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Abstract 

The management of water resources is a pressing global challenge. This research 

aims to address the issues of water pollution and scarcity by proposing micro-

electromechanical systems (MEMS) based solutions for water purification and sensing. In 

particular, this research presents a new photoelectrocatalytic water purification system, an 

efficient valveless micropump, and a sensitive heavy metal ion sensor based on MEMS 

technologies, envisioning for a sensor-based closed-loop control water treatment platform. 

The photocatalytic degradation of organic matter by titanium dioxide was initially 

used to remove pollutants from water. A uniform and durable coating of titanium dioxide 

was successfully applied to various surfaces. These coated surfaces demonstrated high 

degradation efficiency and long-term stability in degrading organic matter in water. To 

further improve the photocatalytic degradation efficiency of titanium dioxide, graphene 

was introduced to form titanium dioxide/graphene nanocomposites.  

A new photoelectrocatalytic water purification system was developed by 

combining photocatalysis and electrochemistry. This scheme can be used to 

simultaneously remove both organic compounds and inorganic heavy metal ions from 

water. In this system, the working and counter electrodes are switched compared to 

traditional photoelectrocatalysis systems, with the metal or carbon electrode as the working 

electrode and the microchannels with photocatalyst serving as the counter electrode. A 

negative bias potential is applied to the working electrode to reduce the heavy metal ions, 

and the current flow through the circuit helps transfer the photo-excited electrons from the 

counter electrode (photocatalyst) to the working electrode. The inorganic heavy metal ions 
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are thus reduced on the working electrodes while the photocatalytic degradation of organic 

pollutants on the counter electrode is enhanced. 

Next, a micropump suitable for the water treatment and detection platforms was 

researched and developed. Valveless fluidic diode micropumps without moving parts are 

considered suitable for water sensor systems due to their simple structure and rapid mixing. 

In the design, topology optimization is used to design two-dimensional, fixed-geometry, 

fluidic diodes of high diodicity, which is the ratio of pressure drops of forward to reverse 

flows. One of the fluidic diodes, of the Tesla type, shows a diodicity of over five. The 

numerical simulation was applied to simplify the structures, and the two-dimensional 

geometry was converted into three-dimensional model for micropumps. Three-

dimensional and unsteady numerical analyses of micropump were conducted for pumps 

with the two diode designs. The experiments conducted with designed diodes showed 

reliable repeatability and precise control of flow, indicating positive prospects for potential 

applications. 

To achieve the envisioned closed-loop control water treatment platform, a highly 

sensitive low-cost sensor is essential. An electrochemical microfluidic sensor was 

developed for the high-sensitivity and low-cost detection of heavy metal ions in water. This 

sensor utilizes a glass carbon/graphene electrode synthesized through layer-by-layer self-

assembly and subsequent pyrolysis. The electrode exhibited low overpotential, enabling 

detection of almost any heavy metal ions in aqueous solutions, and the incorporation of 

graphene resulted in a high sensitivity. To enhance mass transfer and sensitivity, a valveless 

micropump was integrated with the electrode, achieving two orders of higher sensitivity 
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than those of measurements with a stationary solution and a detection limit as low as 20 

ppt for lead and 100 ppt for cadmium. The developed sensor was employed to 

simultaneously detect lead and cadmium in water, investigating the mutual influence of 

heavy metal ions in electrochemistry. A neuron network model was adopted for data 

analysis. 

In summary, this study presents a comprehensive approach to addressing the 

worldwide challenge of sustainable water resource management through the removal of 

pollutants and the detection of water pollutants. The closed-looped control water treatment 

platform, based on high-performance sensors, micropumps, and advanced 

photoelectrocatalysis technologies, provides an efficient and cost-effective solution to 

water scarcity and pollution. This platform offers promising prospects for the development 

of effective water management systems, which can contribute to the improvement of global 

water resources management and enhance the quality of life for people around the world. 
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Chapter 1: Introduction 

1.1 Motivation and Background 

Water scarcity and pollution are critical global challenges that have significant 

implications for sustainable development. Despite access to clean water being a 

fundamental human right, millions of people worldwide still lack access to safe drinking 

water.1 To address these issues, the United Nations has identified them as key goals for 

sustainable development by 2030.2 The impact of water scarcity is not limited to 

developing countries but is now also affecting developed countries, such as the United 

States, due to factors such as economic growth, demographic shift, and climate change. For 

instance, the U.S. Southwest is currently facing a megadrought, with the Colorado River 

named as the most endangered river in the country due to a nearly 20% decline in its water 

flow.3 

The pollution of water is also a significant problem worldwide. According to a 

global survey by the Food and Agriculture Organization of the United Nations, over 80% 

of wastewater is discharged into the environment without proper treatment, leading to 

800,000 deaths in 2012.4 In the United States, about 40% of surface water, including rivers, 

streams, and lakes, are in poor biological conditions due to nutrient pollution, which is 

becoming a nationwide problem.5 Water pollution occurs due to the discharge of various 

contaminants, including suspended solids, organic matter, nutrients, pathogens, metals, and 

inorganic dissolved matter. The main sources of these contaminants are agriculture and 

industry. 6 Organic pollution, measured by the Chemical Oxygen Demand (COD), has 

significant impacts on the economy and human health, with one study revealing that one-
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seventh of the rivers and streams in Africa, Asia, and Latin America are severely affected 

by organic pollution. Metals are another type of toxic water pollutant that threatens human 

health. The US Environmental Protection Agency lists nine metals to limit as contaminants 

in drinking water.7 The Flint water crisis, which was mainly caused by lead leached from 

lead water pipes, is a recent example of lead pollution in the US. In this case, starting in 

2014, the blood lead level in children younger than 5-years-old increased significantly from 

2.4% to 4.9%. When this value goes above 6.6%, it causes irreversible effects on IQ, ability 

to pay attention and academic achievement.8 

The high levels of organic pollutants and inorganic heavy metal ions endanger 

aquatic organisms and pose a threat to human health, leading to diseases such as acute and 

chronic gastrointestinal diseases, diarrheal diseases, typhoid fever, paratyphoid fever, and 

lower respiratory tract infections. Water pollution was attributed to 1.4 million deaths in 

2019 and around 297,000 death of children under the age of 5-year-old each year, 

underscoring the importance of proper water treatment water quality monitoring 

technologies in addressing both the global water shortage problem and ensuring the quality 

of drinking water and the health of those consuming it.9 

Conventional water purification technologies, such as adsorption, coagulation, 

sedimentation, chemical filtration, and membrane filtration, have high operational costs 

and relatively low efficiency. These methods cannot eliminate pollution, and they also 

generate toxic secondary pollution.10 More advanced technologies for water treatment have 

been developed, such as membrane filtration and semiconductor photocatalytic processes. 

The membrane filtration technique is one of the methods that is widely supported because 
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of its simple operation process that can occur at room temperature, low energy 

consumption, high efficiency, and low investment.11 The size of pores in nanoporous 

membranes ranges from nanometers to subnanometers. This makes it possible to filter most 

pollutants such as metallic ions, organic molecules, salts, and microbes from wastewater.12 

However, low throughput and membrane fouling are two of the key technical problems 

still to be solved. 

Another promising approach to water treatment is the semiconductor photocatalytic 

process. This technology uses semiconductor catalysts such as titanium dioxide (TiO2) to 

mineralize refractory organic compounds, water pathogens and disinfection by-products.13 

When TiO2 is illuminated under photo energy greater than or equal to the bandgap energy 

of TiO2 , the distinct lone electron in the outer orbital is photoexcited to the empty 

conduction band, leaving a hole in the valence band. A series of redox reactions occur at 

the photo active surface that can mineralize refractory organic compounds, water 

pathogens and disinfection by-products.14 The application of the photocatalytic process in 

water treatment has been studied for a long time since the discovery of photocatalytic effect 

on water splitting by Fujishima and Honda in 1972 using a TiO2 electrode.15 Although the 

photocatalytic process has been studied for a long time, the primary barriers that prevent 

the practical application of this technology are low efficiency, catalyst agglomeration 

during operation, and the complex post-separation process.16 

Similar to the development of water purification technology, the evolution and 

application of water quality detection technology also face many obstacles. Taking heavy 

metal ion sensors as an example. Heavy metal refers to any metallic chemical element that 
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has a relatively high density and is toxic or poisonous at low concentrations. Arsenic (As), 

cadmium (Cd), chromium (Cr), copper (Cu), lead (Pb), and zinc (Zn) are a few of most 

commonly considered heavy metals. They come from natural sources such as weathering 

of metal-bearing rocks and volcanic eruptions, as well as human activity such as mining 

and various industrial and agricultural activities.17 As non-biodegradable, toxic and 

persistent pollutants, heavy metal pollutant causes a potential health threat to their 

consumers including humans. Several acute and chronic toxic effects of heavy metals affect 

different body organs. Gastrointestinal and kidney dysfunction, nervous system disorders, 

birth defects, and cancer are examples of the complications of heavy metals toxic effects.18 

There are existing analytical tools that have been developed for measurement of heavy 

metal ions such as cold vapor atomic fluorescence, atomic absorption, chromatography, 

and emission spectroscopies. However, these tools require infrastructure, time, and 

workforce, and they can only be performed in centralized laboratory facilities.19 

Electrochemical testing has also been confirmed feasible for heavy metal ion testing, but 

its performance in complex environments where multiple heavy metal ions coexist is still 

a challenge. Its low system integration also hinders the practical application of this 

method.20 

Therefore, this research aims to address the fundamental problems in water 

purification and water quality detection, to eliminate barriers that limit their development. 

Through a more integrated and comprehensive water purification platform, this study aims 

to contribute to the sustainable development of water resources. 
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1.2 Objectives of Research 

The objective of this study is to provide an efficient photocatalytic degradation 

scheme and a highly sensitive sensor for an intelligent water treatment platform for 

sustainable water resources management. To accomplish the intended final research 

objectives, three specific aims were proposed and gradually achieved throughout the 

research process. 

Aim 1: To establish a high-performance water treatment system based on 

photocatalysis and electrochemistry, which can simultaneously degrade organic pollutants 

and remove inorganic heavy metal ions from water. The development of this system relies 

on the synthesis of highly efficient photocatalysts and the coating of substrates. Through a 

deep investigation of photocatalysis and its combination with electrochemistry, a new 

structure for photocatalytic water treatment was proposed, which achieved efficient 

degradation of organic pollutants while simultaneously removing heavy metal ions from 

water.  

Aim 2: To develop a fluid micropump suitable for the designed water treatment and 

detection system. The fluid micropump has a dual function as both an actuator and a 

micromixer. On the one hand, it can drive the flow of liquid to the system. On the other 

hand, it can accelerate the mass transfer process by utilizing its unique motion mode. Its 

combination with the heavy metal ion sensor further enhances its sensitivity, creating a 

lower detection limit. 

Aim 3: To develop a highly sensitive, low-cost, and user-friendly small heavy metal 

ion sensor. This sensor is based on the technology of anodic stripping voltammetry in 
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electrochemistry and integrates an innovative glassy carbon/graphene composite electrode 

and microfluidic system, achieving an extremely low detection limit and excellent long-

term stability for the detection of almost all types of heavy metal ions. 

The proposed objectives and outcomes of this research not only aim to provide 

clean drinking water, but also represent a significant advancement over a broad range of 

water treatment and sensing technologies. The achievements will offer a solution to current 

ineffective and costly water treatment systems employed in water treatment plants, 

ensuring clean drinking water. The monitoring and detection of environmental water and 

drinking water will also benefit from the development of heavy metal ion sensors. On a 

larger scale, the vision of this project is to enhance the quality of drinking water, reduce 

the expense of wastewater treatment, alleviate the current water pollution crisis, and 

ultimately address the issue of water resource scarcity.  

1.3 Thesis Overview 

Chapter 2 mainly introduces the synthesis and coating of a new reduced graphene 

oxide/titanium dioxide (rGO/TiO2) photocatalyst and its application to the photocatalytic 

degradation of organic pollutants. The working principle of the graphene/titanium dioxide 

photocatalyst and the influence of different substrate materials on the efficiency of 

photocatalytic water treatment are investigated. Finally, the rGO/TiO2 composite material 

is fixed on a shrinkable thermoplastic film through layer-by-layer (LBL) self-assembly to 

enhance the removal of pollutants in water. The photocatalytic efficiency is measured by 

the photodegradation of methylene blue (MB) under sunlight. A 10 mL MB solution with 
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a concentration of 10 μM is completely degraded within 1 hour, and the photocatalytic 

efficiency does not decrease after 5 hours of operation. 

Chapter 3 introduces the newly designed photoelectrocatalytic water treatment 

system. This chapter presents the basic principles of existing photoelectrocatalytic water 

treatment technologies and the proposed structure of the new photoelectrocatalytic system, 

comparing their differences. The experimental section includes the preparation of 

photoelectrocatalytic electrodes, a comparison of the efficiency of photoelectrocatalytic 

degradation of organic pollutants and inorganic heavy metal ions in two modes in bulk 

solution, and the integration of the designed photoelectrocatalytic water treatment system 

into a microchannel using MEMS technology, with a demonstration of its ability to 

simultaneously remove organic and inorganic pollutants in water. 

In Chapter 4, the design, simulation, fabrication, and testing of a valveless 

micropump based on topology optimization are presented. In this section, topology 

optimization is used to design a fixed-geometry fluidic diode of high diodicity. 

