
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Chapter 1 Introduction of Electrochemical 

Fundamentals 

1.1 Introduction 

Electrochemistry plays a critical role in synthesis, sensing and analytical (bio)chemistry. In 

recent years, these developments have accelerated due to the establishment of miniaturized 

engineering approaches. This has led to advanced high through put electrochemical analysis 

techniques. In this thesis, the development of high sensitivity and selectivity measurements 

are explored, including both modulated hydrodynamic and voltammetric sensing. This chapter 

aims to provide an overview of the research development in the fields of electrochemistry and 

micro-engineering. Some typical electrochemical reactions including pure electron transfer 

reactions and homogeneous reactions have been studied for different kinds of industrial 

applications. Also, hydrodynamic modulation methods have been investigated for the further 

research purpose.  

1.2 Introduction of electrochemical applications  

Electrochemical techniques explore the interplay between electricity and chemistry, namely, 

the measurements of electrical quantities, such as current, potential, or charge and their 

relationship to chemical parameters [1].  

The application of electrochemical measurements is vast, including environmental monitoring 

[2], industrial quality control [3] and biomedical analysis [4–6]. Especially in sensing area, 

the combination of micromachined units and electrochemical analysis techniques shows 

promise for specific chemical detections. This section will introduce a few typical 

applications of electrochemistry. 
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1.2.1 Synthesis  

The concept of green sustainable chemistry has become increasingly important in the past 

decades, which allows the design of the reaction path to prevent waste, have lower energy 

consumption and encourage the utilization of catalysis process. Organic or inorganic 

electrosynthesis has attracted growing attention as it is a more environmentally-friendly 

process [13].  

Electrosynthesis refers to the synthesis of chemical compounds in an electrochemical cell. In 

comparison to the ordinary redox reaction, the advantage of electrosynthesis is that it eludes 

the potentially wasteful side reactions and can reduce unnecessary energy consumption by 

precisely tuning the required power input in the chemical reactions.  

 

Fig 1.1 Comparison between a conventional chemical process (A) and electrochemical 

process (B) [14] 

 

The field of inorganic electrosynthesis is well established and has a high profile. Over 4000 

tons per hour of chlorine is produced by the chlor-alkali industry, in conjunction with sodium 

hydroxide and hydrogen. This high tonnage bulk chemical operation has changed radically 

over past decades. It has also accelerates the development of new cell design, electrodes and 

materials. Furthermore, one major aspect of the metal extraction and production industry is 

the employment of molten salt electrolysis in the production of metals, such as aluminium 

[15]. Electrosynthesis on a nano-scale has also been well-developed. Researchers have 

managed to produce gold nanorods [16] and silver nanoparticles [17]. The electrochemical 

synthesis process is relatively simpler and cheaper compared with other alternatives. In 

addition, the shape and the size of the particles can be easily controlled by changing 

electrolytic conditions [18].  
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As for organic electrosynthesis, it has come to be recognized as one of the methodologies that 

can meet the criteria for developing more environmentally sustainable processes. 

Electrosynthesis can replace the toxic or dangerous oxidizing or reducing regents in 

conventional synthesis method, as well as the in-situ production of unstable and hazardous 

regents.  

There are various ways to conduct organic electrosynthesis, including pairing electrochemical 

reactions, electrocatalytic reactions and the electrochemical reactions involving ionic liquids, 

electrogenerated reactants, micro- and nano-emulsions or renewable starting materials, for 

example, biomass [14].  

Electrosynthesis has been applied to produce different organic substances. Researchers have 

managed to synthesize different kinds of conducting polymers. According to Iroh et al. [19], 

the composite coatings on steel occurred in three stages. The first step is the electroadsorption 

of monomer and electrolyte and the initiation of formation of the passive film. Then the 

growth and impingement of the passive film and the decomposition of the latter took place.  

The final step is the formation of composite coatings. The product has shown improved 

processibility, reduced porosity and improved corrosion performance.  

Another typical example of organic electrosynthesis is metal organic frameworks (MOFs). 

Several MOFs that are based on copper, aluminum, or zinc and linkers with different 

coordinating moieties and connectivities can be synthesized via anodic dissolution by 

Martinez and the co-workers [20]. This technique can provide a faster synthesis process at 

lower temperatures than the conventional method and the metal salts are no longer needed, 

which means prior to solvent recycle the separation of anions from the synthesis solution is 

not necessary.  

Besides providing the driving force of synthesis, electrochemical methods are also utilized as 

process control techniques for accurate synthesis. The size of particles was successfully 

controlled by the electrochemical preparation method [21].  
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Fig 1.2 Schematic view of an electrochemical synthesis cell [20] 

 

To achieve better green synthesis goal by utilizing more catalytic process, the appropriate 

electrochemical cell design as well as the reaction control process should be considered 

carefully. Therefore, the full and detailed understanding of reaction mechanisms is required. 

The traditional electrochemical detection techniques are usually can meet the criteria while 

sometimes fail to do so. To solve this problem, researchers proposed some advanced 

electrochemical techniques or modulated methods could be developed.  

1.2.2 Sensing  

Electrochemical sensors are widely used in many branches of industry, including 

environmental and biomedical monitoring. They are well-established and powerful tools to 

obtain real-time information for process control by in situ measurements of chemical 

composition without sampling. The sensors can be applied ranging from -30 °C up to 1600 °C 

depending on the type of electrolyte. In low-temperature environments, electrochemical 

sensors are mainly used to measure pH values, electrical conductivity and concentrations of 

specific ions with conventional liquid electrolyte. For the exhaust gases and molten metal 

with high temperatures, sensors are equipped with solid electrolyte for applications in the 

steel, cement and glass making industry [22].  

Compared to spectrometric, mass spectrometric and chromatographic techniques, the 

electrochemical sensors are often simple to setup procedures and also require less equipment 

operation and data acquisition. Using electrochemical sensors, for instance, requires less 

maintenance and calibration care. Consequently electrochemical sensors are often preferred 

tools for screening purposes. Nonetheless, in terms of precision and detection limit, 
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electrochemical sensors cannot always replace the aforementioned standard methods in the 

laboratory use.  

1.2.2.1 Electrochemical sensors used in aqueous phases 

In recent years, miniaturized electrochemical sensors have been developed and applied to 

many applications. Rod-shaped sensors have been utilized for biological processes. In (bio-

)electrochemical sensing, the reaction under investigation would either generate a measurable 

current, a measurable potential or charge accumulation or measurably alter the conductive 

properties of a medium between electrodes [23]. A lot of substances can affect the sensitivity 

and selectivity of the sensors. The emphasis of applying miniaturized devices to shrink the 

dimensions of the electrochemical sensor elements can increase the signal-to-noise ratio.  

 

Fig 1.3 Diagrammatic representation of the architecture of a second-generation amperometric 

biosensor [24] 

 

Lab-on-chip is an integrated structure which was microengineered electrochemical sensors. 

This technology typically combines fluidic. Micro-techniques with electrodes, which are 

allocated on the chip based on specific design. There are many advantages of this kind of 

sensors, including portability and good signal to noise. It is also relatively safer as these 
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sensors contain very small quantities of chemicals. Moreover, the sensors are cheap and easy 

to be replicated.  

1.2.2.2 Electrochemical sensors used in gas phase 

Based on the sensing principles, gas sensors can be classified into three categories, solid 

electrolyte gas sensors, catalytic combustion gas sensors and semiconductor gas sensors [25].  

The advantage of applying solid electrolyte in sensors is higher selectivity for certain 

components in a broader matrix of other gases can be obtained. For long-term use, the 

stability is superior to those in liquid phase and less maintenance is required. Also, they not 

only respond faster, but also have a high-temperature tolerance, which is necessary for the 

combustion process or self-cleaning behaviour [22].  

An oxygen sensor works based on the principle of oxygen ion conduction. The conductor acts 

as the solid electrolyte and as a separator for the two compartments with gaseous mixtures 

having different oxygen potentials or partial pressures. They are widely used for combustion 

control in heat-treatment furnaces, glass tank furnaces and other applications.   

Amperometric techniques are mainly used to construct O2 and NO gas sensors. Previous 

research has shown that, the silicon micromachining technology is also applied to fabricate 

gas sensors which can provide a fast response. In order to design an electrochemical gas 

sensor with fast response time, it is useful to analyze the time constants associated with the 

individual steps occurring in the gas phase. The first step is to analyze the transport or 

permeation of the gas to the surface of the gas-permeable membrane. Next the diffusion of the 

gas through the membrane should be taken into consideration. Then the dissolution of the gas 

into the internal electrolyte, further reaction or dissociation of the gas in the electrolyte would 

take place in sequence. The last steps would be the diffusion of the gas to the sensing 

electrode and sensing at the electrode [7]. Fig 1.4 is a typical gas sensor cell.  

 

Fig 1.4 Schematic of the gas delivery system and sensor testing cell  
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Potentiometric sensors have also been developed to detect CO2 by Maruyama, et al. [26]. The 

sensor operated at temperatures between 600 and 1000 K, and the experimental results have 

indicated that the response of the sensor is considerably rapid and stable in the high-

temperature environment.  

Besides aforementioned applications, electrochemistry is employed in chloride removal [27], 

protein [28], pharmaceutical and biochemical analysis [29]. In every field, electrochemical 

alternative has shown fast response, efficiency as well as low-cost characteristics.  

In this thesis, novel electrochemical detection strategies have been used for detection and 

analysis purposes. Experiments are reported to correlate precise signal analysis in conjunction 

with control of liquid flow through the microreactors.  The following sections discuss the 

background information and combination of electrochemistry with miniaturized technologies.  

1.3 Introduction of micro-engineering 

The use of micro-products and micro-components has increased significantly over the past 

decade. The most important applications of these microsystems include the production of IT 

components (ink jet printers, reading caps for hard disks etc.), medical and biomedical 

products (pacemakers, analysis equipment, sensors etc.), as well as motion sensors for the 

automotive industry. 

However, it is relatively difficult to define microengineering precisely. The definition of 

microengineering should contain both the philosophy and the characteristics of a micro-

product. According to Alting [30], the definition of microengineering is: 

“Micro-engineering deals with development and manufacture of products, whose functional 

features or at least one dimension are in the order of μm. The products are usually 

characterized by a high degree of integration of functionalities and components.” 

 

Fig 1.5 Definition of micro-engineering concept  
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As for the design of micro-products, micromachining is one of the key technologies that can 

enable the realization of such products and fields with such requirements are rapidly 

expanding [31]. 

Micromachining includes several techniques such as micro-EDM (micro-Electrical  Discharge  

Machining) [32], microcutting [33], LIGA [30], micromolding [34], micro-ECM (micro-

Electrochemical Machining) [35]. Many potential applications can be identified based on 

these methods. Among them, micro-holes and micro-pins are the most well-known examples 

[31]. More recently, 3D products have attracted increasing attention. The sizes of these 

products are small and there are fewer errors in the manufacturing process. Consequently, 

they are now widely used in manufacturing industry. 

1.3.1 Microreactors 

In the recent years, the miniaturization of chemical processing has greatly advanced the 

chemical industry that have been constantly searching for controllable, information rich, high 

throughput, environmentally friendly methods of producing products with a high degree of 

chemical selectivity [36].  

Microreactors are miniaturized reaction systems fabricated, at least partly, by 

microtechnology and precision engineering. The characteristic dimensions of the internal 

structures of microreactors such as fluid channels, typically ranging from the sub-micrometer 

to the sub-millimeter regime [37].  

In comparison with macro reaction systems, the potential advantages of microreactors 

include:  

 Enhanced heat transfer 

Large contact areas and temperature gradients are required to effectively transfer heat from 

one flowing fluid across a solid boundary to another flowing fluid. Another important 

criterion is the ratio of heat transfer to pressure loss. In the microreactors, reducing the 

dimensions of the fluid flow increases the temperature gradients and the exchange surface to 

volume ratio, that is, miniaturization leads to a better heat exchange. The reduced flow 

dimensions will inevitably result in an increase in viscous losses, but the overall heat transfer 

to pressure loss ratio is improved [38–40], Compared with the conventional heat exchanger, 

the heat transfer coefficients are enhanced by at least one order of magnitude [41]. Moreover, 

the heat exchanger is often integrated within the reactor allowing efficient control of the 
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highly exothermic or endothermic reactions. In the case of multiphase systems, the specific 

interface is also drastically increased in comparison with traditional reactors. [42] 

 Enhanced mass transport 

Similarly with heat transfer, the mass transport in the microreactors will be enhanced due to 

high surface-to-volume ratios, short diffusion and conduction paths, high interfacial areas, and 

strictly controlled flow conditions [43]. The high heat and mass transfer rates in the 

microfluidic systems allow reactions to be carried out under more aggressive conditions 

leading to higher yields that normally cannot be achieved by using conventional reactors [44]. 

According to Losey’s work [42], for heterogeneous reactions, for example gas-liquid 

absorption, it has been measured that the overall mass transfer coefficients were nearly two 

orders of magnitude larger than the of standard laboratory-scale reactors. Similar results can 

be obtained from liquid-liquid phase absorption [45,46].  

 Production flexibility 

As most of the conventional reactors are initially designed for laboratory use, it is crucial to 

scale them up in order to realise their full potential. In the fine chemical or pharmaceutical 

industry, due to the large amount of reactions that have been studied and limited resources, it 

is impossible to develop a specific reactor for only one reaction. A toolbox concept is 

therefore necessary [47]. Although it is impractical to alter the size of the reactors, in terms of 

micromachining, it is not difficult to increase or reduce micro-units to satisfy the different 

requirements of the reaction systems. This is mainly because microreactors need less space 

than the macroscopic counterpart.  

 Lower cost 

Miniaturization allows measurements to be performed within a device that often has a shorter 

response time and requires less space, materials and energy. It also reduces the input and 

waste and ascertains the potential for catalyst recycling and the opportunity for low-volume 

optimization [48,49]. Miniaturized devices can be produced in parallel by batch processing at 

low cost. It is also a well-known fact that in microelectronics a dramatic improvement of 

performance can be achieved by integration of a multitude of miniaturized functional 

elements [40]. Microreaction technology is regarded as a key strategy for economic growth, 

because it is timesaving and costs less, and for sustainable development and saving natural 

resources. 
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 Safety characteristics 

For those reactions or processes that involve dangerous chemicals, the use of microreactors 

certainly increases safety because they require smaller amount of hazardous materials to be 

used [50]. Even if a microreactor failed, the small quantity of chemicals released could be 

easily contained. Moreover, the presence of integrated sensor and control units could allow 

the failed reactor to be isolated and replaced while other parallel units continue production 

[44,51–53]. These inherent safety characteristics suggest that production-scale systems of 

multiple microreactors should enable distributed point-of-use synthesis of chemicals with 

storage and shipping limitations, such as highly reactive and toxic intermediates (e.g., 

cyanides, peroxides, azides).  

In addition, because of the size of microreactors, the reaction volume in the microreactors is 

small, which means it is much easier to control the parameters such as temperature, pressure, 

residence time, and the flow rate. When some explosive or extremely exothermic reactions are 

involved, the potential hazard can also be reduced significantly [54].  

Microreactors, however, have their own problems. For example, with chemical reaction, the 

microchannels might clog. During scaling up, the high area to volume ratio and uniform 

residence time cannot be easily maintained. These problems should be considered when 

searching for a successful manufacturing process. 

1.3.1.1 Potential applications  

Gas-phase microreactors have a long history but those involving liquids started to appear in 

the late 1990s [55]. One of the first microreactors with embedded high performance heat 

exchangers was made by using mechanical micromachining techniques that were a spin-off 

from the manufacture of separation nozzles for uranium enrichment in the early 1990s by the 

Central Experimentation Department (Hauptabteilung Versuchstechnik, HVT) of 

Forschungszentrum Karlsruhe [56] in Germany. As a result of these microfabrication 

processes, microminiaturization is no longer exclusive to microelectronics. Mechanical, 

optical, thermal, and fluid microdevices became a part of daily life including laser heads for 

CD players, read/write heads for hard disks, microsensors in automobiles, ink jet printer heads 

and minimum invasion surgical instruments [57]. Recently, microdevices have also become 

of interests for chemical, pharmaceutical, and biotechnical applications [58].  
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 NMR 

Bart and his colleagues [59] have succeeded in demonstrating an integrated microfluidic 

NMR flow probe for the study of reaction kinetics. Furthermore, the possibility of using the 

stripline design for screening of mass-limited biological samples has been demonstrated. With 

the currently available microfabrication toolbox, a completely integrated platform in one chip 

that can handle and detect raw samples without preparative laboratory work is within reach.  

 Synthesis  

Scaling-up the laboratory reactions in order to achieve optimal mass transport presents a 

problem in conventional process technology. Microreactors have been widely used for 

chemical synthesis, especially organic synthesis [60–64]. According to Yoshida et al. [65], 

Flow microreactors can contribute to green and sustainable chemical synthesis by several 

ways, including improving product selectivity to give less waste, avoiding energy-consuming 

cryogenic cooling setups, and protecting-group-free synthesis to improve atom and step 

economy.  

The channel networks which connect the reservoirs with chemical reagents inside construct 

the “lab on a chip” devices. The dimensions of these kinds of devices are around a few 

centimeters, as shown in Fig 1.6. This device allows the reagents to flow into the cell where 

reactions take place in a specific order, then mix and react for a specific time by using the 

electrokinetic or hydrodynamic pumping to control the channel networks [66]. Because of this 

character, microreactors are widely used in the pharmaceutical industry.  

   

Fig 1.6 Reaction in process within a microreactor under Electroosmotic Flow control [66] 

 

Meanwhile, microreactors are widely used in the field of enzyme-catalyzed polymer 

synthesis. Enzymes immobilized on solid supports are increasingly used for greener, more 

sustainable chemical transformation processes. Microreactors are used to study enzyme-
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catalyzed ring-opening polymerization of ε-caprolactone to polycaprolactone. A novel 

microreactor design has been developed by Bhangale et al. [67] which was able to perform 

heterogeneous reactions in continuous mode, in organic media and at elevated temperatures. 

 Detection and analysis  

Miniaturization of chemical analytical devices started with a microfabricated gas 

chromatograph in the late 1970s [68]. Interest was revived in 1989 when Manz and co-

workers at Ciba Geigy proposed μTAS (miniaturised total analysis systems) as an alternative 

to chemical sensors [69]. μTAS are currently considered as a mean for information generation 

for applications including DNA sequencing, high throughput drug screening and point of care 

chemical analysis, etc [70].  

 

Fig 1.7 Continuous-flow reactions in microchannels  

 

Fig 1.7 shows the principle processing steps of a continuous flow microreactor. The reactants 

are first mixed in the mixing unit. Then the mixture flows into the microchannel followed by 

the analytical unit. This design allows the individual unit to be optimized separately each time 

to make the system suitable to various situations.  

It has been reported that microfluidic technology has been applied in many of medical 

analytical areas including cellular analysis, biomimetic systems, clinical diagnosis and 

immunoassays [71]. Zhou et al. [72] has already proved that the combination of microfluidic 

and electrochemistry is able to potentially provide an alternative to protein detection in 

clinical laboratory. This is not the only case in which microfluidic technology has been 
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applied to electrochemical detection. According to Vilkner’s work [73], several optimized 

microfluidic reactors have been utilized for electrochemical detection. The detective results 

benefit from the high surface-to-volume ratio whether in terms of the precision or the saving 

of time and raw materials. The surface modification method is important for the different 

kinds of electrochemical detections, because it attempts to improve the limits of detection or 

selectivity or the contamination will affect the detector response [74].  

Furthermore, miniaturizing the synthesis apparatus by employing microreactors is a way to 

greatly reduce the potential hazard of highly exothermic nitrations [75]. This makes the whole 

reaction system much safer than the macroscopic reactors which are utilized in nitrations for 

analysis.  

 

Fig 1.8 Scheme of a microreaction process coupled with High Performance Liquid 

Chromatography analysis for the nitration of toluene using fuming HNO3 [75] 

 

 Fuel cells 

A fuel cell is a device in which the chemical energy is converted to electrical energy. This 

concept was firstly demonstrated over 170 years ago [76]. Among all of the applications of 

fuel cells, the Proton Exchange Membrane Fuel Cells (PEMFCs) are the most popular ones. 

They are widely used in portable devices such as the batteries in cellphones or laptops due to 

their high power density, relatively quick start-up, rapid response to varying loads and low 

operating temperatures [77].  

In recent times, researchers have been able to combine the microreactors and micro-fuel cells 

to be an alternative to conventional portable electrical sources. Pattekar and his co-workers 

[78] have developed and tested a silicon chip based microreactor for in-situ and on-demand 

production of hydrogen. They successfully implemented the concepts of macro scale into the 
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micro-scale to create a prototype chemical plant-on-a-chip. In the device, all the 

microengineered techniques were used to minimize the size of the whole device as well as to 

accurately monitor and control the operation. The results showed that this device sufficiently 

supplied enough hydrogen and the conversion of the hydrogen was high. 

 

Fig 1.9 The final microreactor for hydrogen production in micro-fuel cell [78] 

 

Different microreactor systems have already been developed for chemistry and have been 

successfully employed in the conduction of electrochemical reactors without any added 

electrolyte [79]. Researchers have already managed to apply micro-engineering technology to 

fabricate electrochemical reactors for organic synthesis or precise analysis [80–83]. It is 

reported that the technically important oxidation reaction of 4-methoxytoluene to 4-

methoxybenzaldehyde was achieved with better selectivity compared with where in 

conventional processes [84]. Also, researchers have successfully applied a mass spectrometer 

to a ceramic electrochemical microstructures reactor, which allowed mechanistic studies of 

electrochemical reactions and identification of unstable intermediate steps [85]. The kinetic 

study has been developed in a fixed-bed reactor. According to the experimental results, a 

detailed kinetic scheme was proposed [86].  

To conclude, the development of miniaturized technology enhanced the detection accuracy 

and shortened detection time. Also, the micro-electrochemical reactors are relatively more 

sensitive to the signal since the electrode area is smaller than the conventional ones. In that 

case, the current signal can be better integrated to test the system response. In this thesis, the 
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microreactors are mainly used as electrochemical cell to conduct measurements with various 

parameters.   

1.4 Introduction to electrochemistry 

1.4.1 Electron transfer on the electrode 

Electron transfer is a process by which an electron moves from one atom or molecule to 

another. It is a key concept in redox chemistry – the chemistry of reactions where one reaction 

partner loses electrons (oxidation) and the other gains electrons (reduction).  

An electrode process often involves the transfer of charge across the interface between a 

metallic electrode and a solution phase species, as illustrated by the following:  

 O + 𝑛𝑒− ⇌ 𝑅 (1.1) 

in which n electrons are transferred, O and R are the oxidized and reduced forms of 

electroactive species in the system, respectively. Nernst showed that the potential established 

at the electrode under equilibrium conditions is given by 

 
𝐸 = 𝐸0 +

𝑅𝑇

𝑛𝐹
𝑙𝑛
[𝑂]

[𝑅]
 (1.2) 

where the equilibrium potential E of the electrode results from the standard electrode potential 

E
0
 of the reaction and the concentrations of O and E at the electrode surface, which, under 

equilibrium conditions, are the same as their values in bulk solution. R is the universal gas 

constant with value 8.314 J K
–1

 mol
–1

; T is the temperature (K).  

For the case of a dynamic equilibrium, even though the reduction of O and the oxidation of R 

are occurring in the electrolyte, no net current flows through the cell and the overall 

concentration of the chemical species is not varying with time. If however a potential is 

applied to the system which is different to that of the equilibrium value the concentration ratio 

of O and R at the electrode surface will try to adjust to match the values predicted by equation 

(1.2). In the process, an oxidative or reductive current will flow as part of this overall reaction.  

The magnitude of the current is given by 

 |𝑖| = 𝑛𝐴𝐹𝑗 (1.3) 
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where F is the Faraday constant with value 96485 C mol
-1

, A is the electrode area (cm
2
), j is 

the ‘flux’ of the spices (either O or R) reaching the electrode surface (mol cm
-2

 s
-1

). Also, j 

can be thought of as the rate of the electrochemical reaction. When the reaction rate is first 

order, it can be predicted using 

 𝑗𝑐 = 𝑘𝑐[𝑂]0 (1.4) 

 𝑗𝑎 = 𝑘𝑎[𝑅]0 (1.5) 

where kc and ka are the heterogeneous rate constant for reduction and oxidation, respectively, 

and [O]0 and [R]0 are the concentrations of the oxidative and reduction species at the electrode 

surface.  

Usually the speed for bulk solution diffusion to the interfacial region is relatively slower than 

the depletion rate of corresponding reactants in the electron transfer process, the conversion 

between oxidative and reductive species results in the concentration differences of 

corresponding species on the electrode surface. Therefore the concentration terms in equation 

(1.4) and (1.5) have a close relationship with the concentration of species on electrode surface. 

Consequently, the current response can be limited either by mass transport (the transport of 

reactants and products to and from the electrode respectively) or electrode kinetics (𝑘a or 𝑘c).  

Consider the electron transfer reaction in Equation (1.1), the net current [87] could be 

predicted using 

 𝑖 = 𝑖𝑐 − 𝑖𝑎 = 𝑛𝐹𝐴(𝑘𝑐[𝑂]0 − 𝑘𝑎[𝑅]0) (1.6) 

where ic is the cathodic current, ia is the anodic current.  

Considering the special case in which the interface is at equilibrium [88], the Butler-Volmer 

equation can be expressed as 

 
𝑖 = 𝑖0(

[𝑅]0
[𝑅]𝑏𝑢𝑙𝑘

𝑒
(1−𝛼)𝐹𝜂
𝑅𝑇 −

[𝑂]0
[𝑂]𝑏𝑢𝑙𝑘

𝑒
−𝛼𝐹𝜂
𝑅𝑇 ) (1.7) 

 𝑖0 = 𝐹𝐴𝑘
0[𝑅]𝑏𝑢𝑙𝑘

𝛼 [𝑂]𝑏𝑢𝑙𝑘
1−𝛼  (1.8) 

where i0 is the standard exchange current as Equation (1.8), α is charge transfer coefficient, η 

is the overpotential and k
0
 is standard heterogeneous rate constant. Butler-Volmer 

formulation is used in the treatment of almost every problem requiring an account of 

heterogeneous kinetics. It predicts how the observed current varies as a function of the 

overpotential and transfer coefficient. If the solution under investigation is well stirred, the 
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surface concentrations of the reactants will be equal to their bulk values i.e. ([R]0=[R]bulk and 

[O]0=[O]bulk). Under these conditions, the equation above can be simplified to  

 
𝑖 = 𝑖0(𝑒

(1−𝛼)𝐹𝜂
𝑅𝑇 − 𝑒

−𝛼𝐹𝜂
𝑅𝑇 ) (1.9) 

 

Fig 1.10 The effect of overpotential on the behaviour of current flow [88] 

 

Based on that, the variation of i is shown in Fig 1.10. As it can be seen from the figure, the 

current flows readily in both anodic and cathodic directions according to the sign of the 

overpotential applied. If the overpotential is increased to a value of which the oxidative 

(anodic) process is driven, then the corresponding reductive component is vanishingly small. 

Equally, at overpotentials that drive the reductive (cathodic) process, negligible oxidation 

currents flow [87]. In the former case, the Butler-Volmer equation simplifies to 

 
𝑖 = 𝑖0𝑒

(1−𝛼)𝐹𝜂
𝑅𝑇  (1.10) 

and in the latter to 

 
𝑖 = 𝑖0𝑒

𝛼𝐹𝜂
𝑅𝑇  (1.11) 

From these two equations above, values α can be found experimentally from a knowledge of 

the current/voltage characteristics of an irreversible electrode reaction, which is known as 

Tafel analysis and illustrated in Fig 1.11.  
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Fig 1.11 A typical Tafel plot for an electrode reaction [89] 

 

1.4.2 Reversibility 

The concept of equilibrium involves the idea that a process can move in either of two opposite 

directions from the equilibrium position. Thus, it comes to the concept of reversibility. 

According to electrochemical literature, this takes several different but related meanings and it 

needs to be distinguished here.  

1.4.2.1 Electrochemical reversibility 

Bard [88] had concluded the electrochemical reversibility as: the current flow through the cell 

will reverse when opposing the cell voltage with the output of a battery or other direct current 

source. Reversing the cell current merely reverses the cell reaction.  

On the other hand, one has different electrode reactions as well as a different net process upon 

current reversal, hence the cell is called to be chemically irreversible. Whether or not a half-

reaction exhibits electrochemical reversibility depends upon solution conditions and the time 

scale of the experiment.  

1.4.2.2 Practical reversibility 

All actual processes occur at finite rates, so they cannot proceed with strict electrochemical 

reversibility. However, a process may in practice be carried out when thermodynamic 

equations apply to a desired accuracy. Under these circumstances, one might be treated as 
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reversible process. Practical reversibility includes certain attitudes and expectation an 

observer has toward the process.  

The process reversibility depends on the ability to detect the signs of the disequilibrium. In 

turn, that ability depends on the time domain of the possible measurements, the rate of change 

of the force driving the observed process, and the speed with which the system can re-

establish equilibrium. Either the perturbation applied to the system is small enough, or if the 

system can attain equilibrium rapidly enough compared to the measuring time, 

thermodynamic relations will apply. A given system may not behave same reversibility in 

different experiments even of same genre but wide latitude experimental conditions [88].  

1.4.3 Mass transport 

Besides the rate of electron transfer, there are some other physical processes may contribute to 

the overall kinetics of a particular reaction. As the overall reaction rate will be determined by 

the slowest step, in this section, the effect of transportation rate of the materials flux to (or 

from) the electrode surface is introduced.  

According to experimental conditions, there are three main transport processes: 

 Diffusion 

Diffusion is the movement of a species under the influence of a gradient of chemical potential, 

for example, a concentration gradient. Fick’s first law described diffusion mathematically by 

considering the simple case of linear diffusion to a planar surface. The diffusional flux, j, for a 

species is 

 
𝑗 = −𝐷

𝜕𝑐

𝜕𝑥
 (1.12) 

where c is the concentration of the species (mol cm
-3

), D is the diffusion coefficient (cm
2
 s

-1
), 

which is a characteristic of the diffusing species and x represents the one-dimensional 

Cartesian coordinate (cm).  

 

Fig 1.12 Diffusion to a large planar surface [87] 
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Practically, the concentration of reactant varies as a function of time. This can be established 

by considering variation in concentration of species within the region during a time interval. 

Then it can be expressed by 

 𝜕𝑐

𝜕𝑡
= 𝐷

𝜕2𝑐

𝜕𝑥2
+ 𝐷

𝜕2𝑐

𝜕𝑦2
+ 𝐷

𝜕2𝑐

𝜕𝑧2
 (1.13) 

This is Fick’s second law, which demonstrates how the difference of the species concentration 

changes with time in three dimensions.  

 Convection 

Movement due to convection occurs when a mechanical force acts on a solution. There are 

two types of conventions are mainly concerted. The first one is natural convection, which is 

the result of thermal gradients and/or density difference within the solution. Natural 

convection is a typical perturbation in electrolysis by using of conventional electrode with 

size of mm or above on the time-scale of 10-20 s and longer. It is generally undesirable and 

difficult to predict.  

The other type of movement is forced convection, which may be characterized by stagnant 

regions, laminar flow and turbulent flow. Sometimes, forced convection was introduced into 

the system deliberately by electrochemist with utilization of gas bubbling [90], pumping [91] 

or stirring [92]. The aim of doing this is for eliminating the effect of natural convection, so 

ensuring that the reproducible experiments can be achieved. Compared with natural 

convection, the forced component when suitably controlled can produce a well-defined 

hydrodynamic environment and therefore, the concentration differences along with the flow 

of solution can be described in one dimension by 

 𝜕𝑐

𝜕𝑡
= −𝑣𝑥

𝜕𝑐

𝜕𝑥
 (1.14) 

in which the vx is the velocity of the solution.  

 Migration 

The electrical potential drop between the two phases results in the external electric field (
𝑑∅

𝑑𝑥
), 

which leads to the movement of ions in the interfacial region to or from the electrode surface. 

This type of movement is called migration. The migratory flux (jm) is proportional to the 

concentration of the ion, the electric field and the ionic mobility (u) 

 
𝑗𝑚 ∝ −𝑢𝑐

𝜕∅

𝜕𝑥
 (1.15) 

It should be noted that the charge and magnitude of the ion as well as the solution viscosity 

both have an influence on the ionic mobility.  
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The migration can result in a complex physical transport process which is hard to control or 

interpret. To simplify this problem, the supporting electrolyte is introduced to most of the 

experiments. The electrolyte does not contain any electroactive ion so that it doesn’t 

participate in the electron transfer reaction. But due to the high concentration, it carries most 

of the current in the bulk solution.  Calculations have shown that approximately 100 times the 

concentration of background electrolyte relative to that of the reactant is required. In most of 

the cases, the electrolyte concentration is commonly in excess of 0.1M.  

In addition to minimizing the contribution of migration, the supporting electrolyte also serves 

other important functions such as increasing the conductivity of the solution, reducing the 

distance of electric potential drop between electrode and bulk solution and effectively 

controlling the ionic strength of the solution constant.  

1.4.4 Structure of the electrode/solution interface 

In previous sections, the electron transfer and mass transport have been demonstrated while 

the nature of the electrode/electrolyte interface has been neglected. The forces that govern the 

behaviour of electrolyte in bulk solution are disrupted by the discontinuity at the interface. In 

addition, the electrode owns a charge which can be controlled by the applied potential to the 

electrode. As a result, electrostatic interactions occur between the electrode and electrolyte 

ions in solution.  

1.4.4.1 The electrical double layer 

The electrode/solution interface has been shown experimentally to behave like a capacitor, 

and a model of the interfacial region somewhat resembling a capacitor can be given (Fig 1.13). 

At a given potential, there will exist a charge on the metal electrode, q
m
, which arises from an 

excess or deficiency of electrons at the electrode surface. In order for the interface as a whole 

to maintain electrical neutrality the charge on the electrode must be matched in solution by an 

equal but opposite charge, q
s
.  

 𝑞𝑚 = −𝑞𝑠 (1.16) 
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Fig 1.13 The metal/solution interface as a capacitor with a charge on the metal, q
m
, (a) 

negative and (b) positive [88] 

 

The whole array of charge species and oriented dipoles existing at the metal/solution interface 

is called the electrical double layer. At a given potential, the electrode/solution interface is 

characterized by a double-layer capacitance, Cdl. Unlike real capacitance, whose capacitances 

are independent of the voltage across them, Cdl is often a function of potential.  

Helmholtz came up with the electrical double layer model in the 1850s. In this model, it is 

assumed that no electron transfer reactions occur at the electrode and the solution is composed 

only of electrolyte. The attracted ions are assumed to approach the electrode surface and form 

a layer balancing the electrode charge, the distance of approach is assumed to be limited to the 

radius of the ion and a single sphere of solvation round each ion. The overall result is double 

layer charge and a potential drop which is confined to only this region (termed as the outer 

Helmholtz Plane, OHP) in solution. The result is analogous to an electrical capacitor above.   

However, many factors such as diffusion in the solution, the possibility of absorption on the 

surface and the interaction between solvent dipole moments and the electrode were not 

considered in this model. A later model put forward by Stern began to address some of these 

limitations.  
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Fig 1.14 The Stern model of the electrical double layer [87] 

 

In this model, the ions now are assumed to be able to move in solution and so the electrostatic 

interactions are in competition with Brownian motion. The result is still a region close to the 

electrode surface containing an excess of one type of ion but now the potential drop occurs 

over the region called the diffuse layer.  

The double layer capacitance is dependent upon the applied potential, the electrochemical cell 

represents a slightly more complicated problem. In the precise analysis of redox reaction, this 

term is considered as non-Faradaic and needed to be eliminated during analysing process. 

Some advanced electrochemical detection techniques need to be utilized, which will be 

mentioned in the later sections.  

1.4.4.2 Electrochemical cell and cell resistance 

The most traditional electrochemical cell includes two electrodes, a working electrode where 

the reaction take places and the reference electrode, which provide a stable and fixed potential 

so that when a voltage applied between the two electrodes the drop in potential between the 

working electrode and the solution, φm-φs, is precisely defined. This difference is the driving 

force for the electrolysis to occur at that interface. The two electrode cell is perfect for the 

measurement of tiny current flow, for example, when the microelectrodes are applied. 

However, when larger electrode is utilized, the difficulty arises. When there is a voltage, E, is 

applied between the working and reference electrode, the finite current is flowing between 

them. Then the voltage is split into three terms as 
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 𝐸 = (𝜑𝑚 − 𝜑𝑠) + 𝑖𝑅 + (𝜑𝑠 − 𝜑𝑅𝐸𝐹) (1.17) 

The first term (φm-φs) is the driving force mentioned before, the second one, iR, describes the 

voltage drop in solution due to passage of current between the two electrodes. R is the 

electrical resistance of the intervening solution. The third term, (φs-φREF) is the potential drop 

at the reference electrode/solution interface and is fixed by the chemical composition of the 

chosen reference electrode.  

The aim of any voltammetry experiment is to measure current, i, as a function of changes in 

the quantity (φm-φs). For microelectrode experiments, the term iR can be neglected and since 

(φs-φREF) is fixed, the equation above can be simplified as  

 𝐸 = (𝜑𝑚 − 𝜑𝑠) + 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (1.18) 

While in some circumstances, the iR term cannot be neglected since the current flowing 

through the cell will also be induced to change. Moreover, the passage of large currents 

through the reference electrode can change its chemical composition and so the third term, 

(φs-φREF) may not be constant. So in this case, the two-electrode cell is no longer suitable for 

the electrochemical measurement.  

To circumvent this problem, in electrochemical detection, the three-electrode cell is preferable. 

The third electrode, which is an auxiliary or counter electrode is added to the cell. These 

electrodes are controlled by a potentiostat which ensures that current only flows between the 

working and counter electrode. The potential of the working electrode is held relative to the 

now stable reference electrode and the electronics ensure that no current passes through the 

reference arm of the circuit.  

 

Fig 1.15 Schematic of a typical three-electrode cell [93] 
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The counter electrode can be any convenient one, because its electrochemical properties do 

not affect the behaviour of the electrode of interest. Is it usually chosen to be an electrode that 

does not produce substances by electrolysis that will reach the working electrode surface and 

cause interfering reactions there.  

Three-electrode cell is mostly used in electrochemical measurements due to its stability. 

However, even in this arrangement, not all of the iRs term is removed from the reading made 

by the potentiostat. If the reference electrode is placed anywhere but exactly at the electrode 

surface, some fraction of iRs will be included in the measured potential. This fraction is called 

uncompensated resistance, also written as Ru. This uncompensated drop, iRu, can sometimes 

be removed. Any resistance in the working electrode itself will also appear in Ru [88].  

 

Fig 1.16 Potentiostatic three-electrode set-up  

Fig 1.16 shows a control circuit of the three-electrode set-up. An external voltage Vin is 

applied between the reference (RE) and the working electrode (WE). An operational amplifier 

ensures that no electric current flows between working and reference electrodes. Electric 

current is passed from the counter electrode (CE) to the working electrode in a way that the 

external voltage required is achieved. This is again enabled by an operational amplifier. As 

there is virtually no current flowing through the reference electrode, the change in Vin is 

therefore the same as the change in the potential of the working electrode. The development 

of electronics has raised electrochemical analysis methods to a new level since the discovery 

of polarography. 

1.4.5 Voltammetry techniques  

The measurement of electrode current as a function of the voltage applied to the electrolysis 

cell can provide remarkably detailed information about the mechanism of the cell reaction. 

Voltammetry plays an important role in the research area of electrochemistry and has been 
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utilized extensively in the study of electrochemical mechanisms [94] and microreactors [95]. 

In this section, some voltammetric techniques applied in this thesis are illustrated.  

1.4.5.1 Potential step chronoamperometry 

It has been shown from previous work that potential step chronoamperometry is a useful tool 

in the investigation of the kinetics of electrode processes [96]. When the potential step 

chronoamprometry processes, the potential of the working electrode is instantaneously 

stepped between one value (where no electrolysis has happened) to another (where the 

complete conversion has been formed). The resulting current changes immediately following 

the step. A large current can be detected at first then it falls steadily with time, which is due to 

resulting current is controlled by the rate of diffusion of species from bulk solution to the 

electrode. Fig 1.17 shows the potential and current variation as a function of time, 

respectively. For an experiment at a stationary, constant-area electrode, the charging current 

dies away after a time equivalent to a few time constants. Therefore, for the first few seconds 

of the resulting current, it is the sum of the redox reaction and contribution of uncompensated 

resistance and double layer effect.  

 

Fig 1.17 (a) The potential step jumps instantaneously from one value V1 to another V2;  

(b) Current-time curve observed in the response of the potential step 
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The Cottrell equation describes the current response as function of time  

 

|𝑖| = 𝑛𝐹𝐴𝑐𝑏𝑢𝑙𝑘√
𝐷

𝜋𝑡
 (1.19) 

This equation suggests that potential step experiments can be used to measure diffusion 

coefficient.  

1.4.5.2 Cyclic voltammetry 

Cyclic voltammetry (CV) is arguably the most well-known electrochemical technique, 

because of its ease of measurement and versatility, it is widely used in many applications. 

When the electrochemical characteristics of an unknown compound need to be tested, CV is 

the most straightforward technique to perform due to its experimental simplicity and rapid 

response [97].  

 

Fig 1.18 Potentials (a) and resulting current signals (b) of processing CV tests 

 

In CV tests, the electrodes in an unstirred electrolyte will be provided with cyclic potentials. 

Usually the potential is varied linearly with time in a fixed potential range and once the 

potential reaches the end, it is reversed and swept back to the start potential, which can be 

seen from Fig 1.18 (a). The resulting current will be measured and a typical cyclic 

voltammogram for a reversible one electron transfer reaction will look like Fig 1.18 (b). The 

resulting current goes up with the increase of the sweep potential owing to the growing flux of 

the electroactive materials to the surface of the electrode. At 298K, the peak current of the 

reversible reaction can be calculated by 
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|𝑖𝑝| = (2.69 × 10

5)𝑛
3
2𝐴𝐷

1
2𝑣𝑠

1
2𝑐𝑏𝑢𝑙𝑘 (1.20) 

where the ip represents the peak current and vs is the scan rate.  

Occasionally, the potential is not swept back to the starting potential, so that the 

voltammogram only has the upper half. This is called linear sweep voltammetry (LSV), which 

is mostly utilized by some researchers when the reversed sweeping containing less 

information to be focused on.  

Directing current cyclic voltammetry is normally used as the first alternative to 

electrochemical detection because it is intuitive for people to have a well guess about the 

electrochemical mechanisms. However, for the accurate quantitative analysis, DC cyclic 

voltammetry sometimes is not powerful enough to solve all the problems. In general, a 

potentiostat controls E+iRu, rather than the true potential of the working electrode. Since the 

resulting current varies with time as the peak is traversed, the error in potential varies 

correspondingly. If ipRu is appreciable compared to the accuracy of measurement, the sweep 

will not be truly linear. The practical effect of Ru is to flatten the wave and to shift the 

reduction peak toward more negative potentials. Since the current increases with v
1/2

, the 

larger the scan rate, the more peak potential (Ep) will be shifted. Uncompensated resistance 

can thus have the insidious effect of mimicking the response found with heterogeneous kinetic 

limitations. UMEs and very fast scan rates are usually used to avoid the influence caused by 

RuCdl, since the resulting current of UME is small and the iRu drop does not perturb the 

response of the system. However, the Faradaic wave lies on top of a large capacitive current 

even when a UME is applied. The desired information of the total current response can be 

extracted via simulation method, but the practical limitation of very fast voltammetry is that 

the adsorption of electroactive substance onto the electrode surface or the Faradaic changes 

[88].  

The effect of uncompensated resistance and double layer causes the inaccuracy in the redox 

reaction analysis, while this kind of effect cannot be eliminated once the directing current 

potential wave is applied during the measurement. Therefore, the development of some 

advanced electrochemical detection methods grew in the recent years for better understanding 

and analysis of electrochemistry.  
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1.4.5.3 Square wave voltammetry 

Exceptional versatility is found in a method called square wave voltammetry (SWV), which 

was first invented by Barker and Jenkins [98]. In voltammetric electroanalytical methods, the 

minimum measurable Faradaic current is usually limited by the magnitude of the double layer 

charging current. The use of a discontinuous potential change, as in square wave polarography 

has been very successful in reducing the effect of this charging current [99]. SWV combines a 

square wave voltage and a rapidly changing DC ramp, which was demonstrated in Fig 1.19.  

 

Fig 1.19 Waveform and measurement scheme for square wave voltammetry [88] 

 

Several principle parameters including the pulse height, ΔEp, measured with respect to the 

corresponding tread of the staircase, and a pulse width tp. Alternatively, the pulse width can 

be expressed in terms of the square wave frequency, f =1/2tp. The staircase shifts by ΔEs at the 

beginning of each cycle, which can deduce the scan rate of SWV is 

 
𝑣 =

∆𝐸𝑠
2𝑡𝑝

= 𝑓∆𝐸𝑠 (1.21) 

Consequently, tp determines the experimental time scale and ΔEs defines the potential step in 

each cyle period. Both parameters are responsible for the required scan time. In experimental 

practice, ΔEs is observably smaller than ΔEp, thus the pulse height fixes the resolution of 

voltammetric features in the voltammograms.  
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The current samples are taken twice per cycle at the end of each pulse. The forward current 

sample, arises from the first pulse per cycle, which is in the direction of the staircase scan. 

The reverse current sample, is taken at the end of the second pulse, which is in the opposite 

direction. A difference current is to calculate the difference between the forward and reverse 

current sample. The current of each pulse can be calculated by the equation below [100] 

 

𝑖 =
𝑛𝐹𝐴𝐷

1
2𝑐

√𝜋𝑡𝑝
𝜓(Δ𝐸𝑠, 𝐸𝑠𝑤) (1.22) 

where ψ is the dimensionless current function, which depends on step height, ΔEs, and square 

wave amplitude, Esw. When this normalized current function is plotted versus the normalized 

potential, n(E-E1/2), the resulting voltammogram is independent of pulse width, concentration, 

or identity of reactant and so on. Thus one calculation of ψ can yield a whole family of 

voltammetric curves.  

 

Fig 1.20 Dimensionless square wave voltammogram [88]  

In SWV measurement, the charging current decays much more rapidly than the Faradaic 

current, allowing measurements to be made at a time when the charging current can be 

considered negligible [101].  

It can be seen that square wave voltammetry offers all the advantages of square wave 

polarography but is accomplished at shorter analysis time. It is a rapid, sensitive, simple 

analytical electrochemical technique [102].  



 

31 

 

1.4.5.4 Alternating current impedance spectroscopy 

Another way to study electrode reactions is to perturb the electrochemical cell with an 

alternating signal of small magnitude and to observe the way in which the system follows the 

perturbation at steady state. Many advantages accrue to these techniques. Among the most 

important are firstly the high-precision can be obtained. Secondly, the response can be treated 

theoretically linearized current-potential characteristics. Thirdly, the measurement can be 

conducted over a wide time range.  

The experimental measurements of AC impedance are performed using an oscillating 

sinusoidal potential, which can be expressed as 

 𝐸𝑡 = ∆𝐸 sin(2𝜋𝑓𝑡) (1.23) 

where Et is the real-time potential, ∆E is the amplitude of the AC component, and f is the 

frequency in Hz.  

 

Fig 1.21 The applied potential waveform of AC impedance spectroscopy 

 

The oscillating potential across the cell causes a current to flow given by 

 𝑖𝑡 = 𝑖𝑚 sin(2𝜋𝑓𝑡 + 𝜃) (1.24) 

where it is the real-time current, im is the maximum current amplitude and θ represents any 

phase difference between the applied voltage and detected current.  

The response of electrical circuits to AC voltages is often described in terms of the impedance 

(Z) defined as 
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𝑍(𝑓) =

𝐸𝑡
𝑖𝑡

 (1.25) 

In the real complex circuit, the phase difference between current and voltage can take on any 

value and according to equation (1.24), this can alter with frequency. Therefore, 

mathematically the impedance can be expressed by 

 𝑍(𝑓) = 𝑍′ sin(2𝜋𝑓𝑡) − 𝑍′′ cos(2𝜋𝑓𝑡) (1.26) 

Different with conventional voltammogram, the impedance measurements can be described 

by a plot in which the quantities 𝑍′ and –𝑍′′ appear on the x- and y- axes, respectively. If the 

impedance, Z, at each frequency is plotted as a point with coordinate (𝑍′, -𝑍′′), the resulting 

vector from the origin to this point represents the impedance. It has a magnitude equal to the 

length of this vector and the phase difference between the current and voltage is given by θ. In 

impedance analysis, equivalent electrical circuits are utilized to model the electrochemical 

system and separate out the capacitive charging component.  