Subsequently, the fluid diode is used in a valveless micropump. Computational fluid 

dynamics (CFD) is used to perform three-dimensional unsteady numerical analysis of fluid 

flow inside the micropump with optimized diodes. The performance of the nozzle-diffuser 

type diode in the valveless micropump is also evaluated under similar conditions for 

comparison. Two types of micropumps are manufactured and tested. The results indicate 

that the flow rate of the micropump using the designed Tesla diode can reach 33.5 mL/h, 

which is consistent with the simulation results and 2.2 times higher than that of the nozzle-

diffuser type micropump. 
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In Chapter 5, the investigation of a highly sensitive heavy metal ion sensor based 

on a new electrode material and integrated with a microfluidic system is presented. The 

sensor utilizes a newly developed electrode formed by pyrolysis of photoresist and 

graphene to detects trace amounts of heavy metals through anodic stripping voltammetry. 

The sensor can detect almost all heavy metal ions in aqueous solutions due to its low 

overpotential. The sensor is integrated with a nozzle-diffuser valveless micropump, and the 

detection limits for lead and cadmium ions are 20 ppt and 100 ppt, respectively, at an 

average flow rate of 10 mL/h. The work focuses on the effect of mass transfer processes 

on electrochemical sensors and the mutual interference of various heavy metal ions during 

electrochemical detection. Finally, a model for the detection of multiple ions based on 

electrochemistry is established using neural networks. 

In Chapter 6, a summary of all the work done during this research, including the 

development of an efficient photocatalytic degradation scheme, the design of a fluid 

micropump, and the development of a highly sensitive heavy metal ion sensor, was 

presented. In addition, an outlook for future works was also discussed.  
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Chapter 2: Photocatalytic Water Purification  

2.1 Introduction 

 Photocatalytic technology based on titanium dioxide (TiO2) has gained wide 

attention in the past decades as a low-cost, environmentally friendly, and sustainable water 

treatment technology. This technology uses semiconductor catalysts such as TiO2 to 

mineralize refractory organic compounds, water pathogens and disinfection by-products.21 

When TiO2 is illuminated under photon energy greater than or equal to the bandgap energy 

of TiO2, the distinct lone electron in the outer orbital is photoexcited to the empty 

conduction band, leaving a hole in the valence band. A series of redox reactions occur at 

the photo active surface and can remove the organics in water.22 However, low efficiency, 

catalyst agglomeration during operation, and the complex post-separation process are the 

primary barriers that prevent practical applications of this technology. 

Graphene, a flat monolayer of sp2-bonded carbon atoms, is believed to be very 

effective in increasing photocatalytic efficiency because of the enhanced charge transfer 

rate.23 Many approaches have been applied to synthesize graphene-based 

TiO2 photocatalysts. For example, Guo et al. used an ultrasonic assisted chemical reaction 

to synthesize rGO/ TiO2 composite material and observed 2.57 times enhanced 

photocatalytic efficiency.24 Safardoust-Hojaghan and Salavati-Niasari synthesized rGO/ 

TiO2 composite material using a hydrothermal method, and it showed 2.13 times faster 

photodegradation rate than TiO2.
25 All of these chemical methods require complex and 

expensive chemical reactants, and the final products are in powder form, which is difficult 

to be immobilized on the substrate. 
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As the slurry of TiO2 and rGO/ TiO2 composite material requires a post-separation 

process and leads to catalyst agglomeration during operation, hindering the practical 

application of this technology,26 some researchers tried to deposit photocatalysts using 

chemical vapor deposition, atomic layer deposition and, most commonly, the sol–gel 

method.27, 28, 29 However, all these methods start with a titanium precursor and require 

complex chemical reactions. In addition, the enhancement of photocatalytic efficiency with 

graphene-based TiO2 becomes limited when the composite material is immobilized on the 

surface of the substrate due to a reduction of active sites involved in the reaction. For 

example, Padoin et al. immobilized rGO/ TiO2 composite material on the walls of 

microchannels, and only 29% enhancement was observed, compared to immobilized pure 

TiO2.
30 

Instead of using these chemical deposition methods, the physical LBL self-

assembly is more convenient, and can produce a high-quality TiO2 film on a substrate. The 

basic mechanism of LBL self-assembly is the electrostatic interaction between the polymer 

and particles with opposite charges.31 Multilayered TiO2 or rGO/ TiO2 films can be 

deposited onto an electrically charged substrate by dipping the substrate into successive 

solutions of opposite charges. This deposition routine can be repeated many times to 

fabricate multilayer photocatalyst thin films. TiO2/Polymer nanocomposite films have been 

successfully fabricated since 1997, when Liu et al. fabricated as many as 120 layers of 

films on silicon, metal and plastic substrates.32 Yao et al. fabricated a graphene-based 

TiO2 photocatalysts on glass substrate in a sequence of GO/PDDA/TiO2 while Manga et 

al. fabricated the material in a sequence of PEI/TiO2/PEI/GO.33, 34 Manga’s group also used 
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femtosecond transient absorption spectroscopy to demonstrate the ultrafast photocatalytic 

electron transfer between TiO2 and graphene. Different substrate materials were used to 

increase the surface area of the photocatalyst to increase the photocatalytic efficiency. For 

example, TiO2 was deposited on glass spheres with a diameter of 5 mm, and then put in a 

lab scale compound parabolic collector to photodegrade methylene blue (MB).35 Wang et 

al. successfully fabricated carbon nanotubes and TiO2 composite films on cotton fabrics to 

achieve high photocatalytic efficiency.36 They learned that their irregular shapes and 

material properties make them hard to use when fabricating microfluidic systems or 

flexible structures. 

In the present work, a shrink thermoplastic film was used as a substrate material as 

it can shrink more than 80% of its original size after heating. It has been successfully used 

in microsensors to enhance sensitivity and reduce the limit of detection,37 but it has never 

been used in photocatalytic water treatment. TiO2 films and rGO/ TiO2 composite films 

were LBL self-assembled on shrink polymer films. The photocatalytic efficiency was 

measured and compared with TiO2 films on a glass substrate, and the morphological 

properties were measured to explain the difference. 

2.2 Body of Knowledge 

The semiconductor TiO2 has been widely studied and utilized as a photocatalyst for 

water purification, water splitting and other photocatalytic applications. The working 

mechanism of TiO2 is shown in Figure 2.1a. The photon energy can excite the electron in 

the valence band to the conduction band and leave a hole in the valence band. A series of 

chain oxidizing-reductive reactions can then oxidize organics directly or indirectly by 
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producing active radicals. There are three different crystal structures of TiO2  including 

rutile, anatase and brookite. The energy band gap differs for different crystal structures (3.2 

eV for anatase and 3.0 eV for rutile). The rutile has a broader photoactive range while 

anatase has higher photocatalytic activity due to its higher conduct band energy and more 

lattice defects.38 Defects and dislocations in the anatase phase lattice can generate more 

oxygen vacancies to capture electrons, making photogenerated electrons and holes easier 

to separate. 

 

Figure 2.1 (a) Working mechanism of TiO2; (b) Synergistic effect between anatase and 

rutile. 

 

The commercial product Aeroxide® P25 is reported to have the highest 

photocatalytic activity higher than pure TiO2. Its high photocatalytic activity originates 

from the synergistic effect.39 The P25 contains anatase and rutile phases in a ratio of about 

3:1, and the bending of the energy band can be generated when these two phases come 

together. Figure 2.1b shows the energy band structure of anatase and rutile after bending. 

The holes in the valence band can transfer from anatase to rutile, but the electrons in the 

conduction band cannot travel between two phases. Thus, the electrons and holes are 
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separated, and recombination is inhibited. The P25 is regarded as a standard material in the 

field of photocatalytic reactions and is used in this project. 

2.3 Layer-by-Layer Self-Assembly  

As the pre-processing for LBL self-assembly, dispersion of TiO2 powder in water 

is a technical problem that must be solved. The van der Waals force indicates that although 

the nanoparticles intend to aggregate, electrostatic repulsion due to a double layer hinders 

this process.40 Based on the DLVO theory, pH value, solvent, concentration of ions and the 

functional groups at the surface of nanoparticles all impact the zeta potential of 

nanoparticles and hence affect the process of agglomeration. 41 

The effect of pH was tested, and the particle sizes were measured in different 

conditions. Based on the DLVO theory, when the pH is lower than the isoelectric point pH, 

which is about 5 for the P25, the surface of the particle is positively charged. When the pH 

is higher than the isoelectric point pH, a negatively charged surface and zeta potential can 

be expected.  

 

Figure 2.2 pH effect on TiO2 particle size in water dispersion (a) low pH (b) high pH. 
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Figure 2.2 shows the experiment results for measured particle size under various 

pH values. The polyethylene glycol (PEG) with a 400 molecular weight is used as the 

dispersant to cause steric repulsion between particles and help prevent agglomeration. 

Ultrasonic treatment was applied to reduce the particle size. The results show that the 

smallest particle size can be expected when the pH value is around 3 in an acidic condition 

and 12 in an alkaline condition. Further reduced or increased pH values enhances 

agglomeration because of the increased ion strength. Thus, a 1 wt% TiO2 water dispersion 

can be prepared with pHs of 3 or 12. Since the graphene is negatively charged, only 

positively charged TiO2 was used in the following experiments. 

The basic mechanism of LBL self-assembly is the electrostatic interaction between 

polymer or particles with opposite charges.42 Multilayered films can be deposited onto an 

electrically charged substrate by dipping the substrate into alternating solutions of opposite 

charges. This deposition routine can be repeated many times, accompanied by washing out 

of non-bound molecules after each layer is deposited. Figure 2.3 shows the procedure of 

the LBL self-assembly method. 

 

Figure 2.3 Process flow of the LBL self-assembly method. 
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The LBL self-assembly method can be used to fabricate TiO2 thin films as well as 

graphene/ TiO2  composite films.43 The surface charge of TiO2  can be controlled by 

changing the pH value based on DLVO theory. Either positively charged polyelectrolyte 

PDDA (poly(diallyldimethylammonium chloride)) or negatively charged PSS 

(poly(sodium styrene sulfonate)) can be used as polymers of opposite charges. For 

example, when the positively charged TiO2 is used, the negatively charged PSS can be 

used for PSS/ TiO2 bilayers. A TiO2 thin film with 5 PSS/ TiO2 bilayers can be produced 

by dipping the negatively charged substrate into a solution following the sequence of 

PDDA + PSS + PDDA + (PSS + TiO2)5. The first few layers of PDDA and PSS are used 

to make sure the substrate is uniformly charged. 

The reduced graphene has a negative charge at its defect points, so it can also be 

used in the LBL self-assembly. As a result, the LBL self-assembly method can synthesize 

graphene/TiO2 composite films in a sequence of PDDA + PSS + PDDA + (Graphene +

TiO2)5  by using graphene and positively charged TiO2 . As the negative charges on 

graphene are not enough in quantity or uniformity, graphene oxide (GO) might be a useful 

alternative material. GO has more functional groups on it, so it can attract more TiO2 

nanoparticles. The GO/  TiO2  composite material can be fabricated using the same 

sequence as graphene/  TiO2  composite material. Then the GO can be reduced into 

graphene by TiO2 under UV illumination, and the graphene/ TiO2 composite material can 

be obtained. 
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2.4 Fabrication and Characterization 

A 1 wt% TiO2 cationic solution was prepared by adding 1 g TiO2 and 1 mL HCl (1 

M) into 100 mL deionized water, followed by more than 24 h of continuous stirring until 

a stable colloid solution was formed. The GO solution was diluted to 1 mg/mL with 

deionized water, followed by slight sonication to prevent agglomeration and obtain a higher 

percentage of monolayer flakes. A shrink thermoplastic film was cut into 4.5 cm squares, 

and the 1.8 cm square glass was also used for comparison. 

The substrates were first cleaned by deionized water and dried in air. Then the 

substrates were alternately immersed into cationic PDDA and anionic PSS solutions in a 

sequence of [PDDA+PSS+PDDA]. The long-chain polymers with charged branches 

helped to form a uniformly film on the substrates. Next, the PSS/ TiO2 bilayers or GO/ 

TiO2 bilayers were deposited on top of the substrates. Different numbers of composite 

photocatalyst bilayers were prepared. Deposition time for each process was 10 min, 

accompanied by the washing out of non-bound molecules after each layer was deposited. 

The coated shrink thermoplastic films were heated in the oven under 150 °C. The 

film size after shrinking was 1.8 cm by 1.8 cm, the same as the cover glass. Then the 

ultraviolet light illumination was applied to reduce GO into rGO.44 

The surface morphologies and elemental mapping of samples were observed by a 

Field Emission Gun Scanning Electron Microscope (FEGSEM) (Hitachi SU8230). A 

thickness of 2.5 nm Iridium was deposited on each sample to increase the conductivity. 