The use of a three-electrode system and suitable reference electrode permits the impedance of 

a specific electrode/solution interface to be probed [87]. Normally the frequency range of 10
-2

 

to 10
5
 Hz is used. The ability of varying wide range of frequency enables the huge range of 

time-scales to be studied.  

Fig 1.22 showed a typical impedance plot obtained under conditions when an electrolytic 

reaction is taking place at the electrode. For better understanding of this circumstance, the 

Randles circuit shown in Fig 1.23.  

 

Fig 1.22 Impedance plot showing the addition of an electrolytic reaction 
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In comparison with the no-electrolysis case, the charge transfer resistance, Rct, in parallel to 

the double layer capacitancity, Cdl, has been added to model the Faradaic charge transfer 

reaction. The Warburg impedance allows for the frequency dependence of diffusive transport 

to the electrode. At high frequency the impedance is simply that of the solution resistance, 

because the double layer provides a path of negligible resistance to the current. It follows that 

at high frequency no electrolysis takes place. When the frequency decreases, the effect of Rct 

in parallel with the Cdl gives rise to the characteristic semicircular part of the plot. Finally, 

when the frequency enters the lowest value zone, the impedance shows a large rise, modelled 

by the Warburg impedance. This is the result of significant concentration changes induced by 

AC current which becomes increasingly difficult to replenish by diffusion as frequency 

decreases.  

 

Fig 1.23 The Randles circuit 

 

AC impedance spectroscopy is widely used in material research because it involves a 

relatively simple electrical measurement that can readily be automated and whose results may 

often be correlated with many complex materials variables, such as mass transport, chemical 

reaction rates, and dielectric properties [103].  

The impedance technique has also been applied to channel microband electrodes [104]. With 

the numerical work, the equations obtained permitted the researcher to calculate impedances 

over the entire operating range of flow rates, cell dimensions and electrode length, etc. 

Furthermore, the general approach of impedance spectroscopy has also employed to study 

coupled homogeneous reactions and surface adsorption processes. It also contributed a lot in 

semiconductor electrode study and development [105].  
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1.4.5.5 Fourier transformed alternating current voltammetry 

In the electrochemical reaction systems, the resulting current consists of two parts: a Faradaic 

and non-Faradaic current. The Faradaic current is only produced by the electrochemical 

reaction(s). The non-Faradaic current arises from the charging and discharging of the 

electrical double layer [106] and uncompensated resistance, etc. When the electrochemical 

analysis is conducted, researchers are always trying to eliminate the effect of the non-Faradaic 

term.  

It would be of great help if the experimental technique is highly sensitive to all the unknown 

parameters [107]. A range of phase sensitive techniques using different waveforms 

overlapped with traditional DC (direct current) inputs have been developed to help distinguish 

between the Faradaic and non-Faradaic processes [108].  

Fourier transformed alternating current voltammetry (FTACV) was proposed decades ago and 

developed by Bond [109], which applies a sinusoidal signal superimposed onto the linear 

waveform used in cyclic voltammetry which demonstrated in Fig 1.24. 

 

Fig 1.24 Potential waveform of Fourier transformed alternating current voltammetry 

  

The potentials of alternating current (ac) voltammetry can be expressed by equation (1.27) as: 

 𝐸𝑡 = 𝐸𝑑𝑐 + ∆𝐸 sin(𝜔𝑡) (1.27) 

where Edc is the potential of DC signal and ω is the angular frequency.  
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The resulting output current can be analysed by using a Fourier transform (FT) algorithm to 

extract both phase and magnitude information from the input signal. The kinetic parameters 

will be separated either from the amplitude of AC current, which is a function of Edc, or from 

the phase angle between the AC current and AC voltage, Φ, due to the difference in time scale 

[110]. Different angular velocities give rise to the first to higher harmonics.   

To obtain DC and harmonic components in FTACV, a certain frequency band that contains 

most of the energy is selected to filter the excluded portion in the power spectrum. Each 

component has its own frequency, which is 0 Hz for DC signal, 
𝜔

2𝜋
 for the fundamental 

harmonic, 
𝜔

𝜋
 for the second harmonic, 

3𝜔

2𝜋
 for the third harmonic, and so on. The power 

spectrum at selected frequencies is treated by an inverse Fourier transform algorithm and the 

components induced by the DC and the AC signal are generated in a current-time version. 

The DC signal can also be obtained directly from AC voltammetry. Hence, the intuition and 

simplicity of the DC methodologies are recovered [111].  

 

Fig 1.25 Schematics of data processing methodology used in FT voltammetric 

instrumentation [108].  
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In a reversible system, the rate of electron transfer is fast enough and the system is under 

diffusion control. A classic duck-shape curve in current-time or current-potential form can be 

investigated in DC component, which is identical to the result obtained directly from CV 

scan. As for the AC components, as it is shown in Fig 1.26, a bell-shaped curve is obtained in 

the fundamental harmonic. A single current peak is generated by the forward scan when 

Edc=E1/2, which is near the standard potential of the redox species. Ideally, the curve 

generated from the backward scan should retrace well with the forward one. For the second 

harmonic, two symmetrical peaks can be obtained from the scan in both directions. The 

middle point of two peaks is E1/2. The shape and the peak height of these peaks indicate the 

reversibility of the reaction. In harmonic three, for the forward scan, there are three peaks 

with a higher middle one can be observed. The peaks of the reverse scan should be 

theoretically symmetrical with the forward ones. For the fourth and higher harmonic 

components, the behaviour of the peaks provides qualitative information while with 

supporting numerical models, abundant quantitative results can be obtained from the higher 

harmonic as well.  

 

Fig 1.26 Fundamental to fifth Harmonics and DC component [112] 

 

In a quasi-reversible system, in which the rate of charge transfer decreases, the behaviour of 

AC components varies correspondingly [113]. In conventional cyclic voltammetry, a typical 

quasi-reversible voltammogram showed bigger peak separation compared with reversible 
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reaction. In the fundamental harmonic, the two peaks generated from both directions are 

asymmetric due to the small kinetics. In the second harmonic, the two peaks formed in one 

direction scan showed different height, which is the result of competition of kinetic control 

and diffusion control. In third and higher harmonics, the asymmetric peaks will be obtained as 

well due to the quasi-reversibility of the reaction.  

In the irreversible system, the situation differs due to the reaction types. As for the pure 

electrochemical reaction, the asymmetry of the peaks becomes more obvious due to the small 

kinetics. While in most of the situation, the coupled chemical reactions take place after the 

electron transfer, which results in the total irreversible of the system. Application of FTACV 

has also extended to the investigation of homogeneous reactions. Researchers have found that 

Fourier transformed alternating current voltammetry is able to provide mechanistic insights 

into couples homogeneous processes far more detailed than those that are readily accessible 

with DC techniques in both experimental and numerical ways [114]. 

In previous research, small amplitude (typically no more than 10mV) is often used in the AC 

impedance techniques. However, the signal-to-noise ratio may be poor and the peaks in the 

higher harmonics cannot be easily obtained [115]. Then the large amplitude was introduced 

into the AC component. Use of large-amplitude sinusoidal perturbations would amplify the 

nonlinearity of the electrode process and hence simplify detection of the enhanced higher 

harmonic component [113]. Bond and his colleagues [116–118] have presented theoretical 

treatments for the application of a large amplitude Fourier transformed AC voltammetry 

approach with ∆E ranged 50-200mV and the output signal was analysed with Fourier 

transform inverse Fourier transform sequence. The signal input of large amplitude Fourier 

transformed AC voltammetry in equation (1.27) can be presented with more detailed as the 

angular frequency and the amplitude, combined by harmonic sequence as 

 
𝐸𝑡 = 𝐸𝑑𝑐 +∑ ∆𝐸 sin(𝜔𝑡)

𝑁

𝑛=1,2,3…
 (1.28) 

The use of a Fourier series allows the periodic function to be decomposed into a linear 

combination of harmonic signals. 

By analysing the output signal with Fourier transformation, the double layer capacitive 

component Cdl will have a different phase and magnitude relationship to the input signal. By 

verifying the amplitude and frequency, it is possible to discriminate the effect of solution 

resistance and double layer capacitance [119–121]. In addition, the second to higher 
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harmonics are essentially free from the effect of the double layer charging current, which 

means the study of coupled chemical processes can be developed based on that.  

The other effect that cannot be neglected is uncompensated resistance (Ru) in the solution, 

which will cause potential drop with current (IRu). Nicholson [122] has proved that 

uncompensated resistance and slow electrode kinetics may exhibit very similar effect on the 

characteristics of DC cyclic voltammograms. Especially when the system is close to 

reversible and IRu provides a major influence to the voltammetric characteristics. Hence it is 

almost impossible to measure both the electrode kinetics and uncompensated resistance by 

DC cyclic voltammetry. Nevertheless, in the large amplitude Fourier transformed AC 

voltammetry, it was reported that the fourth and fifth harmonics characteristic are sensitive to 

uncompensated resistance particularly but also devoid of background current [123,124].  

Also, it was confirmed that underlying electron transfer processed can be measured with 

higher AC harmonics even in the presence of large catalytic currents that contribute 

significantly in DC voltammogram [125,126]. On that basis, large amplitude FTACV 

analogue with traditional DC techniques performs as a truly powerful electrochemical 

approach.  

1.4.5.6 Hydrodynamic voltammetry 

Voltammetric methods involving convective mass transport of reactants and products are 

sometimes called hydrodynamic voltammetry. The advantage of hydrodynamic methods is 

that a steady state is attained rather quickly, and measurements can be made with high 

precision. Moreover, at steady-state, double-layer charging does not enter the measurement 

[88]. Also, the mass transport rates at the electrode surface under hydrodynamic conditions 

are typically larger than the rates of diffusion alone, so that the relative contribution of mass 

transport to electron-transfer kinetics is often smaller.  

A hydrodynamic electrode is one in which forced convection is deliberately introduced to 

domain transport to the electrode. The convective way within the electrochemical cell may be 

induced in different ways. Commonly, the electrodes are fixed and the electrolyte solution 

allowed to flow across the electrode surface [127], or the electrode may move inducing 

convection in the solution, which was firstly proposed as rotating ring-disk electrode by 

Frumkin [128].  

 Rotating disc electrode system 
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A commonly encountered hydrodynamic electrode is the rotating disc electrode (RDE) which 

is particularly popular because it is simple to use and easy to construct and clean after use 

[129]. This electrode consists of a disk of the electrode as working unit imbedded in a rod of 

an insulating material such as Teflon. Then the whole rod is placed into the electrochemical 

cell fulfilled with electrolyte solution and rotates at a constant speed. While it is working, the 

rotation spins the solution out from the rod surface in a radial direction and this movement 

results in drawing fresh solution towards the disc electrode (Fig 1.27). This sustains a steady 

supply of fresh electroactive material to the electrode surface [87].  

 

Fig 1.27 The rotating disc electrode (RDE) [130] 

 

The most intriguing aspect of the RDE is that the convective mass transport problem was 

solved rather rigorously by Levich via hydrodynamic and can be verified to a high degree in 

experimental applications [131]. The transport limiting current (iL) as a function of the 

rotation speed can be calculated by 

 
𝑖𝐿 = 0.62𝑛𝐹𝐴𝑐𝑏𝑢𝑙𝑘𝐷𝑏𝑢𝑙𝑘

2
3 𝑣−

1
6𝜔

1
2 (1.29) 

in which v represents the viscosity of the solution and ω is the rotation speed. Based on 

equation (1.29), the linear relationship between limiting current and the rotation speed can be 

investigated. Fig 1.28 showed the linear sweep voltammogram of rotating disc electrode with 

various rotation speeds.  



 

40 

 

 

Fig 1.28 Voltammogram of RDE with increasing rotation speeds 

 

 The channel electrode system 

In a channel electrode system, the forced convection is achieved by controlling electrolyte 

solution flowing over a stationary electrode. It consists of an electrode embedded in the wall 

of a rectangular duct through which electrolyte solution is flowed as Fig 1.29. The cell design 

and flow rate are adjusted so that the flow pattern on the electrode is laminar and it can be 

described accurately for quantitative analysis. The mass transport by convection can be 

controlled through the channel design, the electrode size and the flow rate. Moreover, this 

setup enbales the incorporation of electrochemical measurements to flow systems as well as 

its use in spectroelectrochemistry and photoelectrochemistry.  

 

Fig 1.29 Schematic diagram of a channel electrode [132] 

 

As it can be seen from Fig 1.30, a steady state voltammetric response was recorded as the 

voltage sweep rate was sufficiently slow to allow a steady state mass transport regime to 

establish as the voltage was swept. As a consequence, the resulting current rises and then 

reaches a steady value, namely the limiting current. In addition, the values of the limiting 
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currents increase with the flow rates. This is because the diffusion layer is thinner when the 

flow rate is faster. 

Unlike the RDE, convection and diffusion operate in different directions, the electrode surface 

is non-uniformly accessible and thus the associated mathematical problem is 

multidimensional. However, this can be simplified under appropriate experimental conditions. 

Thus, it can be assumed that the flow velocity is high enough for the transport by diffusion in 

the direction of the flow (x-direction) to be negligible relative to convection. Moreover, edge 

effects can be neglected provided that the width of the band is much smaller than that of the 

channel [133].  

 

Fig 1.30 Current–voltage curves of hydrodynamic channel electrode with 

increasing flow rate 

 

For a macroscopic channel cell system, the laminar flow convective-diffusion equation 

describing the mass transport regime at steady-state for a large planar electrode is given by 

 𝜕𝑐

𝜕𝑡
= 𝐷

𝜕2𝑐

𝜕𝑦2
− 𝑣𝑥

𝜕𝑐

𝜕𝑥
= 0 (1.30) 

where x is the distance along the channel starting from the upstream edge of the electrode, y is 

the normal distance starting from the electrode surface alongside the height of the flow stream 

and vx is the velocity of the flow in x direction. 

Based on this equation, the prediction of limiting current as a function of the solution volume 

flow rate (Vf) by Levich equation  
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𝑖𝐿 = 0.925𝑛𝐹𝑐𝑏𝑢𝑙𝑘𝐷

2
3𝑉
𝑓

1
3(ℎ2𝑑)−

1
3𝑤𝑥𝑒

2
3 (1.31) 

where xe is the electrode length, h, the cell half-height, d, the width of the cell, and w the 

electrode width. This equation can be applied when the flow rate is sufficiently fast that the 

diffusion layer thickness is much smaller than the cell height. Also, it indicates that the 

limiting current varies with the cube root of the volume flow rates (Fig 1.31).  

 

Fig 1.31 Linear relationship of limiting current and cube root of volume flow rates  

 

The channel electrodes in hydrodynamic system offer many advantages. First, their flow-

through nature facilitates continuous monitoring in analytical procedures, for example 

chromatographic separation. Second the rigorous mechanistic investigation of electrode 

processes via voltammetric methods can be achieved, which benefits from the well-defined 

hydrodynamics of channel electrodes. Third, the channel electrodes can be easily modified to 

be used for spectroelectrochemistry [134].  

1.4.5.7 Hydrodynamic modulation voltammetry 

In previous section, the hydrodynamic voltammetry has been discussed. The utilization of 

flowing solution in electrochemical analysis offer many desirable features, such as low 

sample consumption, the possibility of multisample analysis and on-line detection. But one of 

the vital drawbacks of this technique is the notorious background signal. Many electroactive 

species could give essentially useless signal in conventional scanning voltammetry at solid 

electrode. Many analytical problems which could never have been attacked by conventional 

voltage-scanning techniques can be handled by hydrodynamic modulation voltammetry 

(HMV).  
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According to Wang’s review in 1981 [135], there are two main approaches to achieve HMV 

in the early years.  The first one is electrode motion modulation, which has focused on 

rotating disc electrode switched between two different rotating speed [136–138].  The 

advantages of this technique is that the high sensitivity, low noise-level and precision of the 

response can be obtained while the shortcoming is obvious that the “relaxing” time of 

concentration boundary layer is quite long after the hydrodynamic step.  

 

Fig 1.32 Current response of pulsed-rotation system [138] 

 

The second approach is flow modulation methods, which was first proposed by Blaedel and 

Boyer [139]. They demonstrated that the stopped-flow technique to improve the sensitivity 

for tubular electrode. By controlling the solution from zero to high flow rates, the difference 

among the steady states current can be measured.   

 

Fig 1.33 Definitions of currents measured by the stopped-flow technique [139] 
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As it can be seen from Fig 1.33, the merit of this method is the inherent sensitivity that it 

enables to separate Faradaic and non-Faradaic current terms. Also the simplicity of operation 

took a great part in it.  

Since 1981, great advances have been made in HMV methodology with the advent of 

ultramicroelectrodes (UMEs) under convective or vibration control. Macpherson [140] 

concluded recent development of HMV technique, including vibrating electrode [141], 

channel stopped flow method, microjet electrode [142] and ultrasonic modulation [143]. By 

employing UMEs, these techniques would reduce the diffusional relaxation time with the aim 

of attaining greater detection sensitivity and reducing analysis times.  

Furthermore, in 1987, Schurette and McCreery [144] introduced alternating current 

component into HMV. Compared to HMV, hydrodynamically modulated alternating current 

voltammetry technique has the advantage of a peak rather than wave response, which leads to 

improved detection limits and resolution. Also, the peak response resulting from the 

differential nature of DC polarography is more analytical useful. Schwartz [145] also 

presented his work in this field. He proved that Fourier transform hydrodynamic modulation 

voltammetry can be a powerful tool to study convective nonlinearities in mass-transfer system 

and the kinetic measurements can be made quickly via using this technique.  

With the basis of the previous research, to apply FTACV with hydrodynamic modulation 

method could be an exciting way to process electrochemical analysis.  

1.4.6 Electrolysis reaction mechanisms 

In previous section, electron transfer reaction has shown to be stable. However, in reality most 

of the products of the electrochemical reaction remain highly active and are therefore capable 

of undergoing further reaction.  In this section, some complex electrolysis mechanisms will be 

introduced.  

1.4.6.1 Prue electron transfer reaction 

As it mentioned before, the simplest electrochemical system involves only electron transfer 

reaction (as Equation (1.1)).   The current induces the exchange of electrons between the 

electrode and molecules in solution, so altering the oxidation state of the molecule, and 

‘electrolysis’ occurs. The transfer of electrons can be in either direction; a molecule in 

solution may accept an electron from the electrode and become reduced [87].  
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A very classic cyclic voltammogram was shown below to demonstrate the pure 

electrochemical reaction without further reactions.  

 

Fig 1.34 Cyclic voltammogram of pure electron transfer reaction 

 

 Multiple electron transfer reactions 

The simplest multiple electron transfer reaction is the two-electron transfer (EE) reaction. 

Conceptually, the EE mechanism can occur in two ways, first way is a one single step 

involving both electrons 

 𝐴 + 2𝑒− ⇌ 𝐶 (1.32) 

or two consecutive one-electron steps 

 𝐴 + 𝑒− ⇌ 𝐵 (1.33) 

 𝐵 + 𝑒− ⇌ 𝐶 (1.34) 

The later way is more commonly observed in multiple electron transfer reactions as it is easier 

to overcome two small activation barriers than one large one [87]. Fig 1.35 shows a typical 

EE reaction which undergoes two consecutive reversible electron transfer steps.  
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Fig 1.35 Cyclic voltammogram of two-electron transfer reaction 

 

1.4.6.2 Coupled homogeneous reactions  

Sometimes the electrochemical reaction is irreversible and quasi-irreversible due to the 

occurrence of the homogeneous chemical reactions. Theoretically, the electron transfer 

reaction at the electrode surface can be referred ‘E’ step as a heterogeneous reaction, then a 

homogeneous chemical reaction is termed as ‘C’ step. The following mechanisms include 

both of these two or more steps.  

 The EC reaction 

The EC reaction is considered as 

  𝑅 − 𝑒− ⇌ 𝑂 (1.35) 

 𝑂
𝑘𝐸𝐶
→ 𝑌 (1.36) 

For the EC reaction species O, which formed at the electrode, is unstable and decays with the 

rate of kEC to form a non-electroactive species Y. If kEC is significantly fast, O will react 

immediately once it is formed from E step. The cyclic voltammogram will look like Fig 1.36. 

On the contrary, if the kEC is relatively slow, then O is not depleted by the chemical reaction. 

The cyclic voltammogram will be similar with normal reversible reaction. Therefore, the 

reverse peak height becomes a useful tool to roughly estimate the value of the kEC.  
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Fig 1.36 Typical cyclic voltammogram with an EC process 

 

For the EC reaction mentioned above, when the scan rate is decreased, the residence time for 

the species produced at the electrode is increased, leading to a voltammetric response where 

there is a significantly reduced back peak due to the chemical decomposition of the species O.  

In particular, the wave will shift to anodic direction if the rate constant of chemical reaction 

increases. This can be deduced by Nernst equation (1.2), which indicates that the ratio of 

equilibrium surface concentrations of R and O at a particular potential for an 

electrochemically reversible electrode reaction. As the homogeneous reaction consumes O at 

a very fast rate, which influences the equilibrium on the electrode surface. To reestablish the 

equilibrium concentration at the electrode surface, the reaction is driven to produce more O to 

replenish those reacted in the chemical step [87].  

 The ECE reaction 

The extension of the EC reaction is the ECE mechanism 

 𝑅1 − 𝑒
− ⇌ 𝑂1 (1.37) 

 𝑂1
𝑘𝐸𝐶𝐸
→  𝑅2 (1.38) 

 𝑅2 − 𝑒
− ⇌ 𝑂2 (1.39) 

The product from former EC reaction now in this mechanism is electroactive, which means 

another electron transfer reaction follows. Normally, the second electron transfer reaction 
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takes place in a different potential as the first one. The case where R2 is more difficult to 

oxidized than R1 is described with reference to cyclic voltammetry measurements while the 

contrary one is described by reference to coupled convection-diffusion measurements.  

When the R1 is easier to be oxidized, there will be two separate peaks in the forward sweep of 

cyclic voltammogram can be found (Fig 1.37). The relative peak heights are a function of the 

homogeneous kinetics and potential scan rates. The magnitude of the rate constant kECE can be 

deduced by the analysis of peak heights.  

 

Fig 1.37 Cyclic voltammogram of ECE reaction 

 

On the second hand, where R2 is easier to be oxidized than R1, further information can be 

obtained by using hydrodynamic voltammetry. As it can be seen from Fig 1.37, the additional 

current gain over one-electron is caused by the second E step.  

 The EC’ reaction 

 𝑅 − 𝑒− ⇌ 𝑂 (1.40) 

 𝑂 + 𝑌
𝑘𝐸𝐶′
→  𝑅 + 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 (1.41) 

The equations above represent the EC’ mechanism. The prime (’) represents a catalytic 

process. The catalytic process occurs as the product of the electrode reaction, O, reacts with a 

substrate molecule Y in solution. The result of this reaction is that O is reduced back to the 

starting material R (the catalytic cycle) and Y is converted to products. If species Y is present 

in large excess compared to O, then equation (1.41) is a pseudo-first-order reaction [88]. 
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Catalytic reactions are often regarded as a clean and efficient method of enhancing chemical 

reactivity, so they are utilized in numerous applications in industry. 

Fig 1.38 shows a typical cyclic voltammogram for differing quantities of substrate Y. As the 

concentration of Y increases, the current gain increases compared to no substrate in the 

solution. When the potential is swept back, there is little O to be reduced back to R because 

most of O is reacted with Y in the chemical step, thus less reductive current can be detected 

compared to simple reversible reaction. Analogue with previous mechanisms, the catalytic 

current is dependent on the quantity of O and Y as well as the rate constant kEC’ between O 

and Y.  

 

Fig 1.38 Cyclic voltammogram of the EC’ reaction with various kinetics of homogeneous 

reaction 
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1.5 Research aims and thesis structure 

This thesis aimed to produce self-designed microreactors and study the effect of modulated 

methods involved both in voltammetric and microfluidic technique. To achieve that, different 

kinds of electrochemical reactions including pure electron transfer reactions and 

homogeneous reactions have been carried out.  

The remaining chapters of this thesis have the following structure:  

Chapter 2 illustrates the micro-engineering area and microfabrication methodology applied to 

produce electrochemical microreactors. Detailed fabrication methods for producing 

microelectrodes and microchannels with positive and negative photoresists respectively are 

introduced as well as microreactor assembly.  

Chapter 3 presents the details about the investigation electrolysis reaction mechanisms in 

electrochemical microreactors. Either stagnant or hydrodynamic system is detected by large 

amplitude Fourier transformed alternating current voltammetry. A range of different kinds of 

electrolysis reaction mechanisms involving simple electron transfer and homogeneous 

chemical reactions were studied.  

Chapter 4 details the electrochemical behaviours under hydrodynamic modulation 

voltammetry. The step hydrodynamic modulation was introduced during electrochemical 

detection. The response from different electrolysis reactions was described.  

Chapter 5 introduces a further development of hydrodynamic modulation system. The 

electrochemical output signal under both potential modulation voltammetric controlling and 

hydrodynamic modulation was recorded and analyzed. This chapter demonstrates a possible 

alternative for autonomous sensing.  
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Chapter 2 Microfabrication Technology 

2.1 Introduction  

In the previous chapter, the fundamental background of electrochemistry and micro-

engineering was introduced. This chapter briefly reviews the basic introduction and recent 

developments in microfabrication methodology. Microfabrication technology will be used to 

fabricate the electrochemical microreactors used in this thesis. This chapter highlights the 

design, main procedures, instrument and materials involved to fabricate electrochemical 

microreactors.  

2.2 Microfabrication methodology 

Due to the large demands of microreactors, fabrication methodologies have been developed 

significantly in recent decades [146]. Microfabrication techniques and scale-up by replication 

have spectacular advances in the electronics industry and more recently in microanalysis 

chips for chemical and biological applications [147].  

2.2.1 Technologies for microsystems  

Micro-system technology (MST) is based both on precision engineering and semiconductor 

fabrication technologies, using various strategies and techniques for the production of a 

multitude of functional elements [148]. MST has boosted dedicated equipment development 

which is now entering the market [149]. They can be classified into four main types: 

2.2.1.1 Photolithography based techniques 

Photolithography has been the main workhorse in the semiconductor industry and for the 

production of integrated circuits [150]. Photolithography based techniques contain bulk 

micromaching using wet and dry etch techniques, surface micromaching, X-ray-LIGA and 
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UV-LIGA techniques. These technologies can achieve sub-μm precision, and when the high-

volume batch production is needed, it is cheap to do so. Nevertheless, most of these types of 

productions mainly result in the fabrication of two dimensional structures [148].  

Photolithography utilizes exposure of a light-sensitive polymer (photoresist) to ultraviolet 

(UV) light to define a desired pattern. Initially, UV light is illuminated through a photomask 

that consists of opaque features on a transparent substrate (e.g., quartz, glass) to make an 

exposure on a photoresist that is coated on a substrate [146]. In the exposed area, the polymer 

chains of photoresist break down resulting in more soluble in a chemical solution called 

developer. Subsequently, the exposed photoresist is removed in a developer to form the 

desired photoresist pattern.  

There are three forms of photolithography: contact printing, proximity printing and projection 

printing as schematically illustrated in Fig 2.1. Contact and proximity printings place the 

photomask in contact with or in a close proximity to the photoresist. Generally, contact and 

proximity printings are capable of making patterns as small as a few micrometers. Therefore, 

they are typically used in the fabrication of moderate-resolution patterns especially in 

laboratories and small to medium-sized companies. It should be noted that photolithography 

in most of research works normally refers to contact or proximity printings. In contrast, a 

projection printing system applies an optical lens system to project a deep-UV pattern from an 

excimer laser on the photoresist enabling patter-size reduction by 2-10 times [151]. It is 

capable of fabricating high-resolution patterns as small as a few tens me nanometers at a high 

throughput [152]. However, it requires a sophisticated optical-lens system and precise control 

systems of temperature and position, which leads to a very expensive setup. Thus, it is 

employed in manufacturing of advanced integrated circuits and CPU chips. Recently, 

immersion lithography [153], extreme UV-lithography [154], and resolution enhancement 

technology [155] have been developed to improve the lithography resolution of projection 

printing.  

 

Fig 2.1 Schematic illustration of three forms of photolithography [150] 
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2.2.1.2 Direct microfabrication 

Laser microfabrication is one of the typical direct microfabrication technologies [156–158]. A 

laser ablation experimental scheme was illustrated as Fig 2.2. The laser beam went through 

the substrate and was then absorbed at the metal target surface placed behind the substrate 

since the fused quartz has no absorption in the UV range. Owing to the interaction of plasma 

generated from the target and the laser beam, significant ablation took place at the rear surface 

of the substrate [159].  

 

Fig 2.2 Schematic diagram of the laser ablation setup [159] 

 

Electron beams have also been applied directly for etching chalcogenide glasses [160] and 

later to build neutral cell networks by Italian researchers [161], which represents a major 

novelty in the use of the electron beam lithography applied to polymers.  

Katoh and the co-workers [162] have managed to fabricate three dimensional products with 

direct writing by using synchrotron radiation etching technique. However three dimensional 

products can be achieved by utilizing direct microfabrication technique whilst they cannot be 

as precise as made by lithography based techniques.  

2.2.1.3 Replication techniques 

Microelectroforming [163], stamping [164], injection molding [165] and extruding [166] are 

recognized as replication techniques. By utilizing them, we can abundantly fabricate metallic, 
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plastic and ceramic copies of a very precise master. It means an expensive reproduction can 

be obtained cheaply but dedicated equipment which may be still under development is 

required. 

Micro-hot-embossing comes originally from the last step of the LIGA process, which is a 

widely used replication technique, especially for optical application [167]. A typical micro-

hot embossing process is composed of four major steps [168]:  

(1) Heating the mold and substrate to molding temperature; 

(2) Embossing microstructure patterns at embossing temperature; 

(3) Cooling the mold and substrate to demolding temperature;  

(4) Demolding the component by opening the tools.  

In hot embossing, high aspect ratio structures (>10) can be replicated quite easily, as 

compared with injection molding. For prototyping hot embossing is much better suited than 

injection-molding due to the easy mounting procedure and the small numbers of parameters 

for the replication process to be varied. Recent progresses in machine technology, have 

allowed reduction in the cycle-time in hot embossing significantly for certain polymers [169]. 

Also, to perfect the micro-hot embossing performance, some supporting techniques were 

developed to enhance the process, such as ultrasonic micro-hot embossing technology [170] 

and gas-assisted micro-hot-embossing [171].  

 

Fig 2.3 Schematic representation of a typical micro-hot embossing process including four 

major steps: heating, molding, cooling and demolding [168]. 
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Similarly with the hot embossing method, injection molding is another important replication 

technique. Injection molding is a major part of the plastic industry, which accounts for more 

than 33% of all polymeric materials processed, and is widely used for mass producing discrete 

plastic parts of complex shape cost-effectively with high precision [172].  

This process transfers a thermoplastic material in the form of granules from a hopper into a 

heated barrel so that it becomes molten and soft. Then the material is forced under pressure 

inside a mould cavity where it is subjected to a holding pressure for a specific time to 

compensate for material shrinkage. The material solidifies as the mould temperature is 

decreased below the glass transition temperature of the polymer. After sufficient time, the 

material freezes into the mould shape and gets ejected, and the cycle is repeated. A typical 

cycle lasts between few seconds and few minutes [173]. During the injection molding process, 

various polymeric material elements undergo different and complicated thermomechanical 

histories and experience significant change in their rheological, mechanical, and transport 

properties due to large pressure variations and rapid cooling. Various factors regarding the 

part and mold designs as well as the material selection and process setup have to be 

considered to ensure that the mold can be filled volumetrically [174–176]. 

Powder injection molding was developed as well, which combines the processability of 

plastics and the superior material properties of metals and ceramics to form high performance 

components [177].  

Another replication method is replica molding. The replica molding technique involves three 

processing steps [178] as illustrated in Fig 2.4:  

(1) Fabrication of a patterned master with desired dimensions; 

(2) Generating a negative poly(dimethylsiloxane) (PDMS) replica from the original 

master as a mold; 

(3) Casting a liquid precursor against the PDMS mold, followed by curing and peeling off 

to obtain the patterned polymeric structures.   

 

Fig 2.4 Schematic illustration of the replica molding steps from a Si master to a polymer 

replica using a PDMS mold [178].  
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Replica molding is an efficient method to duplicate the pattern on rigid or elastomeric master. 

In order to keep as many details as the master, molding against elastomeric masters are even 

better to release small and fragile structures than the replication molding against rigid mold 

which is widely applied for mass production.  

Among all these techniques, LIGA method is suitable for the laboratory-scale use. LIGA 

(German acronym for Lithographie, Galvanoformung, Abformnung) is based on combining 

synchrotron radiation lithography, galvanoforming, and plastic moulding [179]. The purpose 

of synchrotron radiation lithography is to generate a primary plastic template which is tiled 

with a metal by electrode position. This process allows three-dimensional microstructures to 

be fabricated from a variety of materials [180]. 

The LIGA process is superior compared with other techniques for fabricating mass production 

microstructures in complex shapes. The microproducts are significantly precise when this 

technique is applied. Meanwhile, the patterns of microreactors can be easily changed by 

replacing various masks, which means the cost will be markedly reduced compared with 

replication technique. 

So far, there are two kinds of light resources to process LIGA method, X-ray [181] and UV 

light [182]. Although the X-ray LIGA method has been developed to make such deep 

structures for decades, the high cost and the very limited accessibility to synchrotron radiation 

source have greatly restricted its wide spread use. Then, the new alternative techniques such 

as UV photolithography combined with electroplating of metals have been developed to 

produce three-dimensional structures compared with those fabricated by X-ray LIGA 

technique but much less expensive. Furthermore the cost can be further reduced by utilizing 

new sacrificial layer method like photoresist.  

 

Fig 2.5 Infrared bandpass filter made by X-ray lithography and electroforming [180] 
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Compared with a metal sacrificial layer, the photoresist sacrificial layer is much easier to 

remove, cheaper and time-saving. The light scattering occurs in the photoresist layer, 

especially when the photoresist layer is thick. It will result in a noticeable expansion of 

exposed patterns [183]. As a consequence, it is crucial to make sure the wafer loaded with 

photoresist is in soft contact with the mask when exposure in the UV light to diminish the 

effect of light scattering. 

 

Fig 2.6 Overview of Align/Expose/Develop Steps of UV-LIGA method 

 

2.2.1.4 Microassembly  

In most cases a monolithic integration of MST products is not possible. Therefore 

microassembly is an integrated key technology for the sub-μm precision assembling of μ-

mechanics, μ-electronics, μ-fluidics, μ-optics in order to get high value added hybrid 

microsystems [148]. To achieve fluid tightness of the micro-system, a number of sealing 

methods between different materials have been developed.  

In this thesis, the sealing method was mainly used to assemble the glass substrates with 

electrodes on and the PDMS microchannel parts. One technique most commonly used for 

getting irreversible seals is by exposing the surfaces to oxygen plasma. The changes in the 

surface texture and chemistry happening at such exposures have been widely studied. Most of 

this research indicates that PDMS material in general comprises of repeated units of –O-

Si(CH3)2-, which on exposure to oxygen plasma develops silanol groups (-OH) at the expense 
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of methyl groups (-CH3). The oxidation of the surface layer increases the concentration of 

hydroxyl groups and this leads to the formation of strong intermolecular bonds [184].  

Another type of polymer bonding is SU-8 bonding which has been applied in the construction 

of many microstructured devices. SU-8 based lab-on-a-chip microsystems are often sealed by 

means of adhesive bonding using an intermediate layer of SU-8 photoresist. Compared with 

other bonding techniques e.g. silicon fusion bonding, low temperature direct bonding, anodic 

bonding, eutectic bonding and glass-frit bonding, the SU-8 bonding method requires a lower 

operation temperature and is less dependent on substrate material [185]. Also, as SU-8 is 

widely used in the construction of microstructures itself, the role of bonding can be achieved 

due to its high chemical and thermal stability. The method consists of three major steps. First 

the adhesive layer is deposited on one of the bonding surface by contact imprinting from a 

dummy wafer where the SU-8 photoresist was initially spun, or from a Teflon cylinder. 

Second, the wafers to be bonded are placed in contact and aligned. In the last step, the 

bonding process is performed at temperatures between 100°C and 200°C, an applied force of 

1000 N in vacuum on a classical wafer bonding system. The results indicate a low stress value 

induced by the bonding technique [186].  

2.2.2 Microfabrication materials  

Due to different chemical reactions and demands for microsystems, the use of the materials 

differs. In this dissertation, the microelectrodes and microchannels are made by UV-LIGA 

based microfabrication technique. The details of the materials will be explained in later 

section. 

2.3 Fabrication of electrochemical micro-devices 

In this section, the microfabrication methods to produce electrochemical microreactors used 

in this thesis were detailed demonstrated. The main process includes microelectrode 

fabrication, microchannel fabrication and oxygen plasma assembly technique.  

2.3.1 Photolithographic process 

Photolithography is used to transfer the patterns from the film masks to the wafers loaded 

with thin photoresist layer. By alternating the different masks and the photoresists, the 

different shaped microelectrodes and microchannel can be obtained. In this report, the 
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microfabrication method is mostly based on UV-LIGA technique. Every step will be 

described in different situations. 

 Step 1. Substrate preparation 

Glass wafers were applied as the substrate both for microelectrodes and microchannels. First 

of all, the glass wafers without any scratch were cut into the desired sizes (mostly 6×6 cm in 

this dissertation). Then all wafers needed to be cleaned by soaking into the piranha solution 

(Vhydrogen peroxide (>30%) : Vsulfuric acid (>95%) = 1:3) for at least 20 minutes. Piranha solution has been 

in use for wafer cleaning for decades. This step attempts to remove the dust and other possible 

components will influence the photoresist coating to the substrate. The process must be 

carried out in the acid fume cupboard because the solution is self-heating [187]. After that, the 

wafers were rinsed with deionized water and dried out by nitrogen. 

 Step 2. Photoresist spin coating 

Photoresist is a light-sensitive material which is widely used in microstructured devices. In 

this research, due to the microfabrication of different kinds of microelectrodes and 

microchannels, two types of the photoresist were used to develop the patterns of them. The 

detailed information of these two is shown in Table below.  

Table 2.1 Two types of photoresist 

 Positive photoresist Negative photoresist 

Name S1828 SU8-2100 

Description 1-Methosy-2 propylacetate 

a negative, epoxy-type, near-UV photoresist 

which is formulated in cyclopentanone 

solvent and exhibit improved coating and 

adhesion properties 

Supplier Shipley MicroChem 

 

A positive photoresist is a particular kind of polymer which when exposed to UV light 

becomes soluble whilst the unexposed part remains stable. In this work, as the chemical 

characteristic was changed by exposing it to the UV light, the photoresist layer on this part 

was removed by the developing solution and the rest part remained on the glass wafer. The 

positive photoresist was applied for the microelectrode fabrication. After the wafers coated 
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with the evaporating electrode material, the photoresist layer could be removed by acetone 

solution. Then only the patterns needed were coated with the electrode materials binding to 

the glass substrate permanently and would not be rinsed off by the acetone solution. 

A negative photoresist behaves in reverse. After exposing it to the UV light, the patterns 

remained as the permanent three dimensional structures on the glass wafer but the unexposed 

part could be easily rinsed off by another developing solution. This is why this kind of 

photoresist is called “negative photoresist”. The negative photoresist SU-8 2100 enables the 

fabrication of novel microchannels [188]. Meanwhile, this kind of photoresist has the 

advantages like high sensitivity, high thermal stability and excellent chemical resistance 

[189]. By using different parameters, the channels with different heights of 41~250 microns 

can be fabricated.  

In the spin coating procedure, the photoresist was loaded manually and covered almost 2/3 

clean substrates which were well prepared by the previous part. Then the Delta 10 spin coater 

(Karl Suss) was used to finish the spin coating step (Fig 2.7). A thin layer of photoresist 

covered the glass wafers after spin coating. The thickness of the photoresist depends on the 

viscosity of the photoresist, the various parameters of the spin coater as well as the soft-

baking and hard-baking time. The detailed information of the setting up parameters will be 

shown later in table Table 2.2 and Table 2.3.  

 

Fig 2.7 Spin coating 

 

 Step 3. Soft bake (Pre-bake) 

In order to stabilize the photoresist layer, the wafers were heated on the hot plate with the 

specific temperatures. This step aims to evaporate vapour in the coating solvent and to densify 

the photoresist which is shown in Fig 2.8. In this part, to keep the hot plate surface even is 

quite significant. If the surface is uneven, the asperous part cannot offer the good thermal 
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condition. In this case, it will influence the evaporation of the photoresist which may do harm 

to the quality of the final products. 

Another crucial item of the soft bake step is the temperature and time control. Apart from the 

equipment for the soft bake procedure, an accurate soft bake temperature and time are also 

crucial for a better exposure fidelity and minimization of the edge bead problem. The specific 

soft bake temperature and time depend on the different photoresist and the desirable 

thickness, which will be illustrated in Table 2.2 and Table 2.6.  

 

Fig 2.8 Soft bake 

 

 Step 4. Exposure  

When the photoresist layer was soft baked, it was ready to be exposed and a mask aligner 

(Karl Suss, MJB3) was used to achieve this. Based on the patterns needed whether for the 

microelectrodes or the microchannels, different masks (Micro-lithography Services Ltd) were 

prepared. Next an ultraviolet light source was projected through the mask to the photoresist 

layer. Then the solubility of the exposed area and the unexposed one were different according 

to which kind of photoresist was used. 

 

Fig 2.9 Photo mask film for (a) microelectrode; (b) microchannel 
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This step determines the shape that remains on the wafers. One trick of this step is to let the 

wafer soft contact with the mask. If the wafer is too close to the mask, the thickness of the 

photoresist layer will be depressed and the photoresist will pollute the mask pattern. In 

contrast, if there is a gap between the mask and the wafer, the scattering will happen. Both of 

these two situations will reduce the quality and the precision of the microstructure. 

 Step 5. Hard bake (Post-bake) 

This step took place approximately 60 seconds after exposure to cross-link the exposed 

portions of the negative photoresist. Hard baking is in order to stabilized the photoresist to the 

wafer and hardens it as well. The detailed post baking time will be shown in Table 2.2 and 

Table 2.3.  

 Step 6. Development 

After post-bake, all the wafers were held at the room temperature for at least 10 minutes to 

cool down. Then the wafers were developed to rinse off the part which is not needed with the 

specific development solution. 

The development for the positive photoresist is AZ351 developer (Shipley) and that of the 

negative one is the EC solvent developer (MicroChem). The developing time varies from the 

types and the thickness of the photoresist. The details will be given in the Table 2.2 and Table 

2.3.  

Fig 2.10 showed the summary of lithography with positive and negative photoresist. 

 

Fig 2.10 Summary of UV-lithography 
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Table 2.2 Experimental parameters for positive photoresist S1828 

 

Table 2.3 Experimental parameters for negative photoresist SU8-2100 

Negative Photoresist SU-8 2100 

Thickness: 100μm 

Spin 

speed 

(rpm) 

Acceleration 

time 

(s) 

Duration 

(s) 

Spin 

speed 

(rpm) 

Acceleration 

time 

(s) 

Duration 

(s) 

Pre exposure 

bake time at 

65℃ 
(min) 

Pre exposure 

bake time at 

95℃ 

(min) 

Exposure time 

(s) 

Post exposure 

bake time at 

65℃ 

(min) 

Post exposure 

bake time at 

95℃ 

(min) 

Development 

time 

(min) 

500 9 10 3000 4 30 5 20 26.2 1 10 5-6 

Thickness: 140μm 

Spin 

speed 

(rpm) 

Acceleration 

time 

(s) 

Duration 

(s) 

Spin 

speed 

(rpm) 

Acceleration 

time 

(s) 

Duration 

(s) 

Pre exposure 

bake time at 

65℃ 
(min) 

Pre exposure 

bake time at 

95℃ 

(min) 

Exposure time 

(s) 

Post exposure 

bake time at 

65℃ 

(min) 

Post exposure 

bake time at 

95℃ 

(min) 

Development 

time 

(min) 

500 9 10 2000 4 30 5 35 29.2 1 15 8-9 

Thickness: 250μm 

Spin 

speed 

(rpm) 

Acceleration 

time 

(s) 

Duration 

(s) 

Spin 

speed 

(rpm) 

Acceleration 

time 

(s) 

Duration 

(s) 

Pre exposure 

bake time at 

65℃ 
(min) 

Pre exposure 

bake time at 

95℃ 

(min) 

Exposure time 

(s) 

Post exposure 

bake time at 

65℃ 

(min) 

Post exposure 

bake time at 

95℃ 

(min) 

Development 

time 

(min) 

500 9 10 1000 4 30 12 60 
5*10.5 

1min between 
1 15 20-25 

Positive Photoresist S1828 

Thickness: 2.5μm 

Spin speed 

(rpm) 

Acceleration time 

(s) 

Duration 

(s) 
Pre bake time at 115℃ 

(min) 

Exposure time 

(s) 

Development time 

(min) 

4000 0 60 1 27 1 
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2.3.2 Microelectrode fabrication 

By utilizing the photolithography with positive photoresist, the wafers with different kinds of 

patterns can be obtained. Then the wafers were coated with the specific metals by evaporation 

(Auto 306 vacuum coating systems) procedure to form the microelectrodes. The patterns on 

the wafer were coated with Titanium thin film (approximate 30 nm) following by a thin film 

of gold (approximate 120 nm) in this research. Then the wafers were developed again with 

acetone solution. Only the patterns with the metals coated remained. The details of 

microelectrode fabrication are given in Fig 2.11. 

 

Fig 2.11 (a) The process of microelectrodes fabrication (b) The gold coated electrodes 

fabricated by UV-LIGA 
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2.3.3 Microchannel fabrication 

By utilizing the photolithography process, the different microchannel moulds can be obtained 

with the negative photoresist. Then, the wafers with the microchannel mould on were covered 

by PDMS (polydimethylsiloxane). PDMS is a widely used elastomer which provides a good 

liquid-tight seal on many kinds of substrates. In addition, it is a transparent material so it is 

easy to monitor the liquid flowing inside. Fig 2.12 showed the process of the microchannel 

fabrication with PDMS. 

 

Fig 2.12 Process of microchannel fabrication with PDMS 

 

2.3.4 Electrochemical microreactor assembly 

The assembly method takes a really important part in microreactor fabrication. A good 

assembly can assure the best performance of the microreactors for long-time use. The 

assembly method used in this thesis is adhesive bonding between PDMS and glass substrate 

by oxygen plasma technique.  

A low pressure plasma system (Femto, Diener Electronic) was used to assemble glass wafer 

on which the micro-gold electrodes lied and PDMS channel part with liquid inlet and outlet 

holes. An oxygen plasma was applied to oxidize the surface of both the glass substrate and 

PDMS. Then these two parts can be adhered permanently.  

After that, the PTFE tubing was connected and sealed with epoxy glue, followed with the 

copper wires soldered onto the electrode welding spots.  
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2.4 Instrumentations 

Details of the chemical reagents used in this thesis are given in the Table 2.6.  

Table 2.4 List of instrumentations 

Apparatus Supplier  Model  

Analytical balance  Precisa  XT 120A 

Diamond glass cutter Diamond tech DL 3000XL 

Spin coater Karl Suss Delta 10 TT 

Hot plate Heidolph HG 3001 K 

Mask aligner Karl Suss MJBS 340 

Thermal evaporator Edwards AUTO 306 

Plasma system Diener Electronic FEMTO 

Syringe pump Harvard Apparatus PHD ULTRA 70-3009 

Potantiostat/ Galvanostat AUTOLAB PGSTAT100 

Alternating current potentiostat [108] N/A N/A 

 

2.5 Chemical reagents and summary of reactions 

Details of the chemical reagents used in this thesis are given in the Table 2.5.  