The three-dimensional surface topography was measured by Atomic Force Microscopy 

(AFM) (MFP-3D Origin AFM, Asylum Research). 
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The morphology of immobilized photocatalysts was observed by SEM. Figure 2.4 

shows the SEM images of 4 PSS/TiO2  bilayers on both a glass substrate and a shrink 

thermoplastic film and 4 rGO/TiO2 bilayers on the shrink thermoplastic film. It can be 

found that the PSS/TiO2 bilayers on glass substrate were relatively flat, and the porous 

structure between photocatalysts was in nanoscale. The ultra-high-resolution image of 

glass sample clearly shows the TiO2 nanoparticles. The size of TiO2 nanoparticles were 

about 20-25 nm which matches the particle size of P25. Comparing the photocatalysts on 

the glass substrate with the shrink thermoplastic films, Figure c and e show many folds 

produced by shrinking, which means a higher surface area can be expected on shrink 

thermoplastic films. It also leads to the microscale porous structures on the substrate. The 

amount of folds was similar between PSS/TiO2 and rGO/TiO2 composite films on shrink 

thermoplastic films, but Figure c, d show the surface of the folds was rougher than Figure 

e, f. This is because there is more TiO2 immobilized on PSS than rGO as the negatively 

charged functional groups on GO is much less than PSS. 
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Figure 2.4 SEM images of different photocatalyst in different substrate (a) 4 PSS/TiO2 

bilayers on glass substrate, high resolution; (b) 4 PSS/TiO2 bilayers on glass substrate, 

ultra-high resolution; (c) 4 PSS/TiO2 bilayers on shrink polymer, low resolution; (d) 4 

PSS/TiO2 bilayers on shrink polymer, high resolution; (e) 4 GO/TiO2 bilayers on shrink 

polymer, low resolution; (f) 4 GO/TiO2 bilayers on shrink polymer, high resolution. 
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Figure 2.5 AFM images of different photocatalyst in different substrate (a) 4 PSS/TiO2 

bilayers on glass substrate, low resolution; (b) 4 PSS/TiO2 bilayers on glass substrate, high 

resolution; (c) 4 PSS/TiO2 bilayers on shrink polymer, low resolution; (d) 4 PSS/TiO2 

bilayers on shrink polymer, high resolution; (e) 4 GO/TiO2 bilayers on shrink polymer, low 

resolution; (f) 4 GO/TiO2 bilayers on shrink polymer, high resolution. 

 

Figure 2.5 shows the AFM images of different photocatalysts on different 

substrates. Similar to the SEM images, the photocatalysts on a glass substrate were 

smoother than that on a shrink polymer substrate. In a square with a side of 5 μm, the height 
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difference of photocatalysts on the glass substrate was 783 nm, while the value on the 

shrink polymer substrate with different photocatalysts were 2.644 μm and 3.315 μm, 

respectively. The microscale folds on the shrink polymer are visible in AFM images. The 

particle size shown in high resolution images are in a range from 20 nm to 25 nm, which 

matches the SEM results. 

2.5 Photocatalytic Tests and Efficiency 

The photocatalytic efficiency was evaluated by photodegradation of MB solutions. 

Different numbers of PSS/TiO2  bilayers on shrink polymer films were first tested and 

compared. As shown in Figure 2.6a, concentration of MB kept decreasing with increasing 

illumination time. The concentration changes of MB slowed down when its concentration 

was lower, thus the kinetics of MB photodegradation can be described by the first order 

kinetics equation: 

ln ln (C/C0)  = −kt 

where C  and C0  are the contaminant concentrations at the beginning and during light 

illumination, respectively, k is the reaction rate constant, and t is time.45 The photocatalytic 

efficiency can be represented by reaction rate constant, k, which is also the slope in Figure 

2.6b. When the number of PSS/TiO2 bilayers is higher, k is also higher, and the value of k 

gets saturated when the number of bilayers is 4. This means several PSS/TiO2 bilayers 

greater than 4 will not significantly change the photodegradation efficiency. This is because 

the bottom photocatalyst was covered by the upper photocatalyst, and only the upper 

photocatalyst could receive light illumination and photodegrade MB. When the number of 

PSS/TiO2 is 4, k = 0.0173/min. 
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Figure 2.6 (a) Relative MB concentration versus irradiation time with different numbers 

of PSS/ TiO2 bilayers; (b) MB degradation kinetics for different numbers of PSS/ TiO2 

bilayers. 

 

The same tests were done in different numbers of PSS/TiO2 bilayers on a glass 

substrate and rGO/TiO2 bilayers on a shrink polymer substrate. The results are shown in 

Figure 2.7. 

 
Figure 2.7 Pseudo first order kinetic constant for different numbers of PSS/TiO2  and 

graphene/ TiO2 bilayers on different substrates. 

 

Figure 2.7 shows that the PSS/TiO2 bilayers on a glass substrate always have the 

lowest photocatalytic efficiency, and the highest photocatalytic efficiency observed was 
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k = 0.0106 /min. The highest photocatalytic efficiency was obtained in shrink polymer 

with 6 rGO/TiO2 bilayers. The highest reaction rate constant was k = 0.0222 /min, 2.1 

times higher than PSS/ TiO2  bilayers on glass substrate and 1.28 times higher than 

PSS/TiO2 bilayers on a shrink polymer substrate. 

The high photocatalytic efficiency for rGO/TiO2 bilayers on a shrink polymer can 

be attributed primarily to two reasons: the high surface area induced by shrink and 

enhanced electron transfer due to graphene material. As the original size of shrink polymer 

is 6.25 times higher than the size after shrinking and covering the glass, the amount of 

immobilized photocatalyst is also higher than cover glass. The enhancement of 

photocatalytic efficiency by introducing graphene material has been verified by many 

publications. Even though the amount of TiO2 in rGO/TiO2 bilayers is less than PSS/TiO2 

bilayers, the enhanced electron transfer prevents photoexcited electron-hole recombination 

and improves the photocatalytic efficiency even beyond that of PSS/TiO2 bilayers. 

 

Figure 2.8 Relative MB concentration versus irradiation time in cycling test. 
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The cycling tests were also performed to show the long-term stability of LBL self-

assembled rGO/TiO2 bilayers on shrink polymer. A sample with 4 rGO/TiO2 bilayers on 

shrink polymer was used for this test. 10 mL MB solution with 10 μM concentration was 

fully degraded within 1 h. The process was repeated 5 times, and the result was shown in 

Figure 2.8. It can be inferred from the figure that no decrease of photocatalytic efficiency 

was observed, which means that the bonding between photocatalyst and substrate is firm 

and the result is repeatable. 

2.6 Conclusion 

This study shows that the photocatalyst can be firmly immobilized on glass 

substrates and on shrink thermoplastic films using LBL self-assembly. The folds’ structure 

induced by shrinking helps increase photocatalytic efficiency by 63%, and the introduction 

of graphene material further enhances the photocatalytic efficiency to 2.1 times higher than 

pure TiO2 immobilized on a glass substrate. Overall, more than 70% of 100 μM MB was 

removed in 1 hour using rGO/TiO2 bilayers immobilized on a shrink thermoplastic film, 

and the 10 μM MB can be fully removed within 1 hour. 
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Chapter 3: A New Photoelectrocatalysis Water Purification 

Configuration for Simultaneous Removal of Organic Pollutant and 

Heavy Metal Ions in Water 

3.1 Introduction 

Photocatalytic water treatment based on photocatalysts is a promising low-cost and 

sustainable water treatment technology. This technology uses electron-hole pairs generated 

by photocatalysts under light illumination to produce active radicals that degrade organic 

pollutants in water.46 However, its efficiency is limited by the recombination of 

photoexcited electrons and holes, which reduces the lifetime of photogenerated holes.47,48 

Numerous methods have been developed to prevent the recombination of electrons 

and holes in photocatalysts. For example, heterostructured photocatalysts prevent electron-

hole recombination by transferring photoexcited electrons from a semiconductor with a 

higher conduct band minimum to one with a lower conduct band minimum.49,50 The 

TiO2/CdS system was the first heterostructured photocatalyst designed by Spanhel et al. in 

1987.51 A significant amount of research has attempted to improve photocatalytic 

efficiency by doping metals,52, 53 metal oxides,54 non-metals,55 or graphene56, 57, 58 onto 

photocatalysts to transfer photogenerated electrons. However, these methods involve 

transferring electrons to a lower energy level, leading to the release of a portion of the 

potential energy of the transferred electrons and a reduced redox potential, which limits the 

scope of application of photocatalysis. 

Photoelectrocatalysis (PEC) is considered an effective method for addressing the 

recombination of electron-hole pairs in photocatalysts. PEC involves applying a bias 
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potential to a photocatalyst to induce electron migration from the photocatalyst to another 

electrode, thereby achieving the separation of electron-hole pairs and enhancing the 

efficiency of photocatalysis. Studies have reported that applying a bias potential as low as 

0.1 V can achieve 2.59 times higher photodegradation efficiency.59 Another significant 

benefit of PEC is the removal of heavy metal ions at the cathode due to the reducing ability 

of electrons in the counter electrode.60, 61, 62 However, the heavy metal ions that can be 

reduced at the cathode are limited.63 For example, in titanium dioxide (TiO2) base PEC 

system, although published works have shown that heavy metal ions with high redox 

potential, such as copper and lead, can be reduced by photogenerated electrons. The 

potential of these electrons is generally considered insufficient to reduce heavy metal ions 

with lower redox potential, such as cadmium.64 

Therefore, this study presents a novel configuration of a three-electrode system-

based PEC water purification system that is distinct from the existing setups, achieving the 

reduction of all heavy metal ions and the efficiency enhancement of photocatalytic organic 

degradation.  

3.2 Body of Knowledge 

Figure 3.1 illustrates the working principle of photoelectrocatalytic water 

treatment. As shown in the figure, a bias potential is applied between the TiO2 electrode 

and counter electrode to allow electron transfer. 

The bias potential applied on photocatalyst migrate electrons from photocatalyst to 

another electrode which transfers the photocatalysis into photoelectrocatalysis, and the 
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PEC is more efficient on degradation of pollutants compared to electrolysis and 

photocatalysis under similar experimental conditions.65 

 

Figure 3.1 Mechanism of photoelectrocatalytic water purification. 

 

The PEC can be divided into three processes.66 The semiconductor is first 

illuminated by UV light to generate excited electrons in the conduct band and leave holes 

in the valence band. Then the bias potential applied between the graphene/ TiO2 electrode 

and counter electrode leads to the electron transfer from the graphene/ TiO2 electrode to 

counter electrode, and the electron-hole pairs are effectively separated. Finally, holes are 

left in the graphene/ TiO2 electrode to generate active radicals and oxidize pollutants in the 

water, while the electrons are left in the counter electrode, leading to a reduction reaction. 

Photocatalytic efficiency increases due to the efficient electron-hole separation. 

There are another two important benefits of the photoelectrocatalytic water degradation. 

First, it avoids the dependence of the photocatalytic process on dissolved oxygen in water. 
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The excited electrons react with the dissolved oxygen to form 𝑂2
∙−  radicals to oxidize 

organic materials in water. With the consumption of dissolved oxygen, the electrons are 

accumulated, and the electron-hole recombination is enhanced, so the traditional 

photocatalytic efficiency is highly dependent on dissolved oxygen in the water. However, 

with the existence of bias potential, the electrons are transferred to the counter electrode, 

leading to a reduction reaction on the counter electrode. The dissolved oxygen does not 

participate in the photocatalysis reaction, nor does it affect photocatalytic efficiency. 67 

Another significant benefit of photoelectrocatalytic water degradation is that heavy metal 

ions can be removed at the cathode of a reactor, which is the counter electrode, 

by photoelectrocatalytic reduction.68 This is because of the reducing ability of electrons in 

the counter electrode. 

3.3 Device Fabrication and Characterization 

Two different devices were designed and fabricated for different experiments. One 

of them used layer-by-layer (LBL) self-assembly to deposit TiO2 on a 2 cm×2 cm FTO 

glass as the photocatalyst electrode. As described in Chapter 2, 1 g of TiO2 was dissolved 

in 100 mL of HCl solution with pH=3 to form a stable suspension. Then the cleaned FTO 

glass was immersed in a solution containing positively charged conductive polymer PDDA 

to change its surface charge. The FTO glass with a positively charged surface was then 

alternately immersed in PSS and TiO2 solutions for 10 minutes each, followed by rinsing 

with deionized water to remove unbound molecules after each deposition. Photocatalyst 

electrodes with a different number of PSS/TiO2 bilayers were prepared by controlling the 

number of LBL self-assembly cycles. The electrode with the deposited photocatalyst was 
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then placed in a furnace (MTI OTF-1200X-5L) and annealed at different temperatures. The 

heating rate was 2 °C/min, and the final annealing temperature was maintained for 5 hours. 

 
 

Figure 3.2 (a) Sketch of a microfluidic PEC water purification system heavy; (b) schematic 

diagram of the fabrication process; (c) Picture of the fabricated chip PEC system without 

microchannel. 

 

The integrated microfluidic-based PEC system was fabricated on a 5 cm×5 cm FTO 

glass. The design and fabrication process of the proposed PEC system are illustrated in 

Figures 3.2a and 3.2b, respectively. Firstly, the FTO glass was etched into the desired shape 

of the three electrodes using zinc and HCl.69 The photocatalyst with a microchannel shape 

was deposited on the photocatalyst electrode using a lift-off method. Initially, a positive 

photoresist was used to pattern the microchannel shapes on the FTO glass, and TiO2 was 

deposited using the LBL self-assembly method as described earlier. The photoresist was 

then removed by immersing the FTO glass in acetone, followed by annealing in the 
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furnace. The heavy metal ion reduction electrode was deposited with a 100 nm thick copper 

film by sputtering to enhance the binding strength with the reduced heavy metal. A 

silver/silver chloride reference electrode was fabricated by screen printing of silver/silver 

chloride paste on the designed area. Figure 3.2c shows a picture of the fabricated electrodes 

on FTO glass. 

The microchannel was fabricated based on PDMS soft-lithography.70 The 

microchannel structure was first patterned on a silicon wafer using negative photoresist 

SU-8 100 via photolithography with a thickness of 100 µm. Next, a mold made of 

polydimethylsiloxane (PDMS) was created by pouring PDMS onto the silicon-based mold 

and curing it. The resulting PDMS mold with mating structures was then used to apply 

UV-curing glue (NOA81) on top, which was covered with a UV-transparent polystyrene 

polymer film. After partially curing the glue under UV illumination, the PDMS mold was 

replaced with the FTO glass, and more UV illumination was applied to fully cure the glue. 