Table 2.5 List of chemical reagent 

Chemicals Supplier Grade 

2,5-Dihydroxybenzoic acid Aldrich 98% 

Acetone Aldrich HPLC 

AZ 351Developer Shipley Clean room quality 

Borate buffer solution pH 9.2 ACROS - 

D-(-)-Isoascorbic acid Aldrich 98% 

EC solvent MicroChem Clean room quality 
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Ferrocenecarboxylic acid Fluka 97% 

Gold Advent Materials 99.99% 

Hydrogen peroxide Aldrich 30 wt.% 

L-cysteine Aldrich 98.5% 

Microposit S1828 Shipley Clean room quality 

N,N,N’,N’-tetramethyl-p-phenylene-diamine ACROS 98% 

Phosphate buffer solution pH 7 ACROS - 

Poly(dimethylsiloxane) Dow Corning - 

Platinum Advent Materials 99.99% 

Potassium chloride Aldrich 99.999% 

Potassium ferrocyanide Aldrich 99.0% 

Sodium borohydride Aldrich 96% 

Sodium hydroxide Aldrich  98% 

SU8-2100 MicroChem Clean room quality 

Sulphuric acid BDH 95% 

Titanium Advent Materials 99.9% 

 

In this thesis, some electrochemical reactions were studied. Details of the reactions, including 

the chemicals involved and reversibility are given in Table 2.6.  
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Table 2.6 List of reactions 

Chemicals Redox   Reversibility   

Potassium ferrocyanide 𝐹𝑒(𝐶𝑁)6
4− − 𝑒− ⇌ 𝐹𝑒(𝐶𝑁)6

3− Quasi-reversible 

Ferrocenecarboxylic acid 𝐹𝐶𝐴 − 𝑒− ⇌ 𝐹𝐶𝐴+ Reversible  

2,5-Dihydroxybenzoic acid 

 

Quasi-reversible 

N,N,N’,N’-tetramethyl-p-phenylene-diamine 
𝑇𝑀𝑃𝐷 − 𝑒− ⇌ 𝑇𝑀𝑃𝐷∗+ 

𝑇𝑀𝑃𝐷∗+ − 𝑒− ⇌ 𝑇𝑀𝑃𝐷2+ 
Quasi-reversible  

Sodium borohydride 𝐵𝐻4
− − 8𝑒− + 8𝑂𝐻− → 𝐵𝑂2

− + 6𝐻2𝑂 Irreversible  

Potassium ferrocyanide/ L-cysteine 
𝐹𝑒(𝐶𝑁)6

4− − 𝑒− ⇌ 𝐹𝑒(𝐶𝑁)6
3− 

𝐹𝑒(𝐶𝑁)6
3− + 𝐿 − 𝑐𝑦𝑠𝑡𝑒𝑖𝑛𝑒 ⟶ 𝐹𝑒(𝐶𝑁)6

4− + 𝐿 − 𝑐𝑦𝑠𝑡𝑖𝑛𝑒 

Homogeneous irreversible 

Ferrocenecarboxylic acid/ L-cysteine 
𝐹𝐶𝐴 − 𝑒− ⇌ 𝐹𝐶𝐴+ 

𝐹𝐶𝐴+ + 𝐿 − 𝐶𝑦𝑠𝑡𝑒𝑖𝑛𝑒 ⟶ 𝐹𝐶𝐴 + 𝐿 − 𝑐𝑦𝑠𝑡𝑖𝑛𝑒 
Homogeneous irreversible 

N,N,N’,N’-tetramethyl-p-phenylene-diamine/ 

ascorbic acid 

𝑇𝑀𝑃𝐷∗+ + 𝐴𝐴 ⇄ 𝑇𝑀𝑃𝐷 + 𝐴𝐴+ 

𝑇𝑀𝑃𝐷∗+ + 𝐴𝐴+ ⇄ 𝑇𝑀𝑃𝐷 + 𝐴𝐴2+ 

𝐴𝐴+ + 𝐴𝐴+ ⇄ 𝐴𝐴 + 𝐴𝐴2+ 

Homogeneous irreversible 
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Chapter 3 Hydrodynamic System with Large 

Amplitude Fourier Transformed Alternating 

Current Voltammetry in Microreactors 

3.1 Introduction 

Based on previous research, large amplitude Fourier transformed alternating current 

voltammetry (FTACV) has been utilized in stagnant system to conduct mechanistic study.   

In this chapter, a broad range of electrochemical reactions have for the first time been 

investigated with FTACV in microfluidic system. The micro-engineered devices which 

contain micro-gold electrodes, micro-channels with 100 µm height, liquid inlet(s) and 

outlet(s) were produced with microfabrication methodology. All of the electrochemical 

reactions mentioned before in Chapter 1 have been examined under either stagnant or 

hydrodynamic system. In the hydrodynamic system, a wide range of flow rates have been 

applied by controlling a syringe pump. As for the homogeneous reactions, different substrate 

concentrations have been selected to examine the response from the system.  

3.2 Hydrodynamic system with large amplitude Fourier 

transformed AC voltammetry 

The channel flow cell has been shown to be a powerful tool to study analytical, mechanistic 

and kinetic processes [190]. The development of microfabrication technique makes possible 

the production of micro-electrochemical reactors with significantly enhanced transport rates, 

resulting in access to faster kinetic regimes [191], as well as improved performance in 

applications related to the study of chemical analysis[192], organic synthesis [193], processes 

at an immiscible liquid/liquid interface, biosensing [194], and gas sensing [195]. In order to 

enhance the selectivity, sensitivity and better understanding of the performance of micro-



 

70 

 

electrochemical reactors, different kinds of potential waveforms have been applied to 

investigate the perturbation of the system [144]. Fourier transformed alternating current 

voltammetry is an interest in the present study.   

Based on previous research [196], fast Fourier transformed (FFT) methods can enhance the 

capability of electrochemical admittance techniques by resolving the entire frequency 

spectrum of an AC electrochemical system in considerably less time, and often with great 

accuracy. In impedance spectroscopy, small amplitude perturbations were mainly used by 

researchers in attempt to minimize second to higher terms so that the modelling work can be 

linearized. However the signal-to-noise ratio may be poor and the peaks in the higher 

harmonics cannot be easily obtained when small amplitude signal is applied [115].  Further, 

some valuable information, for example, uncompensated resistance and double layer 

capacitance can only be evaluated from second to higher harmonics [108]. According to 

Engblom’s research [197], there is no cogent reason for restricting experimental AC voltage 

amplitudes to small values and on the contrary, the use of large amplitude can lead to better 

sensitivity. The merit to utilize larger amplitude is evident in higher harmonics, e.g. after 

fourth harmonic, and the peaks are significantly more visible comparing to those with small 

amplitude. This technique has been used in stagnant system to undertake mechanistic study 

with large amplitude applied [198]. Researchers have found that the large amplitude FTACV 

technique readily revealed the presence of significant Faradaic processes at potentials within 

the double-layer region of gold electrodes in acidic and basic media, where the current has 

often been assumed to be purely capacitive in nature [199].  

Large amplitude Fourier transformed AC voltammetry has been utilized in hydrodynamic 

system by several researchers. Based on Walker’s work [200], AC voltammetry is not so 

sensitive to stirring effects in solution and is a promising key to the continuous process-stream 

monitoring. According to Japanese researchers [201,202], the  measurement under steady 

state can provide a well-defined convective regime and suppressed effect of natural 

convection. The use of a rotating disk electrode rather than a stationary electrode in AC 

voltammetry make the steady state can be achieved easily, so that an AC signal with a 

frequency as low as 1 Hz can be used. Followed by which, it was proved that this technique is 

a vast, accurate and simple method for analysing linear hydrodynamic modulation 

voltammetry systems, and is also a powerful tool for studying non-linear system response 

[145]. Matthews et al. [203] reported that large amplitude AC voltammetry can be 

advantageously applied to assist in the understanding of the mass transport, electrode kinetic, 

and double layer capacitance behaviour of a microfluidic electrode device. Even in the 
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presence of solution flow, AC harmonic responses retain excellent signal-to-noise ratio 

allowing higher order harmonics to be accessed. However, large amplitude FTACV has little 

been applied to probe the mechanism study in hydrodynamic system. In this chapter, the 

technique was used to study different electrochemical reactions in hydrodynamic 

environment.  

3.3 Experimental setup  

The electrochemical microreactors were produced and assembled by microfabrication 

methodology mentioned in Chapter 2. Fig 3.1 shows a well-made electrochemical 

microreactor which was mainly used in this thesis. On the glass substrate, there were three 

sets of microelectrodes and each set contained a reference, working and counter electrode 

with width of 100 µm, 100 µm and 5 mm, respectively. The microchannel covered all sets of 

electrodes and the width and height of the microchannel was 1 mm, 100 µm, respectively. The 

diameter of the PTFE tubing was 1 mm. The cables were soldered with the electrodes on the 

soldering points.  

 

Fig 3.1 Electrochemical microreactor 

 

The supporting electrolyte contained 0.5 M potassium chloride was used in every 

measurements excluding specific statement. The solution was pumped into the microreactors 
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and controlled flow rates with the syringe pump (Harvard PHD ULTRA 70-3009). All the 

experiments were carried out under room temperature (25 ± 1℃) 

The electrochemical detection was carried out with large amplitude Fourier transformed 

alternating current voltammetry by home-built instrumentation [108]  to study different 

electrolysis mechanisms in both stagnant and hydrodynamic system.  

3.4 Electrochemical detection of pure electron transfer reactions 

in microfluidic system 

In this section, the pure electron transfer reaction is reported in a microfluidic system. Firstly, 

the single electron transfer reactions with total reversibility and quasi-reversibility were 

examined in section 3.4.1. Then multiple electron transfer reactions are studied in section 

3.4.2.  

3.4.1 Single electron transfer reaction 

3.4.1.1 Detection of potassium ferrocyanide 

The redox system of Fe(CN)6
4-

/ Fe(CN)6
3-

 is a classical alternative for the electrochemistry. 

This redox system is often used to probe the reactivity of electrodes, and it is often presumed 

that this redox couple undergoes electron transfer via a simple outer-sphere mechanism [204]. 

It is believed that the redox undergoes a quasi-reversible reaction.  

 𝐹𝑒(𝐶𝑁)6
4− − 𝑒− ⇌ 𝐹𝑒(𝐶𝑁)6

3− (3.1) 

Firstly, the Levich behaviour was obtained with different volume flow rates. Fig 3.2 shows 

the limiting current obtained detailing with various flow rates, which was extracted directly 

from data generated with FTACV. The plot of limiting current values versus volume flow 

rates was shown in Fig 3.2 (b). Good linear relationship can be found from the figure, which 

reveals the Levich behaviour. The linear trend line nearly crossed the origin of coordinate axis 

showed that the device was properly fabricated and reliable to use.  
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Fig 3.2 (a) linear sweep voltammogram (potential range: -0.1-0.6 V, scan rate: 13.04 mV/s) 

detailing with the response of 2 mM potassium ferrocyanide to increasing flow rates (from 

0.01 to 0.10 mL/min); (b) limiting current with various cubic root of flow rates.  

 

 

Fig 3.3 The large amplitude FTACV (potential range: -0.2-0.4 V, scan rate: 11.18 mV/s, 

frequency: 1 Hz, amplitude: 50 mV) detailing with the response of 2 mM potassium 

ferrocyanide in absence of L-cysteine (a) first harmonic; (b) second harmonic; (c) third 

harmonic; (d) DC signal.  

 

Fig 3.3 shows the large amplitude FTACV signal response of potassium ferrocyanide (2 mM, 

in 0.5 M KCl electrolyte solution) on the 100 µm gold electrode in the stagnant system. The 
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parameters setting in the FTACV are: potential range: -0.2-0.4 V, scan rate: 11.18 mV/s, 

frequency: 1 Hz and amplitude as 50 mV. The DC signal and harmonic components can be 

obtained at the same time by utilizing FTACV.  

As it can be seen from Fig 3.3, the peaks of the back sweep from all harmonics are slightly 

smaller than the forward ones because the redox reaction of potassium ferrocyanide is quasi-

reversible. In the second harmonic, two peaks from both oxidative and reductive process were 

obtained clearly. The reductive peaks are slightly smaller than the oxidative one can be found 

in this and higher harmonics as well due to the relatively small rate constant of redox of 

ferrocyanide, which is about 0.10 cm s
-1

 according to literature [205–207]. The DC signal 

showed a classic duck shape voltammogram, which indicated that the both the AC 

components and DC signal can be obtained in a short time measurement.  

Fig 3.4 shows the signal response extracted from large amplitude FTACV for the redox of 

potassium ferrocyanide in the microfluidic system. As the flow rates increased in the 

microchannel, the peak heights in fundamental harmonic increased due to the thickness of 

diffusion layer decreased, but the peak didn’t shift with the change of flow rates. Similar 

phenomena can be found in higher harmonic as well. Also the diffusion coefficient can be 

obtained from the DC signal extracted from the overall response based on Equation (1.31). 

The diffusion coefficient value was revised and calculated as 7.70 ± 0.20 × 10
-6

 cm
2
s

-1
 for 2 

mM potassium ferrocyanide in 0.5 M KCl supporting electrolyte. 
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Fig 3.4 The large amplitude FTACV (potential range: -0.1-0.6 V, scan rate: 13.04 mV/s, 

frequency: 1 Hz, amplitude: 50 mV) detailing with the response of 2 mM potassium 

ferrocyanide to increasing flow rates (from 0.01 to 0.10 mL/min) (a) first harmonic; (b) 

second harmonic; (c) third harmonic; (d) peak current with various flow rates; (e) integral of 

peaks generated from forward scans with various flow rates.  

The plot of peak current values versus cubic flow rates in each harmonic was shown in Fig 

3.4 (d). As it can be seen from the figure, good linear relationship can be found between the 
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peak current values and cube root of flow rates, which is analogue with the Levich behaviour 

in DC technique. The correlation between peak current values and flow rates became weaker 

in the higher harmonic, which means that the peak current values became independent of the 

flow rates in the higher harmonics. This phenomenon has been noted previously [203]. In the 

higher harmonics, the Levich-like behaviour breaks down and the mass transport becomes 

dominated by the diffusion rather than convection contribution.  

The integral of each curve was calculated and plotted in Fig 3.4 (e) as well. The integral of the 

harmonic peaks represented the electric charge within the measurement time. The plot showed 

good linear relationship between the peak integral and cubic flow rates which is similar with 

the Levich-like behaviour mentioned before. The analysis of peak integral has been done in 

all sections and found similar results. For convenient and intuitional aspect, only the peak 

current value versus cubic flow rates plot will be shown in the later sections for discussion.  

3.4.1.2 Detection of ferrocenecarboxylic acid 

Ferrocenecarboxylic acid (FCA) has been reported to undergo a reversible oxidation in 

aqueous solution. Fig 3.6 shows the electrochemical response of 2 mM FCA with 0.5 M KCl 

supporting electrolyte in pH 9.2 borate buffer solution in AC components. The parameters 

setting in FTACV are: potential range -0.1-0.6 V, scan rate: 13.04 mV/s, frequency: 1 Hz and 

amplitude as 50 mV.  

From fundamental through fourth harmonics, the peak current values rose up with the 

increase of the flow rates, consistent with the behaviour noted in section 3.4.1.1.  

 𝐹𝐶𝐴 − 𝑒− ⇌ 𝐹𝐶𝐴+ (3.2) 

The DC signal was extracted firstly from the overall AC data to examine the Levich 

behaviour. Fig 3.5 shows the limiting current obtained under different volume flow rates. The 

good linear relationship between limiting current values and various cubic roots of flow rates 

shows that the Levich behaviour had been achieved in the measurements.  
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Fig 3.5 (a) linear sweep voltammogram (potential range: -0.1-0.6 V, scan rate: 13.04 mV/s) 

detailing with the response of 2 mM FCA in pH 9.2 borate buffer to increasing flow rates 

(from 0.01 to 0.10 mL/min); (b) limiting current with various cubic root of flow rates. 

 

 



 

79 

 

 

 

 



 

80 

 

 

 

Fig 3.6 The large amplitude FTACV (potential range: -0.1-0.6 V, scan rate: 13.04 mV/s, 

frequency: 1 Hz, amplitude: 50 mV) detailing with the response of 2 mM FCA in pH 9.2 

borate buffer to increasing flow rates (from 0.01 to 0.10 mL/min) (a) first harmonic; (b) 

second harmonic (c) third harmonic; (d) fourth harmonic; (e) peak current with various flow 

rates. 
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As it can be seen from Fig 3.6, the peaks generated from the backward sweep showed the 

same height with the ones from forward sweep, which revealed that the oxidation of FCA is a 

reversible reaction. The signal-to-noise ratio is relatively high in higher harmonics compared 

with the same measurement of potassium ferrocyanide, which may due to the better 

reversibility of FCA. The diffusion coefficient value can be calculated from the DC signal 

extracted from overall response based on Levich equation. The value was obtained as 8.10 ± 

0.20 × 10
-6

 cm
2
s

-1
, which is consistent with literature [208].  

Fig 3.6 (e) showed the good linear relationship between peak current of FCA in each 

harmonic and cube root of flow rates. Within this flowing region, the system is under laminar 

flow and the resulting current is under diffusion control. Compared with ferrocyanide, FCA 

showed better electrochemical reversibility even in the higher harmonics.   

3.4.2 Dual electron transfer reaction 

In this section, two different dual reactions were studied. The first one is redox of 2,5-

dihydroxybenzoic acid, which undergoes a direct two electron transfer reaction. The other one 

is N,N,N’,N’-tetramethyl-para-phenylene-diamine, which shows a typical two consecutive 

one-electron steps.  

3.4.2.1 Detection of detection of 2,5-dihydroxybenzoic acid 

2,5-dihydroxybenzoic acid (also named gentisic acid or DHB) is a dihydroxybenzoic acid. It 

is a derivative of benzoic acid and a minor (1%) product of the metabolic break down of 

aspirin. It is also found in the African tree and in wine [209].  

The most famous application of DHB is that it can be utilized as sample matrix in matrix-

assisted laser desorption/ionization (MALDI) mass spectrometry [210–212]. The use of DHB 

in MALDI mass spectrometry was showed to improve ion yields and signal-to-noise ratio of 

analyte molecules, especially for the high-mass range [213]. Also, as one of catechol 

derivatives, it plays an important role in mammalian metabolism. Many compounds of this 

type are known to be secondary metabolites of higher plants [214].  

The electrochemical redox of DHB shows a typical two-electron transfer in one single step 

reaction [215]. Researchers have also found out that the electrochemical behaviour of DHB is 

dependent on the change of pH values of the electrolyte due to the protons were involved in 

the whole process [216].  
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Fig 3.7 Scheme of redox of DHB 

 

As it can be seen from Fig 3.8, the limiting current under different volume flow rates were 

obtained from the overall AC data. Compared to the previous reactions, it took longer time for 

DHB to achieve steady-state under microfluidic conditions due to the quasi-reversibility of 

the reaction on gold electrode.  

 

Fig 3.8 (a) linear sweep voltammogram (potential range: -0.1-0.5 V, scan rate: 11.18 mV/s) 

detailing with the response of 2 mM DHB in pH 5 acetate buffer to increasing flow rates 

(from 0.01 to 0.10 mL/min); (b) limiting current with various cubic root of flow rates. 

 

Fig 3.9 showed the electrochemical response of 2 mM DHB in pH 5 acetate buffer. As it was 

expected, the peak current values rose with the increase of the flow rates. In the DC 

technique, based on Levich equation (1.31), the peak current has a linear relationship with 

cubic root of flow rates when the flowing stream reaches the steady state. In FTACV, 

unfortunately there is no such a theory that can be depicted the algebraic relationship. In Fig 

3.9 (c), the peak current in each harmonic with the cube root of chosen flow rates has been 

shown. When the flow in the channel was fast enough and reached the convective controlled 

condition, the current of the harmonic components behaved in a Levich-like manner as 

expected. The peaks in the second harmonic did not show the typical bell shape compared 
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with the figures in previous section, the reason for which could be the effect caused by proton 

transfer.  

According to Nematollahi’s work [217], the side reactions such as hydroxylation and/or 

dimerization reactions are too slow to be observed under cyclic voltammetry when a scan rate 

at 100 mV/s was used. However, in FTACV, a relatively slow scan rate at 11.18 mV/s was 

used to enable the system to achieve steady-state. In this case, the side reactions could take 

place with enough time. The hydroxylation and/ or dimerization reactions could be one of the 

possibilities of the noise which was detected during the measurements and the incomplete bell 

shape.  
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Fig 3.9 The large amplitude FTACV (potential range: -0.1-0.5V, scan rate: 11.18mV/s, 

frequency: 1 Hz, amplitude: 50 mV) detailing with the response of 2 mM DHB in pH 5 

acetate buffer to increasing flow rates (from 0.01 to 0.10 mL/min) (a) first harmonic; (b) 

second harmonic (c) peak current with various cubic root of flow rates.  

 

3.4.2.2 Detection of N,N,N’,N’-tetramethyl-para-phenylene-diamine 

(TMPD) 

N,N,N’,N’-tetramethyl-para-phenylene-diamine, also named as TMPD, is well-known to 

undergo a two-electron transfer oxidation pathway: upon removal of the first electron a 

delocalized radical cation results and removal of the second electron forms a p-

quinonediimine dication [218]. It can be shown as 

 𝑇𝑀𝑃𝐷 − 𝑒− ⇌ 𝑇𝑀𝑃𝐷∗+ (3.3) 

 𝑇𝑀𝑃𝐷∗+ − 𝑒− ⇌ 𝑇𝑀𝑃𝐷2+ (3.4) 

Based on that, the oxidation of TMPD on cyclic voltammogram shows two individual 

oxidation and reduction peaks at different potentials, which was shown in Fig 3.10.  
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Fig 3.10 Cyclic voltammogram of 2 mM TMPD in pH 7 phosphate buffer (potential range:  

-0.2-0.6, scan rate: 50 mV/s) 

 

As it can be noted from the figure, there is a small wave between the two primary waves. This 

is a result of ipso attach of water on the electrogenerated dication [219]. The use of 

microelectrode and hydrodynamic voltammetry eliminated this phenomenon to an extent 

compared with the situation when a macro electrode is involved. In this thesis, the research 

primarily concentrated on the primary waves generated due to the electron transfer. 

 

Fig 3.11 (a) linear sweep voltammogram (potential range: -0.2-0.6 V, scan rate: 14.90 mV/s) 

detailing with the response of 2 mM TMPD in pH 7 phosphate buffer to increasing flow rates 

(from 0.01 to 0.10 mL/min); (b) limiting current with various cubic root of flow rates. 
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Fig 3.11 shows that under different volume flow rates electrochemical oxidation of TMPD 

presented two limiting current due to two consecutive electron transfer steps. Levich 

behaviour can be obtained from both electron transfer steps evidenced by the linear 

relationship between limiting current values versus cubic roots of flow rates, which can be 

found in Fig 3.11 (b). 

The typical electrochemical characteristic of TMPD triggered the research interest in the 

electrochemical response of two consecutive oxidation steps in large amplitude Fourier 

transformed alternating current voltammetry.  Fig 3.12 showed the two consecutive one-

electron transfer steps of TMPD. Similar with cyclic voltammogram, in AC component, it 

showed two individual peaks either in oxidation or reduction sweep.  As it can be seen from 

the figure, the change of the peak current was the result from the increasing controlled flow 

rates. And the reverse peak(s) was almost as high as the forward one, which indicates a 

reversible reaction. The diffusion coefficient value was obtained as 6.30±0.10 × 10
-6

 cm
2
s

-1
, 

which was noted in literature previously as well [220].    

The peak current value of second oxidative peak is slightly higher than the first one, which 

means that the intermediate TMPD*
+
 is thermodynamically unstable and it is easier to be 

oxidized with overpotential. Based on that, most of the electrocatalytic methods utilize 

TMPD*
+
 as a mediator to continue the following (electro)chemical reactions. In conventional 

cyclic voltammetry, the baseline of the first peak and the second one is not the same, so it 

takes more efforts to fix the baselines for measuring the peak current. However in FTACV, 

both of the peaks shared the same baseline, it is more intuitional to compare the two steps at 

the same time.  

As it can be seen from the second harmonic, the second peak generated due to the second step 

of electron transfer (TMPD
*+

/ TMPD
2+

) was relatively lower than the first peak. This 

indicated that the second step oxidation of TMPD represented a quasi-reversible reaction, 

which was the result of competition of kinetic control and diffusion control. The similar 

phenomena can be obtained from third to higher harmonics due to the quasi-reversibility of 

the reaction as well.  
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Fig 3.12 The large amplitude FTACV (potential range: -0.2-0.6V, scan rate: 14.90mV/s, 

frequency: 1 Hz, amplitude: 50 mV) detailing with the response of 2 mM TMPD in pH 7 

phosphate buffer to increasing flow rates (from 0.01 to 0.10 mL/min) (a) first harmonic; (b) 

second harmonic (c) third harmonic; (d) fourth harmonic. 



 

89 

 

3.4.3 Irreversible reaction 

Sodium and other borohydrides have been used as the reducing agents in many inorganic and 

organic reactions [221]. The earliest methods for analysing borohydrides cannot meet the 

standard for rapid, accurate and simple determination. The most accurate hydrogen evolution 

method [222] is very complicated while the titration technique [223] and argentimetric 

method [224] are not that accurate. Some other methods, such as polarography [225] and 

spectrophotometry [226] cannot be used directly in a reaction system.  

Later on, electrochemical method was introduced to detect borohydrides. The electrode 

reaction of sodium borohydride elucidates a complicated irreversible reaction [227] 

 𝐵𝐻4
− + 8𝑂𝐻− − 8𝑒−⟶ 𝐵𝑂2

− + 6𝐻2𝑂 (3.5) 

Based on previous study of aqueous solutions of borohydride, the hydrolysis will result in the 

𝐵𝐻4
− reacting rapidly with water at pH below 12 which makes the analysis complicated. To 

eliminate this effect, in this experimental part, the supporting electrolyte solution used was 

sodium hydroxide and the pH value was controlled strictly higher than 12.  

Fig 3.13 showed the electrochemical response of 10mM sodium borohydride in NaOH 

solution as supporting electrolyte from cyclic voltammetry. As it can be seen from the figure, 

a typical irreversible reaction was shown. There was an oxidation peak of borohydride can be 

found at +0.089 V while no reduction peak can be detected, which showed a great agreement 

to literature.  

 

Fig 3.13 Cyclic voltammogram detailing of the response of 10mM sodium borohydride in 3M 

NaOH solution on micro-gold electrode (potential range: -0.8-0.5V, scan rate: 30mV/s) 
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Firstly the DC signal was extracted from overall AC data to study the Levich behaviour. As it 

can be seen from Fig 3.14, the steady-states phenomena can be obtained under different flow 

rates, which showed the diffusion-control process. Also, the limiting current values were 

proportional with the cubic roots of volume flow rates, which showed the Levich behaviour.  

 

Fig 3.14 (a) linear sweep voltammogram (potential range: -0.3-0.35 V, scan rate: 12.11 mV/s) 

detailing with the response of 10 mM sodium borohydride in 3 M NaOH supporting 

electrolyte to increasing flow rates (from 0.01 to 0.10 mL/min); (b) limiting current with 

various cubic root of flow rates. 

Next, the large amplitude FTACV was utilized to study the redox reaction of borohydride 

both in stagnant and microfluidic system. Fig 3.15 showed the AC components extracted from 

overall signal of large amplitude FTACV. The peaks generated from the backward sweep 

were obviously smaller than the forward ones, which indicates the kinetics of this reaction. 

Also, the peak current increased when higher flow rates have applied. Further the complexity 

of the reaction and the possible unstable intermediates resulted in the poor signal-to-noise 

ratio, so that the noise in the harmonics cannot be eliminated and higher harmonics are hard to 

analyse accurately. Fig 3.15 (c) showed the relationship of the peak current values in the first 

and second harmonic and the cubic root of flow rates. A Levich-like manner can still be 

obtained even if the ratio of signal-to-noise is relatively poor compared with reversible 

reactions. In spite of that, the diffusion coefficient value was obtained as 1.06 ± 0.09 × 10
-5

 

cm
2
s

-1
 in 3 M NaOH supporting electrolyte, which has a good agreement with literature [228].   

Based on the previous research, the overall irreversibility of the process is caused by very 

unstable intermediate products that can be reduced only under conditions of a sufficiently fast 

electrochemical method [227]. The unstable intermediate products can also result in the 

unexpected noise in large amplitude FTACV measurement.  
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Fig 3.15 The large amplitude FTACV (potential range: -0.3-0.35V, scan rate: 12.11mV/s, 

frequency: 1 Hz, amplitude: 50 mV) detailing with the response of 10mM sodium 

borohydride in 3M NaOH supporting electrolyte to increasing flow rates (from 0.01 to 0.10 

mL/min) (a) first harmonic; (b) second harmonic (c) peak current with various cubic root of 

flow rates.  

 

3.5 Electrochemical detection of coupled homogeneous reactions 

in microfluidic system 

3.5.1 Electrochemical detection of L-cysteine by using Fe
2+

 mediated 

oxidation 

Hydrogen sulfide often results from the microbial breakdown of organic matter in the absence 

of oxygen gas, such as in swamps and sewers. It also occurs in volcanic gases, natural gas, 

and in some sources of well water. Recently , the use of hydrogen sulfide gets researchers’ 

attention in pharmaceutical [229], industrial fields especially in neuron science [230–233]. 

The detection of hydrogen sulfide gained significant importance due to its high toxicity and 

the corresponding risks associated with exposure in a number of occupational settings. The 

various routes that have been considered in the analysis of sulfide are broadly summarised in 

Fig 3.16.  
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Fig 3.16 Analytical pathways for the detection of sulfide [234] 

 

Compared with classical techniques, such as iodine titration [235] and spectroscopic detection 

[236], electrochemical sensing method provides advantages of low cost, simplicity of design, 

high sensitivity, and rapid response as well as suitability in some extreme environments [237–

240].  

L-cysteine is an amino acid, which has been studied because of its importance in biological 

system [241]. The sulfhydryl functional group gives L-cysteine significant redox 

characteristics [242], therefore it is utilized as a replacement of H2S in the laboratory. 

Furthermore, it is a solid material, which means it is much safer to undergo the experiments 

other than applying hydrogen sulfide gas directly. This redox reaction involved L-cysteine has 

the potential application in H2S or other hazardous gas sensing in oil extracting industry 

[243].   

There some research based on electrochemical sensing of L-cysteine. People found that 

although L-cysteine showed electroactive characteristic, the drawbacks of large overpotential, 

low sensitivity and potential to cause electrode fouling were still needed to take into 

consideration [244].  Fig 3.17 showed the cyclic voltammogram of L-cysteine on glassy 

carbon electrode, which showed good agreement with literature [245].  The electrochemical 

peak can be hardly found when there is absence of other electroactive species and unmodified 

electrode.  
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Fig 3.17 Cyclic voltammogram of 1 mM L-cysteine in 0.5 M KCl electrolyte at 3.0 mm 

diameter glassy carbon electrode  

 

On the basis of that, some efforts have been developed to overcome the obstacles including 

modified the electrode surface [246–249] or utilize intermedia to achieve electrocatalytic 

process to determine L-cysteine.  

The consistent reduction potential of Fe(CN)6
4-

/ Fe(CN)6
3-

 over a wide pH range and both 

stable oxidized and reduced forms proved that ferricynaide can be an efficient oxidant of a 

wide variety of organic substrate. The oxidation of cysteine by ferricyanide is well established 

[250–252]. Fig 3.18 showed the system response when L-cysteine was added to Fe(CN)6
4-

 

solution. It can be seen obviously that the oxidative peak current increased while the reductive 

peak current decreased when L-cysteine was induced to the system due to the EC’ reaction. 

Furthermore, the peak current values can be traced according to the change of L-cysteine 

concentrations.  

 

Fig 3.18 Cyclic voltammogram detailing with the response of 2 mM potassium ferrocyanide 

to increasing concentrations of L-cysteine on macro gold electrode 
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Large amplitude FTACV was carried to investigate the influence of sulfide under the 

hydrodynamic condition. Fig 3.19 shows the electrochemical response with L-cysteine added 

to the system. Also, the peak height changed according to the increase of the controlled flow 

rates. But it can be seen from the figure that the peak shifted slightly to more positive 

direction. One possible reason for this phenomenon is less stable nature of the gold pusedo 

reference was used in the microfabrication process. Measurements were repeated with 

different concentration of L-cysteine, and same phenomena can be obtained from Fig 3.19 to 

Fig 3.22.  

 

Fig 3.19 The large amplitude FTACV (potential range: -0.1-0.6 V, scan rate: 13.04 mV/s, 

frequency: 1 Hz, amplitude: 50 mV) detailing with the response of 2 mM potassium 

ferrocyanide with 1 mM L-cysteine to increasing flow rates (from 0.01 to 0.10 mL/min) (a) 

first harmonic; (b) second harmonic.  
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Fig 3.20 The large amplitude FTACV (potential range: -0.1-0.6 V, scan rate: 13.04 mV/s, 

frequency: 1 Hz, amplitude: 50 mV) detailing with the response of 2 mM potassium 

ferrocyanide with 2 mM L-cysteine to increasing flow rates (from 0.01 to 0.10 mL/min) (a) 

first harmonic; (b) second harmonic. 
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Fig 3.21 The large amplitude FTACV (potential range: -0.1-0.6 V, scan rate: 13.04 mV/s, 

frequency: 1 Hz, amplitude: 50 mV) detailing with the response of 2 mM potassium 

ferrocyanide with 3 mM L-cysteine to increasing flow rates (from 0.01 to 0.10 mL/min) (a) 

first harmonic; (b) second harmonic. 
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Fig 3.22 The large amplitude FTACV (potential range: -0.1-0.6 V, scan rate: 13.04 mV/s, 

frequency: 1 Hz, amplitude: 50 mV) detailing with the response of 2 mM potassium 

ferrocyanide with 4 mM L-cysteine to increasing flow rates (from 0.01 to 0.10 mL/min) (a) 

first harmonic; (b) second harmonic. 
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Fig 3.23 shows the pathway in the electrochemical sensing of L-cysteine involving 

ferrocyanide. This method shows a typical EC’ process since the electrochemically generated 

ferricynaide will react with L-cysteine and reduces back to ferrocyanide. The equations as 

following 

 𝐹𝑒(𝐶𝑁)6
4− − 𝑒− ⇌ 𝐹𝑒(𝐶𝑁)6

3− (3.6) 

 𝐹𝑒(𝐶𝑁)6
3− + 𝐿 − 𝑐𝑦𝑠𝑡𝑒𝑖𝑛𝑒 ⟶ 𝐹𝑒(𝐶𝑁)6

4− + 𝐿 − 𝑐𝑦𝑠𝑡𝑖𝑛𝑒 (3.7) 

 

 

Fig 3.23 Oxidation of cysteine by electrochemically generated ferricyanide [253] 

 

Furthermore, the influence of L-cysteine concentrations was studied in large amplitude 

FTACV. Fig 3.24 shows the AC component extracted from overall signal in the stagnant 

system. When the concentration of L-cysteine increased, the peak height of the fundamental 

harmonic increased as well. The current rise according to the substrate concentration was 

resulted from the current contribution from the oxidation of the regenerated potassium 

ferricynaide in the catalytic step. Fig 3.24 (c) demonstrated the linear relationship between the 

peak current in AC component and concentrations of L-cysteine, which is analogous with 

previous research based on DC technique [253].  

According to the literature, there are two possible pathways of cysteine by ferricyanide, 

depending on whether the de-protonation stage takes place before the oxidation step [253]. 

The modelling result showed that both forms of cysteine could be oxidized by ferricyanide 

and the rate constant of the electrocatalytic step was found to increase with pH values.  
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Fig 3.25 shows the same measurements in the hydrodynamic system.  As the flow rated 

increased, the heights of peak current rose up as well but the peaks did not shift. Similar with 

stagnant system, Fig 3.25 (c) showed a great linear relationship between peak current and the 

concentrations of L-cysteine. 

 

Fig 3.24 The large amplitude FTACV (potential range: -0.1-0.6V, scan rate: 13.04mV/s, 

frequency: 1 Hz, amplitude: 50 mV) detailing with the response of 2 mM potassium 

ferrocyanide to increasing concentration of L-cysteine in stagnant system (a) first harmonic; 

(b) second harmonic; (c) peak current with different concentrations of L-cysteine. 
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Fig 3.25 The large amplitude FTACV (potential range: -0.1-0.6V, scan rate: 13.04mV/s, 

frequency: 1 Hz, amplitude: 50 mV) detailing with the response of 2 mM potassium 

ferrocyanide to increasing concentration of L-cysteine under flow rate at 0.10 mL/min (a) 

first harmonic; (b) second harmonic; (c) peak current with different concentrations of L-

cysteine.  
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3.5.2 Electrochemical detection of L-cysteine by using FCA mediated 

oxidation 

Ferrocenes often exhibit simple electrochemical behaviour and the oxidation to the 

ferricinium is reversible and uncomplicated [208]. Based on that, in this section 

ferrocenecarboxylic acid (FCA) was used as a mediator to electrocatalytically oxidize L-

cysteine. Song et al. published that the split wave behaviour can be investigated on both 

macro- and micro- glassy carbon electrodes when FCA was used as a mediator [254].  

Fig 3.26 shows the electrochemical behaviour of FCA and L-cysteine in the hydrodynamic 

system. As it can be predicted, the peak current increase with higher controlled flow rates and 

was consistent through the fundamental to fourth harmonic while the split wave behaviour 

was not found due to the utilization of gold electrode and the microfluidic conditions.  

It can be concluded that the large amplitude FTACV is sensitive to the change of flow rates 

and then concentrations of substrate. The linear relationship between peak current values and 

concentrations of L-cysteine is observed with DC technique.  

The use of mediator (Fe(CN)6
4-

 or FCA) as a catalyst showed a promising way to determine 

the L-cysteine since that the overpotential value is relatively small compared with direct 

oxidizing L-cysteine and it can prevent electrode fouling which is more efficient and 

economically friendly.  
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Fig 3.26 The large amplitude FTACV (potential range: -0.1-0.6V, scan rate: 13.04mV/s, 

frequency: 1 Hz, amplitude: 50 mV) detailing with the response of 2 mM FCA in pH 9.2 

borate buffer with 0.2 mM L-cysteine to increasing flow rates (from 0.01 to 0.10 mL/min) (a) 

first harmonic; (b) second harmonic (c) third harmonic; (d) fourth harmonic. 

 

3.5.3 Electrochemical detection of ascorbic acid by using N,N,N’,N’-

tetramethyl-para-phenylene-diamine mediated oxidation 

Ascorbic acid, also known as Vitamin C, is a vital substance for human being. Unlike most 

mammalian species, human cannot synthesize ascorbic acid from glucose, hence its uptake 

from food sources, mainly vegetables [255]. The concentration of ascorbic acid in food 

industry can be varied according to climate change and methods of harvest, storage and 

processing conditions [256], hence reliable and accurate detection of ascorbic acid is required 

in agricultural area.  

The methods for detection of ascorbic acid include HPLC [257], titration [258], molecular 

spectroscopic techniques [259] such as spectrophotometry, chemiluminescence and 

fluorescence techniques, sorption–spectroscopy, visual-test, colorimetry [260] , photometric 

method [261], electrochemical technique [262]. In electrochemistry, ascorbic acid shows a 

typical irreversible two-electron transfer reaction with the poor reproducibility and electrode 
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fouling. The current trendy way to detect ascorbic acid indicates that the electrode 

modification can be a good solution [263], while it often involves some expensive materials.  

Electrocatalytic methods have shown promise as a rapid response and economically friendly 

approach to ascorbic acid monitoring. Kuss [264] demonstrated an electrocatalytic way to 

detect ascorbic acid by using TMPD as a mediator. In presence of TMPD, ascorbic acid can 

be oxidized at a low overpotential [265] and the products are formed in the solution to avoid 

the electrode fouling and the reliable electrochemical signal can be recorded on unmodified 

electrode. Also, the applicability of this technique can be reproducible on commercial orange 

juice, offering a straight forward, inexpensive and precise alternative to other ascorbic acid 

determination strategies.  

First of all, the electrochemical detection of 2 mM TMPD to TMPD*
+
 in pH 7 phosphate 

buffer solution was processed under large amplitude FTACV with potential range of -0.2-0.25 

V, scan rate as 8.38 mV/s, frequency as 1 Hz and amplitude as 50 mV.  

In Fig 3.27, the electrochemical response of TMPD to TMPD*
+
 was shown. Similar to Fig 

3.12, the good current response to the flow rates change can be found. But as it mentioned 

before, due to TMPD*
+
 is thermodynamically unstable. The signal-to-noise ratio in higher 

harmonic components is relatively poor compared with fully oxidation of TMPD. However 

the active TMPD*
+
 performs as a good catalysis to later homogeneous reaction.  
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Fig 3.27 The large amplitude FTACV (potential range: -0.2-0.25 V, scan rate: 8.38 mV/s, 

frequency: 1 Hz, amplitude: 50 mV) detailing with the response of 2 mM TMPD in pH 7 

phosphate buffer to increasing flow rates (from 0.01 to 0.10 mL/min) (a) first harmonic; (b) 

second harmonic (c) third harmonic; (d) fourth harmonic. 

 

Next, ascorbic acid was introduced to the system. The concentrations of ascorbic acid were 

chosen in excess of TMPD to ensure stability of experimental measurements. Fig 3.28 to Fig 

3.30 showed the AC components extracted from overall signal of TMPD with different 

concentrations of ascorbic acid. As it can be seen from these figures, when ascorbic acid was 

added to the microfluidic system, the peaks shifted. This phenomenon is quite similar with 

that happened in previous section when L-cysteine was introduced into potassium 

ferrocyanide environment. The added substrate in the system did have the influence to the 

gold reference electrode, which is not that stable compared with other commercial reference 

electrode materials.    
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Fig 3.28 The large amplitude FTACV (potential range: -0.2-0.35 V, scan rate: 10.24 mV/s, 

frequency: 1 Hz, amplitude: 50 mV) detailing with the response of 2 mM TMPD with 2 mM 

ascorbic acid in pH 7 phosphate buffer to increasing flow rates (from 0.01 to 0.10 mL/min) 

(a) first harmonic; (b) second harmonic; (c) third harmonic.  
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Fig 3.29 The large amplitude FTACV (potential range: -0.2-0.35 V, scan rate: 10.24 mV/s, 

frequency: 1 Hz, amplitude: 50 mV) detailing with the response of 2 mM TMPD with 4mM 

ascorbic acid in pH 7 phosphate buffer to increasing flow rates (from 0.01 to 0.10 mL/min) 

(a) first harmonic; (b) second harmonic; (c) third harmonic. 
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Fig 3.30 The large amplitude FTACV (potential range: -0.2-0.35 V, scan rate: 10.24 mV/s, 

frequency: 1 Hz, amplitude: 50 mV) detailing with the response of 2 mM TMPD with 6 mM 

ascorbic acid in pH 7 phosphate buffer to increasing flow rates (from 0.01 to 0.10 mL/min) 

(a) first harmonic; (b) second harmonic; (c) third harmonic. 

 

The influence of concentrations of ascorbic acid was also investigated. Fig 3.31 (a-c) shows 

the change of peak current in the AC components with different concentrations of ascorbic 

acid under microfluidic conditions. It shows clearly when more ascorbic acid was introduced 

into the system, the peak current increases. In the presence of ascorbic acid, TMPD reacts 

homogeneously with AA, resulting in an enhanced current signal. Also, the relationship 

between peak current value and ascorbic concentration was plotted in Fig 3.31 (d-f). A good 

linear relationship can be found between peak current value and various concentrations of 

ascorbic acid. According to Kuss [264], they believe that other than EC’ or EC’-

disproportionation mechanisms, TMPD/ascorbic acid system exhibits a combination of two 

catalytic steps and singly oxidized ascorbic acid disproportionation as  
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 𝑇𝑀𝑃𝐷∗+ + 𝐴𝐴 ⇄ 𝑇𝑀𝑃𝐷 + 𝐴𝐴+ (3.8) 

 𝑇𝑀𝑃𝐷∗+ + 𝐴𝐴+ ⇄ 𝑇𝑀𝑃𝐷 + 𝐴𝐴2+ (3.9) 

 𝐴𝐴+ + 𝐴𝐴+ ⇄ 𝐴𝐴 + 𝐴𝐴2+ (3.10) 

 

 

Fig 3.31 The large amplitude FTACV (potential range: -0.2-0.35V, scan rate: 10.24mV/s, 

frequency: 1 Hz, amplitude: 50 mV) detailing with the response of 2 mM TMPD to 

increasing concentration of ascorbic acid under flow rate of 0.05mL/min (a-c) first to third 

harmonic; (d-f) peak current with different concentrations of ascorbic acid in each related 

harmonic. 
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3.6 Conclusions 

In this chapter, electrochemical microreactors were fabricated and utilized as electrochemical 

cells to study different electrochemical mechanisms in microfluidic system. Large amplitude 

Fourier transformed alternating current voltammetry was used as electrochemical detection 

method.  

The input signal of large amplitude FTACV was comprised of a DC signal and AC sinusoidal 

waveform, so that both DC signal and AC components can be obtained in a short time. The 

raw data was processed by using a Fourier transform analysing technique, different order 

harmonics were extracted along with the corresponding with DC signal.  

First experiments explored traditional pure electron-transfer reactions, such as quasi-

reversible, irreversible and different electron-transfer reaction. The experiments were carried 

out both in stagnant and microfluidic systems. The DC signal extracted from the overall 

signal had a good agreement with the classical cyclic voltammogram and the diffusion 

coefficient values were calculated. Both the DC signal and AC components reflected the 

reversibility of the reaction. Further, when controlled flow rates were applied to the system, 

the resulting signal showed that the AC components were sensitive with the change of the 

flow rates. And the peak current in lower components showed a Levich-like manner analogue 

with the steady state theory applied in CV technique, which diminished with increasing 

harmonic order due to the diffusion rather than convection contribution.  

Later, the coupled homogeneous reactions were investigated in such systems. As the EC’ 

reaction processed, the AC signal was enhanced when the L-cysteine was introduced to the 

system due to the chemical reaction following after the electron-transfer. In microfluidic 

system, the AC components stilled obeyed the Levich-like manner as the peak current value 

increased with faster flow stream. A good linear relationship of peak current values and 

different concentrations of L-cysteine can be got in each harmonic.  

When ascorbic acid was added to TMPD, the unstable TMPD*
+
 reacted with ascorbic acid 

immediately when it was electrochemically generated from TMPD. Also, with excess 

ascorbic acid, the TMPD was fully reacted and the linear relationship of substrate 

concentrations and peak current can be obtained. A combination of two catalytic steps and 

singly oxidized ascorbic acid disproportionation was studied based on previous research.  
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Chapter 4 Modulated Hydrodynamic System with 

Large Amplitude Fourier Transformed Alternating 

Current Voltammetry in Microreactors 

4.1 Introduction 

In the previous chapter, the different electrochemical mechanisms in a hydrodynamic system 

with large amplitude Fourier transformed alternating current voltammetry under steady flow 

conditions. In this chapter, the modulated technique was applied to hydrodynamic system and 

all the electrolysis mechanisms mentioned before were studied with large amplitude FTACV 

in modulated hydrodynamic system.  

4.2 Hydrodynamic modulation methods in electrochemical 

detection 

The benefit of utilizing hydrodynamic systems to study reaction kinetics have been addressed 

by researchers [266–269]. In the case of microfluidic channels, convection and diffusion 

operate in two or three dimensions, the channel electrode surface is non-uniformly accessible 

[270]. The current density varies over the electrode surface [271], and under laminar flow 

conditions the flow is well defined and calculable so that electrode processes can be 

accurately simulated so as to permit discrimination between candidate mechanisms [134]. It 

has been noted that introduction of hydrodynamic modulation voltammetry can enhance the 

non-uniform diffusion layer at the electrode surface, which can result in better understanding 

and resolution of the mechanisms and reaction kinetic studies.  
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Fig 4.1 A concentration profile of a species undergoing transport-limited oxidation or 

reduction at a channel electrode [134].  

 

Furthermore, researchers have shown that hydrodynamic modulation voltammetry is a 

powerful method for enhancing detection limit and the potential window in which dynamic 

electroanalytical measurements can be made. The quantitative limiting current measurements 

can be made either for analytes at low concentration, or close to the solvent window, where 

DC measurements are often dominated by background currents. A significant goal of HMV is 

to implement high modulation frequencies, thereby reducing detection times and enhancing 

detection sensitivity [272].  