The surface morphology of the photocatalyst electrode was observed using a field 

emission gun scanning electron microscope (FEGSEM) (Hitachi SU8230). A 2.5 nm layer 

of iridium was deposited on each sample to increase conductivity. The morphology of the 

deposited TiO2 was mainly compared before and after annealing. Figures 3.3a and 3.3b 

show the SEM images of 8 PSS/TiO2 bilayers on a FET glass before annealing with 

different resolution, while Figures 3.3c and 3.3d show the SEM images of the same sample 

after 500 ºC annealing. The TiO2 nanoparticles can be clearly see in the high-resolution 

image, and the size of the nanoparticles were measured to be about 25 nm. By comparing 

the SEM images before and after annealing, it can be clearly seen that the pores in the 
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porous structure formed by TiO2 nanoparticles are reduced after annealing, indicating that 

the particles become closer to each other. This is due to the decomposition of PDDA and 

PSS layers and the reorganization of the arrangement of TiO2 nanoparticles at high 

temperatures. The benefit of this change is that the binding between TiO2 and the substrate 

becomes tighter, and the electron transfer between titanium dioxide nanoparticles and the 

substrate becomes more pronounced. Therefore, higher photocurrent and more efficient 

electron transfer can be expected in PEC. 

 
 

Figure 3.3 SEM images of photocatalyst before and after 500 °C annealing (a) 8 PSS/TiO2 

bilayers on glass substrate before annealing, low resolution; (b) 8 PSS/TiO2 bilayers on 

glass substrate before annealing, high resolution; (c) 8 PSS/TiO2 bilayers on glass substrate 

after annealing, low resolution; (d) 8 PSS/TiO2 bilayers on glass substrate after annealing, 

high resolution. 
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This consumption can be confirmed by measuring the photocurrent in 

photoelectrochemistry. Figure 3.4a illustrates the photoelectrochemical response of the 

photocatalyst electrodes prepared at different annealing temperatures. All the photocatalyst 

electrodes were coated with 8 PSS/TiO2 bilayers via LBL self-assembly prior to annealing. 

The potential difference between the photocatalytic electrode and the reference electrode 

was maintained at 0 V. The photocatalytic electrodes were first stabilized in the dark for 

20 s, then, upon opening the solar light simulator, all the electrodes exhibited photocurrent, 

which rapidly dropped to the background current upon turning off the light. A comparison 

shown in figure 3.4b reveals that the photocurrent density increases with increasing 

annealing temperature. Specifically, the electrode annealed at 500 °C for 5 hours exhibited 

a photocurrent 82 times higher than that of the non-annealed electrode, reaching 65.7 

µA/cm2. This improvement can be attributed to the decomposition of PDDA and PSS and 

the rearrangement of TiO2 nanoparticles at high temperatures. 

The optimization of the number of PSS/ TiO2 bilayers coated on the photocatalyst 

electrode via LBL self-assembly was evaluated through photoelectrochemical testing, and 

the results are presented in Figure 3.4c. As shown in the figure, the photocurrent density 

increases as the number of PSS/ TiO2 bilayers increases from 2 to 8. This is attributed to 

the larger coverage of TiO2 on the electrode surface, resulting in the generation of more 

photoexcited electrons. However, when the number of PSS/ TiO2 bilayers exceeds 8, the 

photocurrent density tends to saturate and even exhibit a decrease. This phenomenon can 

be explained by the results shown in Figure 3.4d, which demonstrates the transparency of 

the prepared photocatalytic electrodes under 365 nm ultraviolet light. It can be observed 
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that a higher number of PSS/ TiO2 bilayers leads to lower transparency, indicating a 

significant reduction in the light intensity received by the underlying layers of the 

photocatalyst. Additionally, the electrons generated by the surface-layer photocatalyst 

require a longer pathway to reach the FTO surface. Therefore, a decrease in photocurrent 

density is observed when the number of PSS/ TiO2 bilayers exceeds 8. Ultimately, 8 PSS/ 

TiO2 bilayers were selected as the optimized configuration for the photocatalyst electrode. 

 
 

Figure 3.4 (a) Comparison of the photoelectrochemical response of photocatalyst 

electrodes with different annealing temperatures; (b) Comparison of the photocurrent 

generated by photocatalyst electrodes with different annealing temperatures; (c) 

Comparison of the photocurrent generated by photocatalyst electrodes with different 

number of PSS/TiO2 bilayers; (d) the transmittance of 365 nm ultraviolet light through 

photocatalyst electrodes with different amounts of PSS/TiO2 bilayers. 
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3.4 PEC Water Purification System with New Configuration 

In traditional PEC water treatment systems, the photocatalyst electrode is typically 

used as the anode to degrade organic pollutants by utilizing photo-generated holes. Other 

materials electrode serves as the cathode, where the transferred photo-generated electrons 

are utilized to reduce heavy metal ions. 71, 72 The ultimate purpose of PEC is to separate the 

photo-generated electron-hole pairs. Therefore, when combining the photocatalyst 

electrode with the electrochemical three-electrode system, two different configurations 

emerge. One commonly used configuration, as mentioned earlier in the 

photoelectrochemical testing, involves using the photocatalyst electrode as the working 

electrode, where oxidation reactions occur to remove organic pollutants from water. The 

other electrode (in this work, a graphite rod) is used as the counter electrode, where photo-

generated electrons are transferred to undergo reduction reactions, recovering heavy metal 

ions from the water. The roles of the photocatalyst electrode and carbon rod are reversed 

in the second configuration, with the graphite rod electrode serving as the working 

electrode and a negative potential applied between the working electrode and the reference 

electrode to reduce heavy metal ions. The photocatalyst electrode functions as the counter 

electrode, still generating oxidation reactions through photo-generated holes. Both 

configurations enable the transfer of photo-generated electrons from the photocatalyst 

electrode to the graphite rod electrode. The following experiments compare the differences 

between the two configurations in terms of organic pollutant degradation and heavy metal 

ion reduction. 
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The efficiency of photoelectrocatalytic organic degradation and heavy metal ion 

reduction in the two PEC systems was evaluated by degrading methylene blue and reducing 

different types of heavy metal ions. The experimental setup is shown in Figure 3.5. The 

two sides of an H-type electrochemical cell contained 50 mL of 0.1 M sodium sulfate 

solutions with 10 μM methylene blue (MB) and 1 ppm of different heavy metal ions, 

respectively. The two reaction chambers were separated by a proton exchange membrane 

(Nafion™ 117, Dupont). The 2 cm × 2 cm photocatalyst electrode and an Ag/AgCl 

reference electrode were placed in the methylene blue solution, while a carbon rod was 

placed in the heavy metal ion solution. Every 30 minutes, 100 μL of solution was taken out 

from the tube and the concentration of MB was measured with 664 nm illumination using 

a UV/visible spectrophotometer (model SP-UV1100, DLAB Scientific Co., Ltd). The 

concentration of heavy metal ions was measured by Inductively coupled plasma mass 

spectrometry (ICP-MS). 

 

Figure 3.5 Setup of the photoelectrocatalytic water purification tests. 
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The efficiency of the PEC system for degradation of organic compounds was 

evaluated through the degradation of MB solution. The MB degradation was tested under 

different electrode potentials in two configurations. The concentration change is shown in 

Figures 3.6a and 3.6d. The concentration of MB continuously decreased with increasing 

illumination time. The lower the concentration of MB, the slower the rate of concentration 

change, and the photodegradation kinetics of MB can be described by a first-order kinetic 

equation, and the reaction rate constant 𝑘 can be used to represent the photodegradation 

efficiency. Therefore, the slopes in figures 3.6b and 3.6e indicate the photodegradation 

efficiency corresponding to the two configurations. 
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Figure 3.6 (a) Relative MB concentration versus irradiation time with different bias 

potential in a traditional PEC configuration; (b) MB degradation kinetics for different bias 

potentials in a traditional PEC configuration; (c) the relationship between the 

photodegradation constant 𝑘 , current between electrodes, and bias potential in the 

conventional configuration of the PEC system; (d) Relative MB concentration versus 

irradiation time with different bias potential in new PEC configuration; (e) MB degradation 

kinetics for different bias potential in the new PEC configuration; (f) the relationship 

between photodegradation constant 𝑘,  current between electrodes, and bias potential in the 

new configuration of the PEC system. 
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Pure photocatalysis without the introduction of the PEC system was used for 

comparison to demonstrate the enhancement of photodegradation efficiency for organic 

compound by the two different PEC systems. It can be observed that when the 

photocatalyst electrode served as the working electrode (Figures 3.6a and 3.6b), the PEC 

system displayed a twofold increase in photodegradation efficiency compared to pure 

photocatalysis at a working electrode potential of 1.0 V. When the graphite rod served as 

the working electrode (Figures 3.6c and 3.6d), the PEC system exhibited a maximum 

photodegradation efficiency that was 2.3 times that of the pure photocatalysis. It is also 

noticed that when the photocatalyst electrode served as the working electrode, a significant 

improvement in photocatalytic degradation efficiency could be achieved even at a 

relatively low voltage, whereas in the other configuration, the enhancement of 

photocatalytic efficiency was clearly dependent on the working electrode potential. This is 

due to the different variations in current magnitude with respect to the working electrode 

potential in different configurations as shown in Figures 3.6c and 3.6f. When the 

photocatalyst electrode serves as the working electrode, the current in the system originates 

from the photocurrent and the redox current at the working electrode. Since the 

photocurrent is much larger than the redox current and is not affected by the electrode 

potential, significant current can be generated at low electrode potentials, enabling the 

efficient separation of photogenerated electron-hole pairs, and leading to a notable 

improvement in photocatalytic degradation efficiency. On the other hand, when the 

graphite rod serves as the working electrode, the current in the PEC system is determined 

solely by the heavy metal ions reduction current of on the graphite rod electrode. This 
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current magnitude is dependent on the electrode potential. When the electrode potential 

becomes more negative (larger in absolute value), the reduction reaction on the electrode 

becomes more vigorous, resulting in a larger current. When the consumption rate of 

electrons on the working electrode is lower than the rate of photogenerated electron 

production on the photocatalyst electrode, only a partial separation of photogenerated 

electron-hole pairs occurs, leading to a smaller improvement in photocatalytic degradation 

efficiency. However, when the potential on the working electrode becomes negative 

enough to generate an electron consumption rate exceeding the number of photogenerated 

electrons, the counter electrode potential rapidly increases to facilitate additional 

electrochemical degradation of organic compounds, generating sufficient electrons. 

Therefore, a higher enhancement in photocatalytic degradation rate can be observed 

compared to the previous configuration. 

 

Figure 3.7 (a) Relative Cu2+ concentration versus irradiation time with different PEC 

configurations; (b) relative heavy metal ions (Cu2+, Pb2+, Cd2+) concentrations after 2 hours 

deduction in PEC with the traditional configuration under different applied voltages; (c) 

relative heavy metal ions (Cu2+, Pb2+, Cd2+) concentrations after 2 hours deduction in PEC 

with the new configuration under different applied voltages. 

 

The two different configurations of the PEC system exhibit more significant 

differences in the reduction of heavy metal ions. Figure 3.7a records the reduction of 

copper ions (Cu2+) in the two PEC system configurations when the absolute value of the 
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working electrode potential is 1.0 V. It can be observed that in the new PEC system with 

the graphite rod as the working electrode, the concentration of Cu2+ rapidly decreases and 

is completely recovered within one hour. In contrast, when the photocatalyst electrode 

serves as the working electrode, only 72% of Cu2+ is recovered within 2 hours. This 

phenomenon can also be explained by the current changes in Figures 3.6c and 3.6f. When 

the absolute value of the working electrode potential is 1.0 V, the current density in the 

new PEC system with the graphite rod as the working electrode is much higher than the 

current density when the photocatalyst electrode serves as the working electrode, and a 

higher current density implies a faster reduction of heavy metal ions. 

The reduction effects of different heavy metal ions were compared in two different 

configurations of the PEC system. In addition to Cu2+, the reduction of lead (Pb2+) and 

cadmium (Cd2+) ions were tested. Figures 3.7b and 3.7c show the concentrations of heavy 

metal ions in the solution after 2 hours of operation of the PEC systems. It can be observed 

that the traditional configuration of the PEC system cannot reduce Cd2+, and its reduction 

efficiency for Cu2+ and Pb2+ is also low, with no significant changes observed with 

increasing electrode potential. This is because the number of photo-generated electrons is 

limited, and the absolute value of the photo-generated electron potential is much lower than 

the redox potential of Cd2+. In the new configured PEC system, reduction of all three heavy 

metal ions can be observed, and the efficiency of heavy metal ion reduction increases with 

more negative electrode potential. More importantly, reduction of Cd2+ can be observed 

when the working electrode potential is lower than the redox potential of Cd2+, which 

cannot be achieved with the traditional configuration of the PEC system. 
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3.5 PEC Microfluidic Water Purification System 

Finally, the proposed PEC configuration was integrated with a microfluidic system 

to form a miniaturized, on-chip, efficient PEC water treatment system. The proposed new 

PEC configuration was implemented during testing, where the photocatalyst electrode 

served as the counter electrode and the Cu electrode served as the working electrode. A 

mixed solution containing the organic compound MB and inorganic heavy metal ions was 

passed through the microchannel at flow rates of 5 mL/h, 7.5 mL/h, and 10 mL/h, 

respectively. The concentrations of MB and heavy metal ions at the outlet were collected 

and measured. To prevent the reduction reaction of MB during its passage through the 

working electrode from affecting the assessment of photocatalytic degradation efficiency, 

the obtained solution was stirred overnight under magnetic stirring, allowing the reduced 

MB to be oxidized by oxygen in the air and regenerating MB. 

 

Figure 3.8 The performance of microfluidic PEC system with different mass flow rates 

under different applied potentials on (a) MB removal and (b) heavy metal ion removal 

(Cd2+). 

 

Figure 3.8a illustrates the efficiency of the microfluidic photoelectrochemical 

(PEC) system in degrading the organic compound MB at different flow rates when the 
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potential of the working electrode decreases from 0 V to -0.8 V. The results indicate an 

inverse relationship between the removal rate of MB and flow rate. This phenomenon can 

be attributed to the shorter residence time of the solution in the microchannel at higher flow 

rates, leading to a shorter duration of the degradation reaction. Additionally, it is noticed 

that as the potential of the working electrode decreases, the removal rate of the organic 

compound increases. This can be explained by the acceleration of the reduction reaction 

on the working electrode at lower potentials, which enhances the electron transfer rate and 

facilitates efficient charge separation of photogenerated electrons and holes. Similarly, 

Figure 3.8b demonstrates the efficiency of the microfluidic PEC system in recovering 

heavy metal ions. The effect of the flow rate on the reduction efficiency is similar to that 

of organic compound degradation. However, it is noticed that working electrode potential 

has a more significant influence on the efficiency of heavy metal ion recovery. Potentials 

higher than -0.2 V are insufficient for the reduction of Cd2+, whereas a decrease in potential 

below -0.4 V leads to a rapid increase in recovery efficiency. In summary, when the 

potential of the working electrode is set at -0.8 V, the system achieves over 95% 

degradation of 10 μM MB solution and over 90% degradation of a Cd2+ ion solution with 

a concentration of 1 ppm at a flow rate of 5 mL/h. 

3.6 Conclusion 

This study presents a comprehensive investigation into the enhancement of water 

treatment efficiency through photoelectrocatalysis (PEC) compared to photocatalysis. In 

addition to the existing PEC water treatment configurations, new PEC system 

configurations are proposed, enabling the simultaneous removal of organic compounds and 



42 
 

most heavy metal ions. By comparing the efficiency of the two PEC system configurations 

in terms of organic compound degradation and heavy metal ion recovery, both 

configurations demonstrate improvements in photocatalytic degradation rates. Notably, the 

proposed new configuration achieves a 2.3 -fold enhancement in the degradation rate of 

organic compounds at a voltage of -1.0 V. Both configurations exhibit the recovery of Cu2+ 

and Pb2+ ions, but the proposed new configuration exhibits significantly higher recovery 

efficiency and is the only one capable of recovering Cd2+ ions. Finally, a demonstration 

using a small-scale microfluidic PEC water treatment system prototype achieves 95% 

organic compound degradation and over 90% heavy metal ions recovery, providing a 

theoretical analysis and model validation for the development of large-scale array-based 

high-efficiency PEC water treatment platforms. 
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Chapter 4: Microluidic Diode and Application to Valveless Micropumps 

4.1 Introduction 

Micropumps are microelectromechanical system (MEMS) devices that pump small 

quantities (nanoliters or microliters) of liquid. They have been widely used in thermal 

control of electronics, measurement of volumes in the micro-scale, mixing of microfluidic 

streams, and medical applications. 73, 74, 75 For example, the piezoelectric actuation based 

valveless micropump has proved to be useful for drug delivery,76 and its application as an 

actuator for dynamic cultures on ‘organs on a chip’ has gained recent attention.77, 78 Passive 

fluid diodes with no mechanical moving parts are used in valveless micropumps. They 

have attracted great interest due to their simple structures, compact sizes, lack of 

electromagnetic interferences, and easy integration.79 The working mechanism of the 

valveless micropump is based on the difference of flow resistances between forward flow 

and back flow through internal channels.80 

Two commonly used valveless micropumps are based on either nozzle-diffuser 

channels or Tesla-type diodes. The nozzle-diffuser valveless micropump uses V-shaped 

channels that behave like nozzles when the flow is in one direction and like diffusers when 

the flow is in the opposite direction.81, 82, 83 Chandrasekaran and Packirisamy studied the 

flow behavior of a nozzle-diffuser type valveless micropump with geometrical tuning using 

finite element modeling.84 They proposed a method to design the best diffuser geometries 

using different diffuser angles. Yang and his group considered increasing the micropump 

flow rate by adding two-fin, or obstacle, structures into the nozzle-diffuser design.85 

However, the increased flow resistance offset the potential improvement. The Tesla-type 
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valveless micropump gained interest after 1999 because of its high diodicity. Researchers 

considered different structures of the Tesla valve flow-directing element.86, 87, 88 The diodes 

are complex channels (to be introduced below) that offer different flow losses for the two 

flow directions. Derakhshan et al. simulated flow behavior of the Tesla-type valveless 

micropump and optimized the dimensions of the diode to achieve higher diodicity and flow 

rate.89 Kolahdouz suggested that the two-stage Tesla valve is the optimized design for a 

piezoelectric-driven micropump.90 Most of the published work is focused on dimension or 

shape optimization of existing flow-directing elements.91, 92 Since the fundamental 

structures are not changed, performance improvement was limited. 

Topology optimization is a systematic approach to optimize the layout of valve 

internal elements using a computational procedure for a given set of boundary conditions 

and constraints.93 It has been successfully used to solve fluid-based problems, especially 

in the design of fluidic diodes with high diodicity94. Lin et al. used this method to optimize 

the Tesla-type valve and obtained fluidic diodes with a diodicity of up to 8.87.95 Sato and 

his group proposed a bi-objective topology optimization method and designed a fluidic 

diode with lower pressure drop for the forward flow and higher pressure drop for the 

backward flow.96 The published fluidic diodes were mainly used as fluidic resistance 

valves, and their application to valveless pumps was barely discussed.97 Moreover, the 

scales of these published fluidic diodes were large relative to MEMS devices, further 

preventing application to micropumps.98 

This work seeks to investigate a microscale fluidic diode of high diodicity that can 

be used in valveless micropumps to achieve higher mass flow rate by using topology 
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optimization and computational fluid dynamic (CFD) methods. MEMS technology is used 

to fabricate the fluidic diode-based valveless micropumps. 

4.2 Body of Knowledge 

There are three types of microvalve structures in common use: micropumps, 

including active valve,99 passive check valves,100 and valveless structures.101 Active valves 

with actuators feature easier flow controllability over a wide range of operating conditions, 

while always having larger sizes and additional power consumption. The passive check 

valves do not need additional supply power, but the controllability is also reduced. In 

addition, both active and passive valves in clog, wear and fatigue which prevents their 

usage in water purification systems.102 

 

Figure 4.1 Working mechanism of the valveless pump in (a) supply mode and (b) pump 

mode. 
 

As shown in Figure 4.1, the valveless pump consists of two diffuser elements 

connected to a pump chamber having an oscillating diaphragm which is fabricated of 

piezoelectric ceramics in this design. The nozzle/diffuser structures are used as flow 

directing elements. The working mechanism of the valveless pump is shown in Figure 4.1. 
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As there are no moving parts encountered with the nozzle/diffuser elements, the risk of 

clogging is drastically reduced. The mass flow rate of the pump can be controlled easily by 

changing the amplitude or frequency of the actuated electric field. 

Besides the advantages mentioned above for micropumps, a valveless pump may 

also be helpful to enhance mass transfer in the reaction chamber because of the special 

oscillatory flow movement mode. As shown in Figure 4.1, the solution enters or leaves the 

reaction chamber in a manner that flows forward and backward. This reciprocating motion 

may lead to extra movement between the reaction chamber and bulk fluid, and thereby the 

mass transfer might be enhanced by additional convection.  

4.3 Topology Optimization 

The two-dimensional fluidic diode was first obtained using topology optimization 

based on the Density Model with Darcy interpolation. In short, the Navier-Stokes equations 

for forward and backward flows were solved. The ratio of pressure drop between the inlet 

and outlet for backward flow and forward flow was calculated as diodicity. To achieve 

high diodicity, the ratio of energy dissipation between backward and forward flow was set 

as the objective function for topological optimization.103 A relatively low Reynold number 

of 100 was used for the calculation. The scale of a fluidic diode is primarily defined by the 

width of the inlet chamber to the diffuser. The different widths of the outlet and sizes of 

the computational domains were used to obtain fluidic diodes of different geometries. The 

diodicity of each fluidic diode was calculated to evaluate its performance. 



47 
 

Commercial software COMSOL Multiphysics was used to solve the topology 

optimization for 2D structures, and CFD simulation was conducted for 2D and 3D 

structures by ANSYS Fluent. 

Figures 4.2a and 4.2b show the computational domain before and after topology 

optimization. The size of the inlet and outlet, and the length and width of the rectangular 

computational domain were optimized for high diodicity. The resulting geometry with the 

highest diodicity is shown in Figure 4.2b using the Tesla type diode as an example. The 

through-flow velocity contours for forward and backward flows through the fluidic diode 

are shown in Figures 4.2c and 4.2d. The backward flow is divided into several tributaries 

which then interact with one another at their confluence, leading to more resistance in the 

backward flow than in the forward flow. The diodicity of the fluidic diode is calculated by 

the ratio of backward flow pressure drop to forward flow pressure drop, resulting in a 

diodicity of 5.31 in this work. 
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Figure 4.2 (a) Computational domain for topology optimization; (b) fluidic diode 

geometry after topology optimization; (c) velocity contours of forward flow through the 

fluidic diode; (d) velocity contours of backward flow through the fluidic diode. 

 

Figure 4.3a shows the optimized diodicity of fluidic diodes of different inlet sizes. 

The highest diodicity appears with an inlet size of 400 µm. The diodicity of smaller fluidic 

diodes is limited by the feature sizes, which is limited by device fabrication, while the 

diodicity of larger fluidic diodes is limited by the degrees of freedom during the 

optimization calculation. Too many elements lead to excessive degrees of freedoms and 

failure of convergence. Figure 4.3b shows the corresponding forward pressure difference 

of fluidic diodes of different channel inlet sizes. The smaller pressure difference means 

smaller flow resistance and lower power needed to drive the pump. As the size of fluidic 

diode increases, the pressure difference first decreases, then tends to level off. The fluidic 

diode with an inlet chamber size of 400 µm was selected for further simulation. 
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Figure 4.3 (a) Diodicity of Tesla-type fluidic diodes of different sizes; (b) pressure 

differences of fluidic diodes of different sizes. 

 

Topology optimization was performed on a two-dimensional (infinite depth) 

geometry, which allows viscous forces on the side walls to be neglected. However, the 

height of the actual microchannel is limited and is always comparable to the other two 

dimensions. Thus, it is important to consider the effect of thickness on the performance of 

the designed fluidic diode. To address this, a three-dimensional analysis was performed by 

CFD simulation. When converting the simulation of the fluidic diode from two-dimensions 

to three, the mass flow rate of 0.1 g/s was used for calculation and depths ranging from 100 

µm to 500 µm were studied. Figure 4.4 shows the velocities, Reynolds numbers, pressure 

differences, and diodicities of fluidic diodes of various thicknesses. The results show that 

larger thickness leads to smaller velocities and Reynolds numbers due to the fixed mass 

flow rate. The diodicity is reduced with thickness because of the smaller associated inertial 

forces. On the other hand, the effects of viscous forces are more significant when the 

thickness is less, leading to higher pressure differences, but lower diodicities. The 

simulation was conducted for a valveless micropump using a microchannel 200 µm deep. 
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Figure 4.4 The effects of thickness on (a) velocity, (b) Reynolds number, (c) pressure 

difference, and (d) diodicity of the Tesla-type designed fluidic diode. 
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Figure 4.5 Structure and diodicity of (a) original Tesla-type fluidic diode; (b) fluidic diode 

with small structure removed; (c) fluidic diode with unnecessary structure removed; (d) 

fluidic diode with critical structure removed. 
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Before the simulation of the Tesla-type valveless micropump with the chosen 

fluidic diode, the structure of the fluidic diode was simplified for lower complexity and 

easier fabrication. Figure 4.5a shows the structure and diodicity of the original design. As 

shown in Figure 4.5b, all structures smaller than 20 µm were removed to avoid fabrication 

of high-aspect-ratio features, and the diodicity was reduced from 1.92 to 1.90. Small 

structures with little effect on diodicity were also removed, resulting in a diodicity of 1.89 

(Figure 4.5c). Any further simplification (as in Figure 4.5d) lead to significant reductions 

of diodicity. Therefore, the structure in Figure 4.5c was employed in the valveless 

micropump with Tesla-type fluid diodes.  

Simulation of valveless micropumps was conducted by CFD. The geometry used 

for simulation is shown in Figure 4.6a. The two fluidic diodes are connected by an actuator 

chamber attached to a PZT actuator and the other ends are connected to the inlet and outlet 

chambers. The thickness of fluidic diode and actuator chamber was set as 200 µm. The 

fluid parameters were set according to water at room temperature. The transient laminar 

flow model with the SIMPLE pressure treatment algorithm and second-order upwind 

interpolation was used for the simulation. 