In Chapter 1, some previous research related to hydrodynamic modulation voltammetry has 

been reviewed. The early year research about hydrodynamic modulation voltammetry can be 

divided into two parts: the first one is the electrode motion modulation, which can be 

achieved with mechanical techniques, such as ultrasonic modulation[143], switching the 

rotating speed or modulating the rotating frequency of RDE [273–276] and vibrating the 

electrode [277–280]. The other approach includes various methods involving interruption or 

periodic variation of solution flow [281].  

With the robust development of UMEs, the HMV related research went to a new era, and 

some new techniques have been studied in hydrodynamic modulation voltammetry. The 

variable-height radial flow microring electrode was proposed by Macpherson and the co-

worker [282]. This technique coupled with in-phase current detection represents a new 

hydrodynamic modulation approach, by which the mass transfer characteristics of the 

electrode are well-defined and calculable in terms of steady state laminar radial channel flow 

theory. The fast response time of the device, coupled with in-phase current detection, and the 

experimental simplicity made this variable-height radial flow microring electrode an useful 
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prospect as an end-of-column electrochemical detector for flow injection analysis or HPLC 

with electrochemical detection.  

 

Fig 4.2 Schematic cross-section of the radial flow microring electrode arrangement [282].  

 

A dual disk chopped flow-microjet electrode was then developed by the same group. This 

device contains a rotating blade positioned between the nozzle and the UME probe, which is 

used to periodically interrupt flow to the electrode surfacing, resulting in modulation of the 

overall mass transfer rate [283]. The use of a dual-disk microelectrode probe enables the 

current for two electroactive solutes to be recorded simultaneously.  

 

Fig 4.3 (a) experimental arrangement for chopped flow-microjet electrode; (b) mass transport 

controlled current responses recorded simultaneously for both UMEs [283] 

 

Another concept was proposed by Gooch [284] about applying pressure driven flow control 

over a channel cell. It is reported that the modulation referred to a stepped change in the 
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pressure between two limits. In the concept, first at a fixed volume flow rate, a potential step 

experiment was performed. Once the steady state current had been established the applied 

pressure was stepped instantly to a new value and the transient current response monitored.  

 

Fig 4.4 Current/Time Graph, showing the effect of a pressure step [284] 

 

As it can be seen from the examples above, the electrochemical detection is quite sensitive to 

the hydrodynamic modulation. According to Wong [135], HMV could be utilized under some 

specific conditions and it was proved to obtain more useful information while conventional 

electrochemical technique was unable to do so.  

For the development of HMV mentioned above, all of the measurements only involved DC 

mode detection such as chronoamperometry and cyclic voltammetry. The reason for that is 

the voltammetry related to DC mode is relatively intuitive. Also it is fast and easy for 

researchers to process compared with some advanced electrochemical detection technique. 

However, sometimes the DC voltammetry fails to give more accurate and interesting 

information due to the limitation of detection time and potential range. The Faradaic current 

cannot be distinguished from the residual current on the i-E scan as well, which indicated that 

to develop new electrochemical detection method combined with hydrodynamic modulation 

is a promising way. Compton and co-workers have shown that AC impedance measurements 

can be used to precisely characterize the dominant mass transport regime in experimental 

channel electrodes to develop both mechanistic and electroanalytical studies [104].   

Researchers have also managed to prove that the modulation techniques involving sine wave 

signals of low level are very powerful tools for identifying the elementary processes 
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characterizing a physical system and determining the time constants associated to each of 

them [285]. They also demonstrated that the AC impedance was a powerful tool to study 

interfacial kinetics with modulated rotation disc electrode system.  

There was little or no research has been done in hydrodynamic modulation with alternating 

current voltammetry. The merit of utilizing FTACV has been explicated before, therefore to 

investigate the influence of hydrodynamic modulation to different electrochemical 

mechanisms with large amplitude FTACV is a worthy attempt.  

4.3 Experimental procedures  

In this chapter, the hydrodynamic system was built similarly as Chapter 3. The hydrodynamic 

modulation was achieved by programming the flow procedure on the syringe pump.  

For normal hydrodynamic measurement in Chapter 3, the flow rate was kept as a fixed value 

during the measurement as Fig 4.5 (a). In this chapter, the step hydrodynamic modulation was 

introduced during the measurement. The flow rate was first set as a fixed value when the 

electrochemical measurement started simultaneously, the flow rate jumped to another value 

when the time reached ts as Fig 4.5 (b) showed.  

 

Fig 4.5 Flow rate setup in hydrodynamic system (a) normal setup; (b) step modulation setup 

 

With the hydrodynamic modulation, the previous steady state will be interrupted due to the 

changed flow rate. With a higher flow rate, the new diffusion layer will be achieved. The 

resulting current therefore increased as showed in Fig 4.6 due to a thinner diffusion layer.  
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Fig 4.6 Current/time graph, showing the effect of step increasing flow rate 

 

The same detection was processed in large amplitude FTACV as well. Fig 4.7 showed the 

electrochemical response of step increasing flow rate in large amplitude FTACV. The step 

increasing flow rate took place when the time reached ts. It can be seen that from first through 

fourth harmonic, the peaks generated from the reverse sweep were higher than the ones from 

the forward sweep due to the higher flow rate.  

 

Fig 4.7 Large amplitude FTACV of increasing step flow rate (a)-(d) first to fourth harmonic 

 

The different ratios of second-to-first flow rates can be obtained by programming on the 

syringe pump. All electrolysis mechanisms mentioned in Chapter 3 will be investigated in 

hydrodynamic modulation system with large amplitude FTACV in this chapter.  
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4.4 Electrochemical detection of pure electron transfer reaction 

in hydrodynamic modulation system 

4.4.1 Single electron transfer reaction 

4.4.1.1 Detection of potassium ferrocyanide 

Firstly, the pure electrochemical reaction of Fe(CN)6
4-

/ Fe(CN)6
3-

 redox was studied with 

HMV. Fig 4.8 (a) showed the first experiment of hydrodynamic modulation effect with 2 mM 

potassium ferrocyanide in 0.5 M KCl supporting electrolyte solution.  

First, the flow rate in the microchannel was set as 0.01 mL/min, the applied potential was kept 

as +0.25 V (at this potential the conversion has completed) all the time. After the steady state 

was achieved, the controlled flow rate increased which was programmed on the syringe pump 

in advance. Every step of flow rate was kept for 20 s then jumped into next step 

automatically. It can be seen that the steady states were achieved in a short time for every 

step. Fig 4.8 (b) showed a good Levich manner of limiting current and cubic root of flow 

rates.  
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Fig 4.8 (a) Chronoamperometry of potassium ferrocyanide to increasing flow rate steps; (b) 

limiting current with various cubic root of step flow rates. 

 

After that, the large amplitude FTACV was utilized to study the effect of hydrodynamic 

modulation. During the experimental process, the flow rate was firstly set as 0.01 mL/min as 

well, after 50 seconds (ts=50 s) the flow rate was increased to another value and kept till the 

measurement ended. Fig 4.9 showed the electrochemical response of the hydrodynamic 

modulation effect in the microfluidic system. As it can be seen from the figure, the oxidation 

peaks of all harmonic were all under flow rate as 0.01 mL/min and the output signal 

overlapped with each other in each harmonic. After 50 seconds, the flow rate was increased to 

a higher value. The response in the AC components demonstrated that the peak values 

generated from the backward sweep increased due to the change of the controlled flow rates.  

Fig 4.9 (d) showed the relationship between the peak current generated from the backward 

sweep in each harmonic and cubic flow rates. The good Levich-like manner indicated that 

under the hydrodynamic modulation control, the system showed great response in 

electrochemical measurement.  

Under hydrodynamic modulation control, the diffusion coefficient can be revised and 

calculated based on one measurement. The first limiting current in DC signal can be used to 

revise the efficient electrode area and the calculated diffusion coefficient can be obtained 

from the second limiting current. With this setup, the calculation and analysis can be achieved 

in a shorter time compared with normal hydrodynamic system.  
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Fig 4.9 The large amplitude FTACV (potential range: -0.1-0.6 V, scan rate: 13.04 mV/s, 

frequency: 1 Hz, amplitude: 50 mV) detailing with the response of 2 mM potassium 

ferrocyanide to increasing step flow rates (from 0.01 to 0.10 mL/min) (a) first harmonic; (b) 

second harmonic; (c) third harmonic; (d) backward peak current with various cubic root of 

flow rates. 
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4.4.1.2 Detection of ferrocenecarboxylic acid 

Analogously, the FCA was examined under condition of hydrodynamic modulation. Fig 4.10 

showed the electrochemical response of 2 mM FCA in pH 9.2 borate buffer solution in the 

hydrodynamic modulation system.  
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Fig 4.10  The large amplitude FTACV (potential range: -0.1-0.6 V, scan rate: 13.04 mV/s, 

frequency: 1 Hz, amplitude: 50 mV) detailing with the response of 2 mM FCA in pH 9.2 

buffer to increasing step flow rates (from 0.01 to 0.10 mL/min) (a) first harmonic; (b) second 

harmonic; (c) third harmonic; (d) fourth harmonic. 
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According to the signal response, when the flow rate was firstly set to a fixed value, the 

forward peak overlapped with each other which indicats a uniform diffusion layer thickness 

can be obtained. When the flow rates were increased deliberately, the backward peak grew 

due to the thinner diffusion layer achieved with the faster flow rates.  

4.4.2 Dual electron transfer reaction 

4.4.2.1 Detection of 2,5-dihydroxybenzoic acid 

The two-electron transfer reaction of DHB was examined under hydrodynamic modulation 

condition with large amplitude FTACV as well. The experimental setting up was as before, 

the flow rates were fixed at 0.01mL/min for 50 seconds first, then increased to a higher value. 

Both DC signal and AC components can be obtained simultaneously with large amplitude 

FTACV.  

 

Fig 4.11 (a) cyclic voltammogram of 2 mM DHB in pH 5 acetate buffer (scan rate: 11.18 

mV/s) to increasing step flow rates (from 0.01 to 0.10 mL/min) extracted from large 

amplitude FTACV; (b) limiting current of second steady state with various cubic root of step 

flow rates.  

 

First, the DC signal was studied. Fig 4.11 (a) showed the DC component extracted from the 

overall electrochemical signal. The first steady state was achieved with the fixed small flow 

rate, then with the flow rates increased according to the programme on the syringe pump. 

With larger flow rates, the thinner diffusion layer can be obtained, where the second steady 
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state can be achieved and the resulting current jumped onto a higher value. Fig 4.11 (b) 

showed the plot of limiting current of second steady state and cubic root of corresponding 

flow rates. The good linear relationship indicated a Levich manner was achieved.   

Then the AC components were extracted and analysed. Fig 4.12 showed the first two 

harmonics of electrochemical response of DHB under hydrodynamic modulation. 

Unsurprisingly, the forward peaks overlapped with each other due to the same flow rate and 

the backward current increased with the change of the controlled flow rates.  

In the second harmonic, the second peak of the forward peaks was slightly smaller than the 

first one, illustrating the partial reversibility of the two-electron transfer that could be assigned 

to the 2,5-dihydroxybenzoic acid. Further, the peaks shifted in the second harmonic, which is 

indicative that with two protons transfer, the system underwent unexpected disturbance.  
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Fig 4.12 The large amplitude FTACV (potential range: -0.1-0.5 V, scan rate: 11.18 mV/s, 

frequency: 1 Hz, amplitude: 50 mV) detailing with the response of 2 mM DHB in pH 5 

acetate buffer to increasing step flow rates (from 0.01 to 0.10 mL/min) (a) first harmonic; (b) 

second harmonic; (c) backward peak current with various cubic root of flow rates.  
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4.4.2.2 Detection of N,N,N’,N’-tetramethyl-para-phenylene-diamine 

(TMPD) 

As noted above, the oxidation of TMPD undergoes two consecutive one-electron steps. With 

hydrodynamic modulation control, the electrochemical investigation of TMPD involves two 

parts: the first one is the first electron transfer from TMPD to TMPD*
+
 and the second part is 

two-electron transfer from TMPD to TMPD
2+

.  
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Fig 4.13 The large amplitude FTACV (potential range: -0.2-0.25 V, scan rate: 8.38 mV/s, 

frequency: 1 Hz, amplitude: 50 mV) detailing with the response of 2 mM TMPD in pH 7 

phosphate buffer to increasing step flow rates (from 0.01 to 0.10 mL/min) (a) first harmonic; 

(b) second harmonic; (c) third harmonic.  

 

Fig 4.13 showed the electrochemical response of TMPD under conditions of hydrodynamic 

modulation. The resulting current of first electron transfer showed good response with the 

modulation control. The noise in the figures indicated that before the second steady state 

formed, there was a time for the solution stream in the channel to be stabilized. The 

stabilization time typically occurred over 9 s, and the similar phenomenon can be found in the 

DC signal as well. 
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Fig 4.14 The large amplitude FTACV (potential range: -0.2-0.6 V, scan rate: 14.90 mV/s, 

frequency: 1 Hz, amplitude: 50 mV) detailing with the response of 2 mM TMPD in pH 7 

phosphate buffer to increasing step flow rates (from 0.01 to 0.10 mL/min) (a) first harmonic; 

(b) second harmonic; (c) backward peak current with various cubic root of flow rates. 

Fig 4.14 showed the two-electron transfer of TMPD to TMPD
2+

. The AC components showed 

a complete two consecutive electron transfer step of TMPD. The turbulence after the first 

electron transfer indicated that TMPD*
+
 is thermodynamically unstable. Also, the backward 

peaks were slightly smaller than the forward ones explicated both of these two steps were 

quasi-reversible reaction. 

Also, it can be seen from Fig 4.14 (c), the peak current of reverse peaks, which were 

generated in the modulation step, and the cubic root of flow rates showed a Levich-like 

manner for both electron transfer step.  

4.4.3 Irreversible reaction 

The irreversible electrochemical reaction was examined in hydrodynamic modulation system 

with large amplitude FTACV lastly. The pH of the analyte solution was controlled beyond 12 

to ensure the borohydride would not react with water.  

Fig 4.15 showed the AC components extracted from the overall signal from large amplitude 

FTACV. In first harmonic, the typical response under hydrodynamic modulation was shown. 

The peaks generated from the forward sweep overlapped with each other due to the same 
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controlled flow rate. The backward peak current increased with the change of the flow rates of 

the analyte stream in the microchannel.  

In the second harmonic, the same phenomena as in the first harmonic can be found. 

Meanwhile, the second peak from the forward scan was much smaller than the first one, 

which indicated the overall thermodynamically irreversibility of sodium borohydride.  

The signal-to-noise ratio is relatively poor in this measurement. The one possibility is that the 

noise is caused from the very unstable intermediate products, which can only be detected 

under sufficiently fast scan rate [227].  
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Fig 4.15 The large amplitude FTACV (potential range: -0.3-0.35 V, scan rate: 12.11 mV/s, 

frequency: 1 Hz, amplitude: 50 mV) detailing with the response of 10 mM sodium 

borohydride in 3 M NaOH to increasing step flow rates (from 0.01 to 0.10 mL/min) (a) first 

harmonic; (b) second harmonic; (c) third harmonic. 
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4.5 Electrochemical detection of coupled homogeneous reaction 

in hydrodynamic modulation system 

Coupled homogeneous reactions have been studied in microfluidic with large amplitude 

FTACV in the previous chapter. To study the coupled homogeneous reactions with 

hydrodynamic modulation control, the EC’ mechanism was chosen to be examined in the 

system with large amplitude FTACV. Both potassium ferrocyanide and ferrocenecarboxylic 

acid were electrochemically oxidized and utilized as mediator to react with L-cysteine.   

4.5.1 Detection of L-cysteine by using Fe(CN)6
4-

 mediated oxidation 

Fig 4.16 showed the first AC components of potassium ferrocyanide with different 

concentrations of L-cysteine in hydrodynamic modulation system. Similar with the previous 

reactions, the peaks generated from forward sweep showed good coordination with each other 

and the resulting current rose up due to increasing the second step flow rates. The backward 

peaks shifted a little bit due to the substrate added into the system, which resulted in the 

unstable signal of the gold reference electrode. Also, the signal-to-noise ratio seemed to be 

poorer when more L-cysteine was added to the system.  
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Fig 4.16 The large amplitude FTACV (potential range: -0.1-0.6 V, scan rate: 13.04 mV/s, 

frequency: 1 Hz, amplitude: 50 mV) detailing with the response of 2 mM potassium 

ferrocyanide with different concentrations of L-cysteine to increasing step flow rates (from 

0.01 to 0.10 mL/min) in first harmonic (a) with 1 mM L-cysteine; (b) with 2 mM L-cysteine; 

(c) with 3 mM L-cysteine (d) with 4 mM L-cysteine.  

 

Under hydrodynamic modulation conditions, the influence of different concentrations of 

substrate was investigated. As it can be seen from Fig 4.17 (a) and (b), with the increase of L-

cysteine concentration, the signal of peak current enhanced as well. Differentially from the 

normal hydrodynamic system, in hydrodynamic modulation voltammetry, the relationship of 

peak current and the substrate concentrations can be obtained from two different flow rates at 

the same time in one measurement. Both of the forward and backward peaks generated can be 

evaluated as function of substrate concentrations. In Fig 4.17 (c) and (d), the linear 

relationship of peak current and L-cysteine concentrations in both forward and backward 

sweep were displayed. It revealed the advantage to utilize hydrodynamic modulation 

voltammetry is that more information can be obtained in a short time measurement.  
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Fig 4.17 The large amplitude FTACV (potential range: -0.1-0.6 V, scan rate: 13.04 mV/s, 

frequency: 1 Hz, amplitude: 50 mV) detailing with the response of 2 mM potassium 

ferrocyanide to various concentrations of L-cysteine under hydrodynamic modulation step 

(flow rate change from 0.01mL/min to 0.10 mL/min after 50 s) (a) first harmonic; (b) second 

harmonic; peak current with various concentrations in (c) first harmonic and (d) second 

harmonic.  

 

4.5.2 Detection of L-cysteine by using ferrocenecarboxylic acid mediated 

oxidation 

Similarly, L-cysteine was introduced into the FCA/FCA
+
 system to study the EC’ mechanism 

under the condition of hydrodynamic modulation. Fig 4.18 to Fig 4.20 showed that in the 

presence of L-cysteine, the AC components extracted from the overall current signal. As it 

can be seen from the figures, FTACV is sensitive for both the changes of flow rates or 

concentrations of substrate. The substrate induced the peaks shift. During the experiment, the 

electrode fouling could take place due to excess amount of L-cysteine, which might cause 

errors to analysis. There was some noise can be observed where the modulation step was 

initiated.  

The second harmonic component was more sensitive to the Faradaic signal and the effect of 

catalytic reaction was mainly on the first peak, it can be seen from the figures that, with the 

concentrations of L-cysteine increased, the second peak of forward sweep in second harmonic 
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was significantly smaller than the first one (especially in Fig 4.20 (b)), which demonstrates an 

irreversible reaction resulting from the C’ step.  

 

 



 

142 

 

 

Fig 4.18 The large amplitude FTACV (potential range: -0.1-0.6 V, scan rate: 13.04 mV/s, 

frequency: 1 Hz, amplitude: 50 mV) detailing with the response of 2 mM FCA and 0.2 mM 

L-cysteine to increasing step flow rates (from 0.01 to 0.10 mL/min) in first harmonic (a) first 

harmonic; (b) second harmonic; (c) third harmonic.  
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Fig 4.19 The large amplitude FTACV (potential range: -0.1-0.6 V, scan rate: 13.04 mV/s, 

frequency: 1 Hz, amplitude: 50 mV) detailing with the response of 2 mM FCA and 0.5mM L-

cysteine to increasing step flow rates (from 0.01 to 0.10 mL/min) in first harmonic (a) first 

harmonic; (b) second harmonic; (c) third harmonic. 
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Fig 4.20 The large amplitude FTACV (potential range: -0.1-0.6 V, scan rate: 13.04 mV/s, 

frequency: 1 Hz, amplitude: 50 mV) detailing with the response of 2 mM FCA and 1mM L-

cysteine to increasing step flow rates (from 0.01 to 0.10 mL/min) in first harmonic (a) first 

harmonic; (b) second harmonic.  
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4.6 Conclusions  

The aim of this chapter was to investigate the electrochemical response of various electrolysis 

mechanisms in a hydrodynamic modulation system, using FTACV to monitor the reactions.   

In this chapter, all the flow rates in the measurements were controlled by the programmable 

syringe pump. In each measure measurement, first a steady state was achieved due to the 

initial flow rate then the second steady state was achieved after a defined period when the 

controlled flow rates increased according to a program controlled by the pump. The linear 

relationship of peak current and corresponding flow rates can be obtained in each harmonic.  

Based on the results, it can be deduced that the signal of hydrodynamic keep consistently 

when the analyte stream was under fixed flow rate and the system response fast with the 

change of controlled flow rates. Also, with the hydrodynamic modulation, both the 

relationships between peak current and flow rates or substrate concentrations can be obtained 

simultaneously, which reveals a promising approach to get more information in a short time 

measurement.  
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Chapter 5 Advanced Hydrodynamic Modulation 

Voltammetry 

5.1 Introduction  

In chapter 4 a hydrodynamic modulation step was introduced to the microfluidic system, two 

steady states can be achieved by altering the flow rate during the measurements. In this 

chapter, a new approach was introduced by not only increasing the stream flow rates, but also 

forcing the stream to flow in a reverse direction. Both DC technique and large amplitude 

FTACV were applied to detect the electrochemical signal in the advanced hydrodynamic 

modulation system.  The simulation work has been established by Dr Ashoke Raman for 

understanding the influence of transition time and depletion layer to the current response by 

using the commercial finite element solver Comsol Multiphysics 5.3.  

5.2 Oscillatory flow 

In chemical and biochemical engineering operations, the good fluid mixing and efficient mass 

and energy transport are key factors. The oscillatory flow reactors were designed for 

providing a mechanism for mixing, enhanced radial transport, improved surface purging 

properties and also providing a route towards obtaining a near plug flow residence time 

distribution within a baffled tube [286].  

The idea of oscillatory flow reactors is to superimpose oscillatory flow onto a steady state 

flow in a tube with periodic, sharp-edged baffles. The series of experimental observations 

including flow patterns, mixing, energy loss and heat transfer were reported by Mackley and 

co-workers [287–289]. Fig 5.1 shows a typical oscillatory flow reactor prototype with baffles 

evenly implemented alongside the tube wall.  
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Fig 5.1 Schematic diagram of oscillatory flow reactor [288] 

 

The outstanding features to apply oscillatory flow reactor for chemical engineering industry 

are firstly they are able to significantly enhance heat and mass transfer rates. The 

implementation of baffles in the tube increases the surface area which effectively enhances 

the heat and mass transfer. According to Hewgill’s research [290], the column operated more 

efficiently by using oscillatory flow in a baffled tube which represented that this type of 

device has excellent potential for application in industry, for example fermentation 

technology, and it is useful in gas-liquid reactions.  

With the development of microfabrication technology, the oscillatory flow can be achieved in 

the microchannel. Kabaschi and the co-workers [291] reported their work of oscillatory flow 

in the microchannel with oscillating drop and bubble setup based on the capillary pressure 

technique. The particular flow field causes a higher pressure loss as compared to the expected 

maximum pressure due to the maximum instant flow rate obtained from the conventional 

fluid mechanics formulations.  

Oscillatory flow reactors have been used as electrochemical reactors to investigate mass 

transfer and resident time distribution characteristics [292]. It is reported by Cognet [293] that 

the mass transfer under pulsed flow conditions showed that pulsation increased mass transfer 

coefficient especially in the case of the low flow rates often required to achieve reasonable 

residence times. 

Carpenter and Roberts [292] used a parallel-plate oscillatory flow electrochemical reactor (as 

Fig 5.2 shows) and redox couple Fe(CN)6
4-

/ Fe(CN)6
3-

 to investigate the influence of various 

experimental factors towards mass transfer and residence time distributions.  
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Fig 5.2 Cross-sectional schematic view of the oscillatory flow electrochemical reactor used 

for (a) mass transfer measurements; (b) resident time distribution studies. [292] 

 

The results showed that the superimposed of an oscillatory flow onto a net flow with 

appropriate turbulence promoter can efficiently enhance the surface mass transport and under 

such conditions, the mass transport was dominated by the oscillatory flow. The net flow 

showed little effect even with increasing flow rates. The study of residence time distribution 

showed that the mean residence times were controlled mainly by the net flow where the 

oscillatory flow had little effect on these times.  