The diameter of the chamber having the attached PZT actuator was 10 mm. The 

amplitude of oscillation of the center of the actuator was set as 5 µm, matching optimum 

experimental results. The changes in displacement over time follows a sinusoidal wave 

function. The deflection profile of the PZT actuator can be divided into two sections: the 

inner section, with piezoelectric ceramics, and the outer section, with brass (see Figure 

4.6a). When a sinusoidal excitation voltage is applied to the PZT disc, the piezoelectric 
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ceramic section vibrates. The brass section also vibrates. The deflection of these two 

sections can be described by the following equations:104 

d1(r) = dmax[1+(b2r2 -a2r2)/(2a2b2ln(a/b))]sin(2πft),   

(0≤r≤a)                                                                             

d2(r) = dmax[(b
2+2b2ln(r/b)-r2)/(2b2ln(a/b))]sin(2πft), 

(a≤r≤b)                                                                              

where the d1 and d2 are the deflections of the inner and outer sections, respectively; dmax is 

the amplitude of the membrane center, which is set as 5 µm; a is the radius of the inner 

section, which is 3.75 mm; b is the diameter of outer section, which is 5 mm; f is the 

excitation frequency, which is 200 Hz.  

Dynamic meshing with a User Defined Function (UDF) was applied to describe the 

movement of the piezoelectric actuator. The pressures of the inlet and outlet surfaces were 

set to zero and the mass flow rates at the inlet and outlet surfaces were monitored. A mesh 

sensitivity study was performed first to verify that the results were independent of mesh 

quantity, and a mesh with 4.2 million nodes was chosen for the simulations. Each cycle 

was divided into 100 time-steps, leading to a time step size of 50 µs. 

The mass flow rate through the micropump with the fluidic diodes in the inlet and 

outlet passages was calculated, as shown in Figure 4.6b. The positive mass flow means 

water flow into the micropump, while the negative mass flow means the water flow out of 

the micropump. It can be found from the figure that when the water is pumping out, the 

outlet has a higher mass flow rate, and the inlet has a higher mass flow rate when the water 

is pumping in. The mass flow rate difference between inlet and outlet, integrated over time, 
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leads to the net mass flow rate of the micropump. The net mass flow rate of 31.3 mL/h was 

calculated as the cycle average.  

 

Figure 4.6 (a) A schematic of the Tesla-type valveless micropump;  (b) a plot of the mass 

flow rate for the Tesla-type valveless micropump ; (c) critical parameters for the nozzle-

diffuser type valveless micropump; (d) a schematic of the nozzle-diffuser type valveless 

micropump; (e) a plot of the mass flow rate for the nozzle-diffuser valveless micropump. 
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The same simulation as that for the Tesla type valveless micropump was performed 

on the nozzle-diffuser type valveless micropump. The critical parameters of the nozzle-

diffuser are shown in Figure 4.6c, obtained from work done by He et al.105 The other 

parameters are the same as those of the Tesla-type fluidic diode-based valveless 

micropump. Figure 6d shows the structure of the micropumps used for the simulation. 

The mass flow rate of the nozzle-diffuser type valveless micropump was calculated 

based on the inlet and outlet mass flow rate difference, as shown in Fig. 6e. The simulated 

mass flow rate was 20.6 mL/h, 34.2% lower than with the Tesla-type fluidic diode-based 

valveless micropump. Comparing Figure 4.6b and 4.6e shows that both micropumps have 

high diodicity at high flow velocity while the Tesla-type fluidic diode-based valveless 

micropump has better performance at lower flow rates. This is consistent with the high 

diodicity of the Tesla-type fluidic diode under low Reynolds number conditions. 

4.4 Fabrication and Evaluation 

MEMS technology was used to fabricate the valveless micropump with the 

topologically optimized Tesla-type fluidic diodes and with the conventional nozzle-

diffuser diode to fabricate valveless micropumps for comparison. To capitalize upon 

repeated use of molds and low-cost processing technology, micropumps with a sandwich 

structure of two polymer films and an intermediate structural layer were designed and 

fabricated.106 

The fabrication process is shown in Figure 4.7a. Lithography with negative 

photoresist SU8-100 was first performed on a silicon wafer. The thickness of the 

photoresist ranged from 150 µm to 250 µm, depending on the rotational speed of the spin 
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coating process. Polydimethylsiloxane (PDMS) was then poured on a silicon-based mold 

and cured to obtain a soft mold with mating structures. Then UV-curing glue, NOA61, was 

applied on the PDMS mold and covered with a UV-transparent polymer film. The NOA61 

was partially cured under UV illumination, followed by replacement of the PDMS mold 

with another polymer sheet. More UV illumination was then applied to fully cure the 

NOA61. Finally, a piezoelectric (PZT) disc was attached to a polymer film to serve as the 

actuator. Figure 4.7b shows details of the critical structures of the fabricated fluidic diode 

based valveless micropump based on the Tesla diode.  

 
Figure 4.7 (a) Schematic diagram of the fabrication process; (b) picture of the valveless 

micropump with the designed Tesla-type fluidic diode and a microscope image of the 

detailed structure. 
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Characterization mainly includes measuring the amplitude of the PZT actuator 

(Figure 4.7b), the flow rate of the micropump, and the pressure difference under operation. 

A function generator and a linear piezoelectric amplifier was used as the excitation source 

of the PZT actuator. A voltage of up to 100 V was applied to the PZT disc. The amplitude 

of the PZT actuator movement was measured by a laser vibrometer. The inlet and outlet of 

the micropump were connected to tubes of known diameters. The mass flow rate was 

calculated by placing the inlet and outlet tubes horizontally at the same level and measuring 

the displacement of the liquid meniscus in the tube within a specific period. In the pressure 

difference test, the inlet and outlet tubes were placed vertically, and the pressure difference 

was determined by measuring the liquid level difference. 

Figure 4.8a shows the measured mass flow rates of the Tesla-type diode micropump 

operating under different excitation voltages. As discussed previously, there is no inlet-to-

outlet pressure difference for this flow measurement. As shown, the mass flow rates 

increase as the excitation voltage increases. The reason can be found in Figure 4.8b, 

showing the maximum displacement of the center of the PZT actuator under different 

excitation voltages. Higher excitation voltages lead to larger displacements of the PZT 

actuator, resulting in increased mass flow rates. This micropump of 200 µm thickness has 

a higher mass flow rate than those of 150 µm and 250 µm thicknesses. This suggests that 

the inertial and viscous forces reach a balance under an optimum thickness of 200 µm, 

producing the highest diodicity and mass flow rate. The different flow rates when the inlet-

to-outlet pressure difference is zero, different maximum displacement of the PZT actuator, 

and different pressure differences when flow rate is zero are shown in Figures 4.8a, 4.8b, 
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and 4.8c, respectively, each for three different valve thicknesses. The highest mass flow 

rate achieved is 33.5 mL/h. The difference between simulation results and experimental 

data is about 7%, lending credibility to the results from the CFD simulation.  

Three nozzle-diffuser type valveless micropumps with different thicknesses were 

fabricated for comparison. The mass flow rates of the nozzle-diffuser type valveless 

micropumps of different thickness were also measured, as shown in Figure 4.8c. As with 

the Tesla-type fluidic diode-based micropumps, the mass flow rate increases with 

excitation voltage and the micropump the 200 µm thick has the highest mass flow rate, 

compared to the pumps of other thicknesses. The highest mass flow rate achieved by the 

nozzle-diffuser type valveless micropumps is 14.9 mL/h, 44% of the valveless micropump 

with the Tesla-type designed fluidic diodes. A comparison of the experimental results with 

the simulation results shown in Figure 4.6e indicates that the computational calculation is 

a 38% overestimation. The gap between measurements and computation is mainly due to 

the lower displacement of the actuator in real testing. The vibration amplitude of the 

actuator for the nozzle-diffuser and Tesla type fluidic diode valveless pumps was set to be 

the same in the CFD simulations. However, the nozzle-diffuser has a higher forward 

pressure difference than the Tesla type fluidic diode, therefore the PZT actuator cannot 

achieve the same amplitude of vibration as that of diode-based micropumps when the same 

voltage is applied.  
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Figure 4.8 (a) Mass flow rate of the fluidic diode-based valveless micropump for various 

thicknesses; (b) the maximum displacements of the center of the PZT actuator for the 

fluidic diode-based valveless micropump of various thickness; (c) the mass flow rate of the 

nozzle-diffuser type valveless micropump in various thicknesses; (d) back pressure of the 

two different types of valveless micropumps with 200 µm thick. 

 

The pressure differences of the two different types of valveless micropumps, both 

200 µm thick, were measured and compared. Recall that this measurement was taken 

without flow. As shown in Figure 4.8d, the nozzle-diffuser type micropump has a higher 

pressure difference than the Tesla-type fluidic diode-based micropump. This is as expected 

because the designed Tesla-type fluidic diode has a small pressure difference, as shown in 

Figure 4.4c. Although the designed Tesla-type fluidic diode has high diodicity, its pressure 

differences are relatively low. However, the mismatch of pressure differences between the 

two valveless micropumps is only around 10%. Relative to the 2.2 times enhancement of 
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the mass flow rate for the Tesla-type diode micropump, this small difference of pressure 

drop is justified. 

4.5 Conclusion 

This work provides an efficient design process for developing a high-performance 

fluidic diode-based valveless micropump. A two-dimensional fluidic diode was first 

obtained by topology optimization. The diodicity reached 5.31 with a Reynolds number of 

100. Then the thickness and layout of the Tesla-type designed fluidic diode were optimized 

and deployed in the valveless micropump. The performance of the proposed valveless 

micropump was evaluated by both CFD simulation and experiments. The result shows that 

the high diodicity of the Tesla-type designed fluidic diode leads to better performance at 

low Reynolds numbers among the two valveless micropumps. It was proven that the 

valveless micropump 200 µm thick with the designed Tesla-type fluidic diode can achieve 

2.2 times the mass flow rate of the traditional nozzle-diffuser type valveless micropump. 

Many applications will benefit from the high flow rate of the designed valveless 

micropump. For example, more efficient mixing caused by stronger convection can be 

expected when the valveless micropump is used for mixing of microfluidic streams. Also, 

higher throughput for drug delivery and stronger actuation for ‘organs on a chip’ can be 

expected. 
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Chapter 5:  Valveless Micropump Microfluidic Sensor Based on a 

Pyrolytic Glassy Carbon and Graphene Composite Electrode for Heavy 

Metal Detection 

5.1 Introduction 

Heavy metal ions are defined as the ionic form of metallic elements with a relative 

density greater than 5 g/cm³, including lead, mercury, cadmium, chromium, thallium, and 

others.106 Natural processes like weathering and volcanic activity, as well as anthropogenic 

sources like mining, smelting, and industrial wastewater discharge, can introduce these 

ions into the environment.107 These ions pose significant risks to the environment and 

human health due to their persistence in nature and harmful effects on the ecosystem, 

human health and the economy. Soil and water contamination by heavy metal ions can lead 

to significant losses of biodiversity in plants and animals.108, 109 Human exposure to these 

ions can result in severe health problems, including damage to the nervous system, kidneys, 

and liver, and even an increased risk of cancer.110, 111 Lead (Pb) and cadmium (Cd) are 

among the most common heavy metal pollutants, with exposure to these metals associated 

with cancer, kidney damage, and developmental disorders.112 Lead exposure is responsible 

for 0.6% of the global burden of disease and an estimated 143,000 deaths per year, while 

Cd has been classified as a human carcinogen by the International Agency for Research on 

Cancer (IARC) and the World Health Organization (WHO).113, 114, 115 The EPA has set an 

action level of 15 parts per billion (ppb) for Pb in drinking water and a non-enforceable 

health advisory level of 5 ppb for Cd. 116 Therefore, effective detection of heavy metal ions 
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in ambient water, especially drinking water, is crucial for protecting public health and the 

environment. 

There are several current analytical technologies for detecting heavy metals in 

water. Commonly used methods include atomic absorption spectroscopy (AAS), 

inductively coupled plasma mass spectrometry (ICP-MS), and X-ray fluorescence (XRF) 

spectroscopy, which exhibit high sensitivity and selectivity.117, 118, 119 However, these 

methods often require expensive equipment, skilled personnel, and complicated 

procedures. Hence, the development of low-cost and accurate sensors for on-site heavy 

metal detection has gained significant attention. Among them, anodic stripping 

voltammetry (ASV) stands out as a promising technology due to its high sensitivity, 

accuracy, and precision at a relatively low cost.120 The method involves deposition of the 

metal ions onto an electrode surface which is called accumulation, followed by a stripping 

step where the metal ions are oxidized and released from the electrode surface. The ion 

current resulting from this oxidation is measured. It is proportional to the concentration of 

the metal ions in solution.121 Application of ASV has been verified for the detection of 

multiple heavy metal ions with high sensitivity and selectivity. 122, 123, 124 However, there 

are still some barriers that hinder further development of ASV, and electrode materials and 

mass transfer are two of the most important barriers that limit its sensitivity and its limit of 

detection (LOD). 

The electrode material for ASV must have a faster electron transfer rate to generate 

a higher stripping peak, a lower overpotential to prevent hydrogen gas formation during 

the accumulation process, and stable physical and chemical properties to ensure long-term 
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stability. Metallic materials, including mercury (Hg), silver (Ag), gold (Au), and bismuth 

(Bi), were initially utilized for ASV measurements of heavy metals.125, 126, 127 However, 

because of their low activation energy overpotential, chemical inertness, and good long-

term stability, glassy carbon materials obtained by pyrolyzing polymers has gained recent 

attention.128 Subsequently, extensive work has been focused on surface modification of 

glassy carbon electrodes with metals, metal oxides, polymers, and other carbon-based 

materials to enhance their electrochemical performance.129, 130, 131 One is graphene as a 

single layer or a few layers of graphite with sp2 carbon atoms arranged in a honeycomb 

crystal lattice. It has been widely used in electrochemical sensing due to its large theoretical 

surface area, high electrical conductivity, and fast electron transfer rate.132 Graphene 

modification on glassy carbon electrodes is typically achieved through drop-casting, 

electroreduction, or solution transfer, which often produce unstable and poorly 

reproducible results. 133, 134, 135 Therefore, a stable and highly reproducible method is 

desired for synthesizing glassy carbon/graphene composite materials for ASV 

measurements. 

The sensitivity of ASV measurement is also limited by the amount of heavy metal 

ions that are reduced in the accumulation process, and microfluidics technology is 

considered an effective approach to increase the sensitivity due to its enhanced mass 

transfer and, thus, faster chemical reaction.136 Zou et al. used a simple microfluidic device 

with a pair of inlets, an outlet, and a reaction chamber, along with a bismuth electrode, to 

measure Pb and Cd in water, achieving detection limits of 8 ppb and 9.3 ppb, 

respectively.137 Hong et al. used a 3D printed microfluidic device with similar structure 
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and achieved lower detection of 0.2 ppb and 0.5 ppb for Pb and Cd, respectively.138 After 

that, the electrochemical paper based analytical devices (ePADs) for ASV measurement 

gain more attention due to their low-cost, high selectivity and sensitivity. The Shen group 

achieved detection limits of 1.8 ppb and 1.2 ppb for Pb and Cd, respectively, by embedding 

working and counter electrodes into a microfluidic paper channel.139 These published 

microfluidic-based ASV sensors mostly utilize simple one-way microchannels, and the 

mass transfer efficiency is mainly determined by the flow rate.140 Moreover, a large volume 

of samples and precise and expensive syringe pumps are required for the measurement. 

In this work, a new simple, repeatable, and low-cost glassy carbon/graphene 

composite material that can be used for ASV measurement of heavy metal ions is 

presented. A valveless micropump with unique flow characteristics is then integrated with 

the electrodes to achieve extremely low detection limits by further enhancing mass transfer 

efficiency through its rapid reciprocating motion while driving fluid movement. 

5.2 Body of Knowledge 

Anodic Stripping Voltammetry (ASV) is an extensively utilized electrochemical 

technique for the sensitive and selective measurement of heavy metal ions in diverse 

sample matrices. It offers high sensitivity, selectivity, and quantitative measurement of 

trace levels of heavy metal ions. 

The ASV measurement involves two key steps: preconcentration and stripping. As 

shown in Figure 5.1, in the preconcentration step, a negative potential is applied to the 

working electrode, causing the deposition of heavy metal ions from the solution onto the 

electrode surface. Subsequently, a potential sweep from negative to positive values is 
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performed, leading to the oxidation and sequential stripping of the accumulated heavy 

metals. The resulting changes in current are recorded, enabling the identification and 

quantification of heavy metal ions based on the location and height of the stripping peaks. 

 

Figure 5.1 Working mechanism of Anodic Stripping Voltammetry (ASV) for heavy metal 

ions detection. 

 

Anodic Stripping Voltammetry (ASV) offers notable advantages in heavy metal 

ion measurement. The preconcentration step allows for the accumulation of heavy metals 

on the electrode surface, leading to enhanced sensitivity and detectability, particularly for 

trace levels of heavy metal ions. The technique exhibits excellent selectivity, enabling the 

simultaneous detection of multiple heavy metal ions in a single analysis. Furthermore, ASV 

is characterized by its efficiency and time-saving capabilities. 

Overall, ASV is a valuable tool for accurate and reliable determination of heavy 

metal ions in various sample types. Its high sensitivity, selectivity, and ability to detect 
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multiple analytes simultaneously make it a preferred choice in environmental monitoring, 

industrial process control, and analytical chemistry applications. 

5.3 Fabrication and Characterization 

Micro-electromechanical systems (MEMS) based techniques were used to fabricate 

pyrolyzed glassy carbon/graphene electrodes in a microfluidic system. The structure and 

fabrication process of the device are illustrated in Figures 4.2a and 4.2b, respectively. The 

device is comprised of a three-electrode system for electrochemical sensing and a 

microfluidic system featuring a nozzle/diffuser type valveless micropump.141 

 

Figure 5.2 (a) Sketch of a microfluidic heavy metal sensor with a valveless micropump; 

(b) schematic diagram of the fabrication process; (c) Picture of the fabricated three 

electrode system. 

 

The working and counter electrodes were made of pyrolyzed glassy 

carbon/graphene composite material. The material synthesis started by spin-coating the 

negative photoresist SU-8 3050 on a silicon wafer at 4000 rpm, which resulted in a 
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thickness of 45 µm. The photoresist was patterned using photolithography to form the 

desired electrode structure. The graphene was deposited onto the photoresist using a layer-

by-layer (LBL) self-assembly technique.142 This involved immersing the wafer with 

electrode-shaped photoresist in a positively charged poly(diallyldimethylammonium 

chloride) (PDDA) solution and then in a solution with negatively charged graphene. Each 

immersion lasted 10 minutes, and the wafer was rinsed with deionized water between 

immersions to remove unbound materials. This process was repeated multiple times to 

assemble different numbers of PDDA/graphene bilayers. The wafer with photoresist and 

assembled graphene was then pyrolyzed at 1100 ºC for 5 hours with a continuous flow of 

a mixture of 5% hydrogen and 95% argon gas.  

A silver/silver chloride reference electrode was fabricated by screen printing of 

silver/silver chloride paste. Figure 5.2c shows the picture of the fabricated three electrodes 

system on a silicon wafer. 

The microfluidic system consists of a reaction chamber and two nozzle/diffuser 

fluid diode structures, which are connected to the inlet and outlet chambers. The parameters 

of the nozzle/diffuser structures were described in Chapter 4.143 Fabrication of the valveless 

micropump began with the patterning of the structure on a silicon wafer through 

photolithography of negative photoresist SU-8 100, resulting in a photoresist thickness of 

200 µm. Subsequently, a polydimethylsiloxane (PDMS) mold was created by pouring 

PDMS on the silicon-based mold and curing it. The PDMS mold with mating structures 

was then used to apply UV-curing glue (NOA81) on top and covered with a UV-transparent 

polystyrene polymer film. The glue was partially cured under UV illumination for 1 
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minute, after which the PDMS mold was replaced with the silicon wafer with glassy 

carbon/graphene electrodes. More UV illumination was applied to fully cure the glue. 

Finally, a piezoelectric (PZT) disc with a diameter of 10 mm was attached to the polymer 

film as the actuator. 

The conductivity of the synthesized glassy carbon was evaluated using a Four Point 

Probe (Veeco FPP5000), while Energy-Dispersive X-Ray Spectroscopy (EDS) (JEOL 

6500 Field Emission Gun) was employed to determine the elemental composition of the 

photoresist and graphene composite before and after pyrolysis. Raman spectroscopy was 

used to characterize the molecular structure of the pyrolyzed products, which was 

conducted using a Confocal Raman Microscope.  

 

Figure 5.3 EDS elemental maps of SU-8/PDDA/Graphene composite material before 

pyrolysis (a) carbon (b) oxygen; (c) Histogram of elements for SU-8/PDDA/Graphene 

composite material before pyrolysis, the peaks shown are carbon (left) and oxygen (right); 

EDS elemental maps of SU-8/PDDA/Graphene composite material after pyrolysis (d) 

carbon (e) oxygen; (f) Histogram of elements for glassy carbon/graphene composite after 

pyrolysis. 
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The element composition of SU-8 3050 with coated graphene before and after the 

pyrolysis was analyzed by EDS. The result is shown in Figure 5.3. Both photoresist and 

PDDA are organic compounds primarily composed of carbon and oxygen, while graphene 

is a carbon-based material with a small amount of oxygen. Therefore, Figure 5.3a shows a 

uniform and abundant distribution of carbon and oxygen elements. The histogram in Figure 

5.3b confirms that carbon is the most abundant element, accounting for 87.5%, followed 

by oxygen at 12.5%. After high-temperature pyrolysis in a hydrogen atmosphere, the 

oxygen in the material reacts with hydrogen and is removed, leading to a significant 

decrease in the proportion of oxygen, as shown in Figures 5.3a and 5.3b. The proportion 

of oxygen decreases from 12.5% to 1.2%. As a result, the non-conductive organic 

photoresist transforms into conductive glassy carbon, with a conductivity of 4600 S/m 

measured by the Four Point Probe. 

 

Figure 5.4 Raman spectra of bare glassy carbon and glassy carbon with different layers of 

LBL self-assembled graphene. 
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Figure 5.4 shows the Raman spectra of pyrolytic glassy carbon without graphene 

and glassy carbon containing different number of PDDA/graphene bilayers. In all three 

spectra, a prominent D peak at 1358 cm-1 and a G peak around 1580 cm-1 can be observed. 

The ratio of the two peak heights is related to the degree of microstructural disorder, 

consistent with previous reports in the literature.144 Because the self-assembled graphene 

layer is thin, and because of the similarity of its characteristic peaks to those of glassy 

carbon, it is difficult to distinguish graphene in the Raman spectra. Furthermore, a broad 

2D peak at 2700 cm-1 was observed in both graphene-containing samples, indicating that 

the coated graphene is multilayer graphene even with only one cycle of LBL self-assembly. 

5.4 Optimization of Experimental Conditions 

The electrochemical performance of glassy carbon/graphene electrodes was 

assessed through ASV measurement of Pb in a fixed concentration bulk solution. Glassy 

carbon/graphene electrodes with varying numbers of PDDA/graphene bilayers on SU-8 

3050 applied before pyrolysis were first tested and compared. To improve the visibility of 

the stripping peaks at low concentrations, electrodes with a much larger surface area, 25 

times greater than the one used in the microfluidic system, were employed. The results are 

depicted in Figure 5.5.  

The number of PDDA/graphene bilayers was varied from 0 to 6. In the presence of 

graphene, a distinct Pb stripping peak was observed at around -0.63 V. However, when the 

number of bilayers was 0, indicating the absence of graphene on the glassy carbon surface, 

the Pb stripping peak was not observed. Additionally, the height of the Pb stripping peak 

increased initially and then decreased as the number of PDDA/graphene bilayers increased. 
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This trend because a single LBL self-assembly cycle of PDDA/graphene is insufficient to 

ensure uniform and complete coverage of the surface by graphene, whereas an excessive 

number of graphene layers results in a lower electron transfer rate due to slow electron 

mobility between the graphene layers. Therefore, for the current application, the optimal 

number of PDDA/graphene bilayers prepared by LBL self-assembly before pyrolysis is 

two. 

 

Figure 5.5 (a) Stripping voltammograms for glassy carbon with different numbers of layers 

of LBL self-assembled graphene, Pb: 20 ppb; (b) Pb peak height for glassy carbon with 

different numbers of layers of LBL self-assembled graphene, Pb: 20 ppb. 

 

Then the influence of bismuth (Bi) concentration on the detection of heavy metals 

was investigated. Bismuth, known for its low toxicity and eco-friendliness, was utilized as 

a replacement for toxic Hg to achieve an undistorted stripping response and a broad linear 

dynamic range. The formation of multi-component Bi alloys with detected heavy metals is 

responsible for generating a higher stripping peak and a narrower peak width.145 
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Figure 5.6 (a) Stripping voltammograms for increasing levels of Bi from 20 ppb to 60 ppb, 

Pb: 10 ppb, valveless micropump, mass flow rate: 10 mL/h; (b) Pb peak height for 

increasing Bi concentration, Pb: 10 ppb, valveless micropump, mass flow rate: 10 mL/h. 

 

The microfluidic system was employed for the experiments with a mass flow rate 

of 10 mL/h. Diluted Bi with concentrations ranging from 20 ppb to 60 ppb was added to 

acetic acid buffer with Pb, where the Pb concentration was maintained at a constant 10 ppb. 

The stripping current peak of both Pb and Bi was presented in Figure 5.6a, and the effect 

of Bi concentration on Pb peak height was depicted in Figure 5.6b. The results indicate that 

the Pb peak height initially increased and then decreased with the increase of Bi 

concentration. This phenomenon is because Bi can facilitate the formation of Bi-Pb alloy 

at low concentrations, which is more easily stripped and leads to a higher peak height. 

Nevertheless, an excessive amount of Bi ions can compete with Pb ions during the 

accumulation process, resulting in a decreased amount of reduced and stripped Pb ions. 

Consequently, a Bi concentration of 40 ppb was recommended to achieve a higher Pb 

stripping peak. 



73 
 

5.5 Single Heavy Metal Ion Measurement 

Following the determination of the optimal Bi concentration, the measurement of 

Pb was carried out under different conditions in this study. Specifically, the differences 

between two distinct methods of driving fluid in the microfluidic system were compared 

with the measurement taken in the absence of fluid flow.  

Figures 5.7a and 5.7b display the stripping current of Pb with Bi concentration fixed 

at 40 ppb and Pb concentration ranging from 1 ppb to 25 ppb, where fluidic flow was driven 

by a syringe pump (Figure 5.7a) and a valveless micropump (Figure 5.7b), respectively, 

with the same mass flow rate of 10 mL/h. The results indicate that the Pb peak height 

increases with an increase in Pb concentration, and the peak height being significantly 

larger when the valveless micropump is used as an actuator. 