The investigation based on oscillatory flow electrochemical reactors implied that with the 

hydrodynamic modulation, different flowing factors can be considered in one set of 

experiments. By appropriately designing the oscillatory flow reactor and setting up 

parameters, different intensification goals can be achieved.  

Although the baffles in oscillatory flow reactors cannot be implemented in the microchannel 

due to the difficulties of fabrication, the concept of oscillatory flow provides a new approach 

to conduct electrochemical experiment with microfluidics to take mechanism study.  
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5.3 Flow-controlled methods in HMV 

The concept of hydrodynamic modulation voltammetry has been introduced in section 

1.4.5.7. In recent years, researchers have made efforts to introduce more advanced modulation 

methods of controlling electrolyte flow to enhance the mass transport in electrochemical 

detection.  

Barker and the co-workers [294] developed a device with a cross-channel design to have 

different surface charges. This design allowed different assignment of positive and negative 

arms. Furthermore, by utilizing fluorescently labelled beads, the bi-directional flow in single 

microchannel has been achieved by this group as well and they indicated that this technique 

could serve for various applications include transport of analytes to separate detection 

systems, such as electrochemical and optical sensors positioned at opposite ends of 

microchannel.  

 

Fig 5.3 Four flow patterns achieved in cross-devices derivatized to have differing surfaces 

charges on various arms [294].  

  

Similar with this, a novel flow-focusing microfluidic device was employed to study behaviour 

of an immiscible liquid/liquid droplet [295]. Different electro-active species can be employed 

in this method provided that they are soluble in the organic phase and have a strong 

electrochemical response at the working electrode potential window. This development 
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allowed the study of droplet formation in opaque devices which traditionally presented a 

problem for optical measurements.  

 

Fig 5.4 Images illustrating the effect of total volume flow rate on the shape of the droplets 

formed in flow-focusing microfluidic device [295] 

 

In the electrochemical machining field, researchers have managed to simulate the 

circumstance with pulsating electrolyte flow in the electrolytic supply pipe by controlling the 

input pressure as a sinusoidal function of time [296].  

Based on the physical models, the pulsation of electrolyte pressure led to an obvious jump of 

temperature gradient. When a pulsating electrolyte was applied, flow separation occurred and 

created regions of reverse flow, which resulted in high mixing and turbulence. Based on the 

physical models, it indicated that proper pulsating parameters would enhance the heat and 

mass transfer.  

 

Fig 5.5 Schematic diagram of electrochemical machining with pulsating electrolyte flow 

[296] 
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The research about flow-controlled methods has been carried out by many researchers. Most 

of the methods mentioned above needs at least two flow streams to be applied to change the 

flow direction during the measurement, which require more complicated design of the devices 

and more substance would be wasted during the measurement since normally there are more 

than one inlets of the reacting chamber. Also, the multiple inlets or channels will result in 

error in theoretical calculation due to the multiple phase in the detection was involved.  

In this chapter, an advanced hydrodynamic modulation is introduced to control the flow 

stream direction in a single microchannel.  

5.4 Results and discussion 

5.4.1 Flow strategy and detection method 

Different from the previous hydrodynamic strategy, the direction of the flowing stream was 

changed during one measurement in this section. The flow rate of the analyte was firstly set as 

a fixed value, after a period of time the flow stream was forced to a reverse direction. 

Chronoamperometry was mainly used in this chapter to detect the electrochemical signal.  

 

Fig 5.6 (a) Flow rate and (b) applied potential setup in advanced hydrodynamic modulation 

system (-V indicated the reverse flow direction compared with V) 

 

5.4.2 Simulation  

As this is a new flow strategy for hydrodynamic modulation, some prelimary simulations 

were carried out to explore relevant experimental parameters needed for the data presented in 
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this thesis. The simulation work has been established by Dr Ashoke Raman to foresee the 

current response with the advanced hydrodynamic modulation. In this numerical work, the 

current response of the reverse flow has been demonstrated. The applied potential was set as a 

fixed value while the analyte stream was controlled to alter the flow direction during the 

measurement. 

5.4.2.1 Problem definition and methodology 

The fluid is assumed to be incompressible Newtonian fluid with density ρ and dynamic 

viscosity v. The geometry of the computational domain is shown in Fig 5.7. The 

computational domain of 6Le×Lc was considered, where Le is the electrode length, Lc is the 

channel length and 2h is the channel height. The electrode is embedded into the bottom wall 

of the channel containing an aqueous solution of the electrolyte. The electrolyte is pumped 

into the channel at a given flow rate (Vf). 

 

Fig 5.7 A schematic of the two dimensional channel electrode geometry 

 

Excess supporting electrolyte is used and a generalized redox 𝑂 + 𝑒− ⇌ 𝑅 is considered, the 

continuity equation for incompressible fluids is given by (5.1) 

 ∇ ∙ 𝑢𝑖 = 0 (5.1) 

The momentum conservation for the fluid is given by (5.2) 

 𝜕(𝑢𝑖)

𝜕𝑡
+ 𝑢𝑖 ∙ ∇𝑢𝑖 = −

1

𝜌
∇𝑝 + 𝑣∇2𝑢𝑖 + 𝑓 (5.2) 

The species conversation equation is described as (5.3) 
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 𝜕𝑐

𝜕𝑡
= −∇ ∙ 𝑗 + 𝑟, 𝑖 = 𝑂, 𝑅 (5.3) 

The flux here is defined in (5.4) 

 𝑗 = −𝐷∇𝑐 − 𝑧𝑖𝑢𝐹𝑐∇𝜑 + 𝑢𝑖𝑐 (5.4) 

In the above equations, ui is the velocity vector, p is the pressure, t is the time, ρ is the density 

of the electrolyte, v is the kinematic viscosity of the electrolyte, c is the concentration of the 

species, j is the species flux, r is the rate of homogeneous production of species, D is the 

diffusion coefficient, zi is the charge number, u is the species mobility F is Faraday constant 

and φ is the potential in the electrolyte. In equation, (5.4), the first term on the right hand side 

denotes the diffusive flux. The second term represents the flux due to migration and the third 

term provides the convective flux. For solutions containing an excess of supporting 

electrolyte, the ionic migration term can be neglected and hence the second term becomes 

zero. The liquid phase potential is also set to zero. Without chemical reactions in solution and 

diffusion coefficients assumed constant, the general convective-diffusion is obtained as  

 𝜕𝑐

𝜕𝑡
= 𝐷∇2𝑐 − 𝑢𝑖 ∙ ∇𝑐 (5.5) 

The boundary and initial conditions can be defined as follow.  

At inlet: A laminar inflow boundary condition is used with a time dependent flow rate Vf, 

n·j=0 

At the top and bottom channel walls: ux=uy=0, n·j=0 

On the electrode surface: ux=uy=0, n·j=
s

F
 

At outlet: Pressure outlet boundary condition is imposed with a gauge pressure p0=0, 

-n·D∇c=0 

Constitutive relations: The transfer current density is defined by using Butler-Volmer kinetics 

 
𝑖 = nF(𝑘𝑎𝑐𝑅𝑒

(1−𝛽)𝜂𝐹
𝑅𝑇 − 𝑘𝑐𝑐𝑂𝑒

−𝛽𝜂𝐹
𝑅𝑇 ) (5.6) 

Here the overpotential η is defined as  

 𝜂 = 𝐸𝑎𝑝𝑝 − 𝐸
0 (5.7) 
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where Eapp and E
0
 are the applied and standard electrode potentials, respectively. These two 

dimensional equations were solved using the commercial finite element solver Comsol 

Multiphysics 5.3. The parameters used in the simulation work can be found in Table 2.6.  

Table 5.1 Parameter used in simulation work 

Symbol Definition Value 

c0 Bulk concentration 2 mM 

cR0 Initial concentration of reductant 2 mM 

CO0 Initial concentration of oxidant 0 mM 

d Cell width 1 mm 

DR Diffusion coefficient for reductant 7.71×10
-10

 m
2
/s 

DO Diffusion coefficient for oxidant 7.71×10
-10

 m
2
/s 

E
0
 Standard electrode potential 0.16 V 

Eapp Applied potential 0.25 V 

F Faraday constant 96485 C mol
-1

 

h Half channel height 5×10
-5

 m 

k
0 

Standard heterogeneous rate constant 0.1 cm/s 

Lc Channel length 6×10
-4

 m 

s Stoichiometric coefficient 1 

t Time 0-35 s 

v Fluid viscosity 8.949×10
-4

 Pa·s 

Vf Input flow rate 0.01 cm
3
/min 

w Electrode width 1 mm 

xe Electrode length 1×10
-4

 m 

ρ Fluid density 1000 kg/m
3
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5.4.2.2 Simulation results  

As it can be seen from Fig 5.8, the current response experienced a sharp spike when the flow 

direction of the analyte stream was altered. This is due to the depletion of the electroactive 

species on the electrode surface. The depleted solution which has been flushed away from the 

electrode surface was pulled back via the syringe pump during the reverse step. The diffusion 

layer thickened instantly when the reverse step took place, which was responsible for a sharp 

spike of the current response. After that a relatively lower liming current was obtained due to 

the stabilized thicker diffusion layer.  

The influence of the transition time was explored in simulation model as well. With longer 

transition time, the depleted diffusion spread further so the current spike became broader 

compared to the instant change of the diffusion layer.  

The simulation work provides us an insightful analysis of the influence of hydrodynamic 

modulation to the electrochemical system. By analysing the transition time and depletion 

layer, more information can be obtained for better understanding the electrolysis mechanisms 

in the microfluidic system.  

 

Fig 5.8 Simulated current/time graph of potassium ferrocyanide, showing the effect of a 

reverse flow step.  
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5.4.3 Experimental results 

The hydrodynamic modulation was introduced into the system during the electrochemical 

measurement using a function described in section 5.4.2.1. Firstly, the flow stream was 

pumped into the electrochemical microreactor from a glass syringe and set as a fixed value. 

After a period of time, the flow stream was forced to a reverse direction (Fig 5.6). The 

resulting response was recorded to investigate current and flow rate characteristics of the 

system. The flow direction of the flow stream in the microchannel would be altered for a 

couple of times and the various flow rates were applied during the measurement. 

Chronoamperometry was mainly used in this chapter to detect the electrochemical signal. 

Firstly, the flowing direction of the stream in the microchannel was altered once to see the 

response from the system. Fig 5.6 showed the controlled flow rates and applied potential 

setup for the experiment. The applied potential was kept as +0.5V where there is a complete 

conversion of Fe(CN)6
4-

 to Fe(CN)6
3-

 at the electrode surface.  

Fig 5.9 showed the effect of flow direction change on the electrochemical response. The 

infusing flow rate was firstly set as 0.05mL/min, after 35 second, the pump changed the flow 

direction from infusing to withdrawing, which resulted in the change of solution flow 

direction in the microchannel. As it can be seen in Fig 5.9, the first steady stated was achieved 

due to the fixed flow rate. Then at the point when the flow stream changed the direction, the 

resulting current dropped immediately and then stabilized at a lower value after several 

seconds. The reason of that is when the flow stream was first infusing, the steady state 

achieved with a stable diffusion layer. When the flow stream was withdrawn by the pump, the 

interface of the stream which just flowed over the electrode surface end was pulled back 

immediately. The interface of the solution was consisted of Fe(CN)6
4-

/ Fe(CN)6
3-

 with the 

concentration gradient. To form a new diffusion layer, this interface would overlap with the 

previous diffusion layer, so that the diffusion layer thickness became thicker than the one 

formed from the infusing step. That is the reason for the current drop. After a period of time, 

the new diffusion layer has formed and stabilized, so the resulting current reached a stable 

value again. The shoulder-like behaviour was observed other than the sharp spike obtained 

from the numerical results, which might be the difference between theoretical setup and 

internal working system of the syringe pump.   
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Fig 5.9 Current/time graph of 2 mM potassium ferrocyanide (applied potential: +0.5 V), 

showing the effect of a reverse flow step, for both directions flow rate at 0.05 mL/min  

 

After that, the direction of flow stream was changed again to investigate the electrochemical 

response. Fig 5.10 showed the controlled flow rates change with time and the electrochemical 

response of the flow-controlled steps.  
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Fig 5.10 (a) Flow rate setup; (b) current/time graph of 2 mM potassium ferrocyanide (applied 

potential: +0.5 V), showing the effect of flow steps, for all directions flow rate at 0.05 

mL/min.  

 

After the flow direction was changed after 35 s, the stream was infused again by the pump 

when the time reached 70 s. As it can be seen from the figure, the resulting current did not 

increase immediately when the flow stream direction changed to infusing one. The current 

response fluctuated but stabilized at the value generated from the withdraw direction. Then 

the current rose up and reached a third steady state which shared the same value as the first 

infusing step after around 35 seconds when the direction was altered back to infusing. The 

one possibility of this phenomenon could be that the concentration of electroactive species 

which flowed over the electrode surface descended due to the same solution fluctuated over 

the electrode surface which resulted in the stale solution. This is supported by the numerical 

observations shown in 5.4.2.2. After the stale solution was totally flushed away in the third 

step, the fresh solution in the syringe was pumped into the microchannel. The new steady 

state was achieved with the fresh electroactive species flowing over the electrode and the 

same value of limiting current can be obtained with the first infusing step.  

To investigate whether this setup could be replicable, the further detection has been made. Fig 

5.11 showed the effect of multiple changes of flow direction of the solution stream inside the 

microchannel to the electrochemical response. Based on experiment results above, the flow 

direction was altered again when the second infusing steady state was obtained. The similar 
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phenomenon was achieved that the resulting current dropped dramatically and then stabilized 

at a value equivalent as the previous withdrawing step.  

 

 

Fig 5.11 (a) Flow rate setup; (b) current/time graph of 2 mM potassium ferrocyanide (applied 

potential: +0.5 V), showing the effect of different flow direction steps, for all directions flow 

rate at 0.05 mL/min 

 

The similar phenomena can be found with TMPD as well. Fig 5.12 showed the 

electrochemical response with the effect of hydrodynamic modulation. The applied potential 

was kept as +0.3V, at which the TMPD has completely converted to TMPD*
+
 on the 
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electrode surface. The resulting current showed a good corresponding relationship with the 

flowing direction of the solution stream inside the microchannel. The limiting current can be 

measured in each step when the steady state formed.  

 

Fig 5.12 Current/time graph of 2 mM TMPD (applied potential: +0.3 V), showing the effect 

of different flow direction steps, for all directions flow rate at 0.05 mL/min 

 

On the basis of experimental results above, the multiple changes have been made to test the 

system. As Fig 5.13 showed, the multiple similar shape of the resulting current indicated that 

the experimental results can be replicated with the setup. The spike behaviour was obtained 

here, which can be corresponded to the simulation observations.  
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Fig 5.13 (a) Multiple flow rate steps setup; (b) current/time graph of 2 mM potassium 

ferrocyanide (applied potential: +0.5 V), showing the effect of multiple flow direction steps, 

for all directions flow rate at 0.05 mL/min. 

 

After that, the different infusing flow rates were applied to the system to examine the 

response from the hydrodynamic modulation. Fig 5.14 (a) shows the change of controlled 



 

163 

 

flow rates with time. Fig 5.14 (b) shows the resulting current under the controlled flow rate 

setup. The resulting current showed good response with the change of different infusing flow 

rates and the Levich manner can be obtained as Fig 5.14 (c).  
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Fig 5.14 (a) Flow rate setup with various infusing flow rates (from 0.05 to 0.30 mL/min) and 

fixed withdrawing flow rate at 0.05 mL/min; (b) current/time graph of 2 mM potassium 

ferrocyanide (applied potential: +0.5 V), showing the effect of multiple flow direction steps; 

(c)  liming current with various infusing flow rates.  

 

Similar with that, the infusing flow rates can be set based on a Levich manner. The target 

Levich flow rates (Vf
1/3

) were calculated first, then the programmed flow rates can be set on 

the syringe pump. The resulting current was measured with chronoamperometry to exam the 

hydrodynamic modulation system (Fig 5.15).   
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Fig 5.15 Flow rate setup with various infusing flow rates (from 0.064 to 0.343 mL/min) and 

fixed withdrawing flow rate at 0.05 mL/min; (b) current/time graph of 2 mM potassium 

ferrocyanide (applied potential: +0.5 V), showing the effect of multiple flow direction steps; 

(c)  liming current with various infusing flow rates. 

Based on the results obtained from DC technique, it can be concluded that after the flow 

direction altering step, the resulting current undergoes an initial rapid variation before 
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establishing a new steady state value. The concentration of the electroactive species flowed 

over the electrode surface also contributed to the current response, which can be proved with 

the multiple changes of the flow directions. With higher infusing flow rates, the shorter 

stabilized time was needed to achieve the steady state. It is indicative that with the 

concentration of the solution which flowed by the electrode surface decreased due to the long-

time process.  

Large amplitude FTACV was also utilized to analyse the system response with advanced 

hydrodynamic modulation technique. Fig 5.16 (a) shows the fundamental harmonic from the 

overall electrochemical response of the hydrodynamic modulation system. The infusing 

process started simultaneously when the electrochemical detection began. After a period of 

time, the flow direction was altered by syringe pump. The time range was varied to exam the 

system response. As it can be seen from the figure, the peaks generated from the forward 

sweep overlapped with each other perfectly due to the same setting up of flow direction and 

flow rate. The flow direction change took place in the peaks generated from the backward 

sweep, so that the peaks illustrated the change by showing the shoulder-like shape. Fig 5.16 

(b) shows the shoulder-like shape which is enlarged from the fundamental harmonic for 

clearer observation, where the arrows point out the position of the shoulders in different 

measurements. After the shoulder shaped achieved, the peak was formed. The value of the 

second peak which underwent different altering time was similar, which was indicative that 

the new steady state was formed with reverse flow direction.  

The similar phenomenon can be observed with second harmonic and the enlarged part shown 

in Fig 5.17. Apparently the shoulder-like behaviour can be observed more clearly in the 

second harmonic, which implies that with large amplitude applied, subtle changes can be 

addressed better in higher harmonics.  
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Fig 5.16 The large amplitude FTACV (potential range: -0.2-0.6 V, scan rate: 14.90 mV/s, 

frequency: 1 Hz, amplitude: 50 mV) detailing with the response of 2 mM potassium 

ferrocyanide to altering direction step (a) first harmonic; (b) enlarged part from first 

harmonic.   
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Fig 5.17 The large amplitude FTACV (potential range: -0.2-0.6 V, scan rate: 14.90 mV/s, 

frequency: 1 Hz, amplitude: 50 mV) detailing with the response of 2 mM potassium 

ferrocyanide to altering direction step (a) second harmonic; (b) enlarged part from first 

harmonic. 
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5.5 Conclusions  

In this chapter, an advanced hydrodynamic modulation method was applied to test the 

electrochemical response in the microfluidic system. Not only the infusing flow rates but also 

the flow direction of the solution stream was changed during measurements 

The resulting current presented a big drop at the moment when the flowing stream was altered 

to the reverse flow direction, which is the result of thicker diffusion layer formed in the 

withdrawing step. Then the diffusion layer stabilized and the resulting current reached another 

plateau where the second limiting current can be obtained. With another alteration of the 

flowing direction, after the fresh solution from the syringe was infused into the microchannel, 

the limiting current reached the value where the first infusing step was.  

With multiple changes of the flowing direction, the experimental results showed that the 

system is sensitive to the infusing flow rate and a Levich type response can be obtained with 

different infusing flow rates applied. Also, the AC components extracted from the overall 

signal with FTACV presented us a promising way to examine hydrodynamic modulated 

system with AC technique by analysing the shoulder-like shapes where the flow step took 

place.  

 For better understanding the hydrodynamic modulated system, some further numerical work 

should be established for future work.  
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Chapter 6 Conclusions 

This thesis has investigated various electrochemical mechanisms with large amplitude Fourier 

transformed alternating current voltammetry in microfluidic systems. The merit to utilize 

large amplitude FTACV is that both AC components and DC signal can be obtained at the 

same time. To apply large amplitude rather than small amplitude enhanced the signal-to-noise 

in higher harmonics, which enables more accurate analysis. A hydrodynamic modulation 

method was developed to enhance the response and as it can be seen from the results, the 

system is sensitive with the hydrodynamic parameters as well as the substrate concentrations 

when homogeneous reactions were studied.  

Chapter 3 focused on the electrochemical performance of different reactions with large 

amplitude FTACV in microfluidic system. The electrochemical micro-reactors were 

fabricated by using microfabrication technique. Different parameters including volume flow 

rates and substrate concentrations were considered respectively. The results showed that peak 

current values in lower harmonics increased with larger flow rates, which is analogue the 

phenomena when DC technique was applied. While in the higher harmonics, the dependence 

of peak current values and flow rates became weaker which is the result of the mass transport 

becomes dominated by the diffusion rather than convection contribution. Also the two 

different homogeneous reactions were studied in the same system. The electrochemical 

response showed that the system is sensitive with the substrate concentrations as well in either 

stagnant or hydrodynamic setup, which provides an alternative for sensing research. 

Chapter 4 showed how hydrodynamic modulation method could affect the system. The flow 

rate changed during the electrochemical detection was processing. The results showed that 

under hydrodynamic modulation conditions, the system showed quick response of the flow 

rate change. The advantage to apply hydrodynamic modulation in the analysis is that both the 

relationships between peak current and flow rates or substrate concentrations can be obtained 

simultaneously, which reveals a promising approach to get more information in a short time 

measurement.  
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Chapter 5 presented the advanced hydrodynamic modulation technique. The flow direction of 

analyte stream was altered during the electrochemical measurements. The dramatical drop of 

resulting current showed the diffusion layer on the electrode surface broke down because of 

the opposite flow stream. Then the new limiting current value was reached presented that the 

new steady state was achieved. Analogue with DC detection, the result from large amplitude 

FTACV showed same result which the shoulder phenomenon can be obtained.  

In a conclusion, large amplitude Fourier transformed alternating current voltammetry is 

valuable to detect electrochemical reactions in both stagnant and hydrodynamic system. The 

higher harmonics in AC technique when the large amplitudes applied can be helpful to get 

more information which cannot be obtained from only cyclic voltammograms such as 

background current and double layer capacitance. Also with the hydrodynamic modulation 

methods applied, the relationships revealed between parameters and peak current can be 

obtained in a short time measurement.  

To have a better understanding of the hydrodynamic modulated system, the numerical work 

will be carried out for the future work.  
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Appendix A Instrumentation and Signal Processing 

of Fourier Transformed Alternating Current 

Voltammetry 

Fig A.1 summarises the key features in the FTACV instrumentation [108] needed to achieve a 

unified approach to FT voltammetry. A desktop computer can be used for instrument control, 

data collection and data analysis. The other necessary hardware components are widely used 

in commercial stereo systems. The analog-to-digital converters (ADCs) and digital-to-analog 

converters (DACs) are Δ∑-modulated devices. The software compensates for the time delay 

introduced through the ADC and DAC devices. Stereo hardware limits the upper sampling 

rate. The DAC can generate a DC ramp. In the overall signal, the total response is dominated 

by the DC component and the fundamental harmonic. A lookup-table digital signal process 

(DSP) and control stores a digital waveform, which is a highly accurate, 18-bit sine wave of 

amplitude ± 300 mV; a Fourier series of sine waves; a selected combination of sine waves; or 

a user-defined waveform. 

The digitally generated linear DC ramp and the operator-designed AC perturbation are 

converted to analog signals and summed. The waveform is then fed to a conventional 

potentiostat, which control the three electrodes, with a rise time. When the experiment is 

processing, the I-E data points are collected at a constant sampling rate and stored digitally, 

which is accomplished by the ADC. The collected experimental data are interrogated by the 

software in the signal-processing section of the FT voltammetric instrumentation. An FT 
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algorithm initially converts the data from time-domain into power spectrum, which is 

frequency-domain.   

 

Fig A.1 Schematic of FT voltammetric instrumentation 

 

By selecting a frequency band that retains most of its energy and then zeroing the remaining 

portion of the power spectrum, all the components and their harmonics can be separated. 

Next, the inverse FT is applied to each selected component to generate DC, fundamental, 

second-, third- and higher-harmonic time-domain signals.  
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