The valveless micropump comprises two nozzles/diffuser-shaped flow-directing 

elements that are connected to a chamber with an oscillating diaphragm of piezoelectric 

ceramic. The piezoelectric ceramics vibration alters the chamber's volume, causing the 

solution to rapidly flow in and out of the chamber. The unique flow directing elements 

achieve the net flow of the solution in one direction by utilizing different flow resistances 

in different flow directions. Figure 5.8 shows a Computational Fluid Dynamic (CFD) 

simulation of this process, indicating that the instantaneous flow velocity in the chamber 

can reach up to 1 m/s, which is much faster than the flow velocity in one direction driven 

by a syringe pump. This unique fast reciprocating motion enables rapid mixing and high 

mass transfer rate in the chamber, resulting in much higher sensitivity with the same net 

flow rate. 
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Figure 5.7 (a) Stripping voltammograms for increasing Pb concentrations from 1 ppb to 

25 ppb, Bi: 40 ppb, syringe pump, mass flow rate: 10 mL/h; (b) Stripping voltammograms 

for increasing Pb concentrations from 1 ppb to 25 ppb, Bi: 40 ppb, valveless micropump, 

mean mass flow rate: 10 mL/h; (c) Calibration plot of Pb under different conditions, Bi: 40 

ppb, mean mass flow rate: 10 mL/h; (d) Calibration plot of Pb at low concentrations, Bi: 

40 ppb, mean mass flow rate: 10 mL/h. 

 

The peak height of Pb under different conditions were calculated and plotted in 

Figure 5.7c, where the steady case (no flow) refers to turning off both pumps, and no fluid 

motion occurs. The figure reveals that when the Pb concentration is above 5 ppb, the 

stripping peaks generated under no fluid movement and the fluid movement propelled by 

the syringe pump conditions show a linear correlation between concentration and peak 

height. However, the measurements with the valveless micropump show reduced 

sensitivity at high concentrations, which may be due to the reduced Pb on the electrode 
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surface when saturation is approached. Nevertheless, measurements with the valveless 

micropump exhibit sensitivity 50% higher than that of the syringe pump under the same 

net flow rate, and its sensitivity is two orders of magnitude higher than that of 

measurements with no pumping of solution. 

 

Figure 5.8 Velocity contours of, the valveless micropump in the supply mode (upper) and 

the pump mode (lower). 

 

Figure 5.7d provides a zoom-in result of Figure 5.7c at low concentrations, 

indicating that when the Pb concentration is below 5 ppb, no visible stripping peaks can be 

generated in the detection with stationary solution. Both detections with fluid flow driven 

by the two pumps show reduced sensitivity with decreasing concentration. This may be 

due to the difficulty of nucleation of reduced heavy metal ions on the electrode surface 

with low concentrations, and the small size of the nucleus reduces the contact area with the 

solution, resulting in a decrease of reduced heavy metal ions during accumulation. 

The limit of detection (LOD) of Pb detection was calculated based on the noise 

level and sensitivity at the lowest concentration. When there was no flow, the LOD was 4 
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ppb. When the solution was driven by a syringe pump, the LOD was 80 ppt. However, 

when the solution was driven by a valveless micropump, an LOD of 20 ppt was achieved.  

The measurement was also conducted for Cd detection, while only the valveless 

micropump was used to achieve higher sensitivity and a lower LOD. Figures 5.9a and 5.9b 

show the stripping current under different Cd concentrations and the calibration curve, and 

the LOD for Cd detection is 100 ppt. 

 

Figure 5.9 (a) Stripping voltammograms for increasing Cd concentrations from 1 ppb to 

25 ppb, Bi: 40 ppb, valveless micropump, mass flow rate: 10 mL/h; (b) Calibration plot of 

Cd, Bi: 40 ppb, valveless micropump, mass flow rate: 10 mL/h. 

 

5.6 Pb, Cd Mixture Measurement 

Although the ASV sensor can distinguish different heavy metal ions based on the 

position of the stripping peaks according to their different redox potentials, it is also noted 

that there are mutual interferences among various heavy metal ions.146 In this section, the 

coexistence of Pb and Cd is taken as an example to explore the ion interference in the ASV 

process and provide a general solution. 
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Figure 5.10 (a) Calibration plot of Pd with existence of different concentrations of Cd from 

0 ppb to 25 ppb, Bi: 40 ppb, valveless micropump, mean mass flow rate: 10 mL/h; (b) 

Calibration plot of Cd with existence of different concentrations of Pb from 0 ppb to 25 

ppb, Bi: 40 ppb, valveless micropump, mass flow rate: 10 mL/h; (c) Three-dimensional 

calibration curves for Pb (red) and Cd (black); (d) Testing the goodness of the fit of the 

target (known concentration) and output (neural network result). 

 

First, the effect of the existence of lead and cadmium on each other's stripping peaks 

was studied. Figure 5.10a shows the calibration curves of Pb in the presence of different 

concentrations of Cd. The stripping peaks of Pb at the same concentration do not differ 

significantly as Cd concentration changes, indicating a negligible effect of Cd on the 

stripping peak of Pb. However, in the calibration curves of Cd in the presence of different 

concentrations of Pb, shown in Figure 5.10b, the concentration variation of Pb has a 

significant effect on the stripping peak of Cd. Specifically, the presence of Pb makes the 
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stripping peak of Cd more significant, and this enhancement tends to saturate when the 

concentration of Pb reaches 20 ppb. 

Interestingly, this phenomenon differs from the results obtained with other 

electrode materials in bulk solution reported in the literature.147, 148, 149 In those works, only 

a small, negligible effect of Cd on the Pb stripping peak was observed, which is consistent 

with the results obtained in the present study. Moreover, in the present study, the 

competition of Cd with Pb deposition was less significant due to the accelerated mass 

transfer, which further minimized the effect of Cd on the Pb stripping peak. However, in 

these tests, it is generally believed that Pb has little effect on the stripping peak of Cd or 

that the presence of Pb reduces the stripping peak of Cd, which is opposite to the results of 

this experiment. A commonly accepted explanation for these experimental results is that 

Pb preferentially deposits during the accumulation stage of ASV, followed by the relatively 

uniform deposition of Cd on the electrode surface and the pre-existing Pb nanoparticles 

through mass transfer control. Cadmium deposited on Pb is believed to be mostly in a 

monolayer, so it is not stripped with more negative Cd stripping potentials and is stripped 

together with Pb.150 However, in the present study, the faster mass transfer efficiency and 

more negative enrichment potential may have caused significant Cd deposition, breaking 

the assumption that Cd deposited on Pb is mostly in a monolayer. Therefore, Cd deposited 

on Pb was stripped together with Pb at the Cd stripping potential, and the presence of the 

Bi-Pb-Cd alloy may result in an even more distinct stripping peak. 

A three-dimensional calibration curve for simultaneous detection of Cd and Pb was 

then established as shown in Figure 5.10c. In this plot, the red surface represents the peak 
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height of the Pb stripping peak under the coexistence of Pb and Cd, while the black surface 

represents the peak height of the Cd stripping peak under the same conditions. Since the 

effect of Cd on the Pb stripping peak was found to be negligible as shown in Figure 5.10a, 

the average calibration curve from Figure 5.10a was used to approximate the calibration 

curve of Pb. Once the peak heights of both Pb and Cd in a single stripping were obtained, 

a plane perpendicular to the Z-axis was first determined through the height of Pb stripping 

peak, which would intersect with the red Pb calibration plane to form a line of intersection. 

Then, another plane perpendicular to the Z-axis was determined through the height of the 

Cd stripping peak, which would intersect with the black Cd calibration plane to form 

another line of intersection. The point of intersection between the two lines corresponds to 

the concentrations of Pb and Cd in the sample solution. 

Finally, a simple multilayer feedforward neural network model was used to learn 

the relationship between the shape of the stripping peak and the concentrations of the two 

heavy metal ions. This approach simplifies the process of data processing and analysis and 

allows for more accurate determination of ion concentrations based on the shape of the 

stripping peak rather than relying solely on peak height as a single data point. More 

importantly, when the sensor is used for mixed detection of multiple ions, the stripping 

peaks may overlap, making it difficult to the determine peak height. The use of neural 

networks to analyze the shape of the stripping peak avoids this problem.151, 152 All 140 ASV 

test curves under different Pb and Cd concentration combinations were used as the dataset. 

Among them, 90% were used as a training set and the rest as a test set. As the number of 

hidden neurons increased from 5 to 16, the mean squared error (MSE) of the network's 
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validation decreased significantly from 3.91 to 0.18. Subsequently, increasing the number 

of hidden neurons did not significantly improve the performance of the network. Therefore, 

16 hidden neurons were used as the final model for analysis. Figure 5.10d shows the linear 

fit between the test targets (known concentrations) and the outputs (neural network results), 

where the red color represents the results for Pb and the black color represents the results 

for Cd. The test results show a linear relationship with the real concentration and indicate 

an underestimation of Cd concentration, which may be due to the insufficient estimation 

of the increase in Cd peak height due to the presence of Pb, caused by the relatively small 

sample size. 

5.7 Conclusion 

In this work, a glassy carbon/graphene electrode was fabricated by LBL self-

assembly of graphene on photoresist and subsequent high temperature pyrolysis and was 

employed for electrochemical heavy metal sensor. The sensitivity of the sensor was further 

enhanced, and the detection limit was lowered by integrating it with a valveless micropump 

system. The LBL self-assembly of PDDA/graphene bilayer was optimized to two layers, 

and the concentration of Bi ion in test solution was optimized to 40 ppb. Two different 

actuators were utilized to drive fluidic motion, and the sensor system with valveless 

micropump achieved a lower detection limit of 20 ppt for Pb and 100 ppt for Cd, which is 

one order of magnitude lower than existing work with similar approaches. The sensitivity 

was two orders of magnitude higher than that without fluid flow, and 1.5 times higher than 

that of the sensor driven by a syringe pump at the same flow rate. The sensor response in 

the coexistence of both Pb and Cd was investigated, revealing an interaction between Pb 
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and Cd that differed from previously published results, and for the first time, a positive 

influence of Pb on the ASV measurement of Cd was noticed. Finally, three-dimensional 

data analysis and neural network were both employed to provide data fitting for 

simultaneous detection of Pb and Cd. In summary, this work achieved low-cost, rapid, and 

accurate simultaneous detection of multiple heavy metals using a sensitive glassy 

carbon/graphene electrode and a valveless microfluidic system. 
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Chapter 6: Conclusions and Outlook for Future Work 

6.1 Conclusions 

 This dissertation explores the application of Micro-Electro-Mechanical Systems 

(MEMS) technology to sustainable water management. It introduces the concept of a 

closed-loop control water treatment system and advances the development of an intelligent 

platform through research in three key areas: water purification, pumping system, and 

water sensing. The objective of this research is to provide new perspectives in addressing 

the challenges of water pollution and water scarcity by applying these technologies to water 

management. 

Firstly, an in-depth investigation was conducted on the principles of photocatalysis 

and photoelectrocatalysis, as well as their applications to water treatment. The proposed 

new configuration of photoelectrocatalysis facilitates simultaneous removal of organic 

pollutants and heavy metal ions. This technology has been validated in both bulk systems 

and microfluidic systems. This demonstrates that this approach can be applied to large-

scale water purification, such as wastewater treatment in factories, water purification in 

water plants, and water purification in rivers or lakes. The application of this technology 

to microfluidic systems enables the development of compact and portable water treatment 

devices. Potential application scenarios include household water treatment platforms, 

outdoor drinking water treatment, and possible military applications. 

Secondly, a high performance micropump for miniaturized water purification 

systems was investigated. Inspired by Tesla valves, a new valveless micropump with 

higher pumping efficiency was developed. The developed valveless micropump has a small 
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size, allowing for seamless integration with MEMS technology and microfluidic systems. 

The initial purpose of this development was to provide propulsion for liquid flow in 

portable water treatment platforms. However, its rapid liquid pumping capability gives it 

potential applications to medical and chemical fields. The unique characteristics of high-

speed and high-frequency reciprocating liquid flow have inspired its applications to sensors 

because of enhanced mass transfer. 

Finally, a highly sensitive electrochemical and microfluidic sensor for heavy metal 

ion detection was developed. This sensor leverages the microfluidic characteristics of new 

composite materials and valveless micropumps to achieve detection of trace concentrations 

of heavy metal ions. It provides the hardware foundation for water quality data collection 

in the intelligent water treatment platform. Moreover, the synthesized glassy 

carbon/graphene composite materials and the valveless micropump microfluidic platform 

can be combined with various detection methods, enabling the detection of numerous 

physical, chemical, and biological signals beyond heavy metal ions. 

In summary, this dissertation serves as a pivotal exploration of the application of 

MEMS to the sustainable management of water resources. It establishes three distinct yet 

interconnected systems: water treatment, a microfluidic pump, and a microsensor. Their 

integration provides a technological foundation for intelligent water treatment systems. 

Each of these systems has its own independent significance while also holding broad 

prospects for application to other fields. 
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6.2 Outlook for Future Work 

 This dissertation lays a solid foundation for future continued work on intelligent 

water purification system which is proposed below: 

The proposed intelligent close-loop control water purification system consists of 

valveless micropumps, electrochemical microsensor array, an integrated PEC system, and 

a microprocessor. Figure 6.1 shows the basic control strategy of the system. The 

photocatalytic water treatment starts when water flows through the reaction chamber and 

the UV light is turned on. The pollution concentration of the inlet water is monitored by 

electrochemical microsensors and the result is transferred to the microprocessor. The 

microprocessor evaluates the pollution value transmitted by the sensor and generate 

appropriate mass flow rate that can remove pollutants with less residual time.  

 

Figure 6.1 A schematic of the proposed intelligent closed loop control water purification 

system. 

 

Furthermore, the system can be augmented with a sensor network and machine 

learning models, enabling real-time adjustments to the water flow rate or addition of 

chemicals based on the predictions of the machine learning models and the results of 

inverse modeling. This integration allows for dynamic management of water quality in the 

purification system, facilitating rapid responses to changes in water quality and proactive 
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measures to prevent issues before they arise. The incorporation of machine learning 

algorithms enhances the system's adaptive capabilities, optimizing water treatment 

processes and ensuring efficient and sustainable water purification.  
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